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'03&803%

0VSOFFEGPSGSFTIBJS FTTFOUJBMUPPVSGVODUJPOJOHBTIVNBOCFJOHT JT
OPUOPSNBMMZDPOUFTUFECZBOZPOF5IJTJTCFDBVTFXFIBWFCBTJDQIZTJP
MPHJDBMOFFETPNCSBJOTBOEUIFDFMMTJOPVSCPEJFTOFFEPYZHFOTPUIBU
UIFZ DBO EFWFMPQ BOE QFSGPSN QSPQFSMZ )PXFWFS  UIF BJS XF CSFBUIF
DPOUBJOTNPSFPSMFTTIBSNGVMTVCTUBODFTBOEUIFTFDBVTFNPSFQSPCMFNT
UIBO NPTU PG VT DBO QSPCBCMZ JNBHJOF PS VOEFSTUBOE 0O UIFJS PXO 
UIFTF TVCTUBODFT NJHIU CF USPVCMFTPNF  CVU DPMMFDUJWFMZ  UIFZ DPVME CF
EJTBTUSPVT 3FNFNCFS  UIBU XIJMF XF OFFE BCPVU  LH PG GPPE BOE
BCPVULHPGMJRVJEQFSEBZ XFOFFEBUMFBTULHPGBJS
*UJTRVJUFSFBTPOBCMFUPDPNQBSFBOBJSIBOEMJOHTZTUFNJOBCVJMEJOH
UPPVSPXOSFTQJSBUPSZTZTUFNXJUIJUTBJSXBZTBOEMVOHT BTCPUITZTUFNT
IBWFFOPSNPVTTJHOJGJDBODFGPSPVSIFBMUIBOEXFMMCFJOH"OE BTUIFBJS
JTPGUFOVTFEUPTVQQMZPSSFNPWFIFBU UIJTNBLFTUIFJNQPSUBODFPGUIF
BJS IBOEMJOH TZTUFN FWFO HSFBUFS  BT JU TJHOJGJDBOUMZ BGGFDUT PVS DPNGPSU 
XFMMCFJOH QSPEVDUJWJUZBOEFGGJDJFODZ#VJMEJOHT UPP OFFEBDPOUJOVPVT
DIBOHFPGBJSUPGFFMHPPE
#FBSJOH JO NJOE BMM PG UIF BCPWF  JU JT SBUIFS PEE UIBU UIPTF JOWPMWFE JO
MBOOJOHBCVJMEJOHSBSFMZTFFUIJOHTGSPNUIFTBNFQPJOUPGWJFX4IPSU
10*/50'7*&8
UFSN FDPOPNJD JOUFSFTUT _SF PGUFO BMMPXFE UP EFUFSNJOF UIF DIPJDF PG
UFDIOJDBM TPMVUJPOT BOE  XIFO DPTUT BSF OPU DSJUJDBM  CVJMEJOHT BSF BMM UPP
PGUFOEFTJHOFEJOTVDIBXBZUIBUUIFZBSFOFJUIFSQMFBTBOUUPPDDVQZOPS
FOFSHZFGGJDJFOU "OE  VQ UP OPX  JU IBT CFFO SBUIFS EJGGJDVMU UP
BDDFQUGFFECBDL BOE MFBSO GSPN FYQFOTJWF NJTUBLFT  BOE UIFSFCZ BWPJE
SFQFBUJOHUIFN
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5IJTCPPLGPDVTFTPOUISFFNBJOBSFBT1VCMJDIFBMUI FOFSHZBOEUIFFO
WJSPONFOU8FBSFBMTPDPOWJODFEUIBUFDPOPNJDBMBTQFDUTNVTUCFDPO
TJEFSFE BT XFMM BOE UIJT JT B SFDVSSJOH UPQJD UISPVHIPVU UIF CPPL /P
NBUUFSIPXFGGJDJFOUBOEIFBMUIQSPNPUJOHBOJOWFTUNFOUNJHIUMPPL JU
XPVMENPTUQSPCBCMZOFWFSCFDBSSJFEPVUJGJUXFSFOPUTIPXOUPCFFDP
OPNJDBMMZWJBCMF5PEBZ SFMJBCMFSFTFBSDISFTVMUTTIPXUIBUUIFSFJTBDMFBS
DPOOFDUJPO CFUXFFO QPPS JOEPPS DMJNBUF BOE JMMIFBMUI "OE JMMIFBMUI
DPTUT B HSFBU EFBM PG NPOFZ *O PUIFS XPSET  UIFSF JT B SFBM JODFOUJWF GPS
QSPQFSUZPXOFSTUPJOWFTUJOHPPEJOEPPSDMJNBUFTOPX BTGVUVSFUFOBOUT
XJMMBMNPTUDFSUBJOMZTUFQVQUIFJSEFNBOET
*O UIJT FMFDUSPOJD BHF  JU JT CFDPNJOH JODSFBTJOHMZ PCWJPVT UIBU DPOUSPM 
SFHVMBUJPO BOE NPOJUPSJOH XJMM QMBZ B EFDJTJWF SPMF XIFO JU DPNFT UP
NBJOUBJOJOH HPPE JOEPPS DMJNBUFT BOE FOTVSJOH FOFSHZFGGJDJFOU PQFS
BUJPO PG CVJMEJOHT  XJUI TVCTFRVFOU NJOJNBM JNQBDU PO UIF PVUEPPS FO
WJSPONFOU 5IF JNQPSUBODF PG QSPWJEJOH TPMVUJPOT UIBU HJWF UIF
DMJFOUNBYJNVNGSFFEPNPGDIPJDFBOEGMFYJCJMJUZJTJMMVTUSBUFEJO$IBQUFS
5IF JOUFMMJHFOU CVJMEJOH B NBUUFS PG DIPJDF  XIJDI EJTDVTTFT
DFOUSBMJ[FE CVJMEJOH NBOBHFNFOU TZTUFNT  TPDBMMFE #.4 TZTUFNT  GPS
DPOUSPM NPOJUPSJOHBOENBOBHFNFOU
*OUIJTCPPL 4XFHPO"JS"DBEFNZIBTDPNQJMFEJEFBTBOEQPJOUTPGWJFX
GSPNBXJEFSBOHFPGFYQFSUT5IFBJNPGUIFCPPLJTUPQVUBTQPUMJHIUPO
GBDUPST BOE DJSDVNTUBODFT UIBU BSF JNQPSUBOU JO UIF RVFTU GPS QMFBTJOH 
JOEPPS FOWJSPONFOUT BOE DPNGPSUBCMF JOEPPS DMJNBUFT  XJUI EVF SFHBSE
UPFOFSHZJTTVFTBOEUIFPVUEPPSFOWJSPONFOU0VSBNCJUJPOIBTCFFOUP
FYQMBJO DPNQMFY SFMBUJPOTIJQT JO BO JOUFMMJHJCMF XBZ *U JT PVS QSPGPVOE
CFMJFG UIBU JU JT QPTTJCMF UP SBEJDBMMZ JNQSPWF QPPSMZ GVODUJPOJOH TZTUFNT
 JGXFDBOFYQMBJOUIFXIZTBOEXIFSFGPSFT
5IFQBTTBHFPGBJSUISPVHIBOBJSIBOEMJOHTZTUFNJTEFTDSJCFE GSPNUIF
PVUEPPSBJSJOUBLF WJBBOBJSDPOEJUJPOFESPPNBOEJOUPPVSMVOHT XJUIB
GVMM BDDPVOU PG XIBU IBQQFOT PO UIF XBZ 5IF QIZTJPMPHJDBM BTQFDUT  BT
XFMM BT UIF DPNGPSU  FOFSHZ BOE FOWJSPONFOUBM BTQFDUT  BSF FYBNJOFE
)PXEJGGFSFOUCVJMEJOHEFTJHOTBGGFDUUIFPQQPSUVOJUJFTGPSDSFBUJOHHPPE
JOEPPS DMJNBUFT JT BMTP EJTDVTTFE )FSF  UIF FGGFDUT UIBU EJGGFSFOU GBDUPST
IBWF PO FBDI PUIFS BSF OPU BMXBZT TFMGFWJEFOU PS EJTDFSOBCMF  OPS BSF
UIFJS TQFDJGJD FGGFDUT PO UIF JOEPPS DMJNBUF BOE UPUBM DPTUT 8F IBWF 
UIFSFGPSF DIPTFOUPJMMVTUSBUFBOVNCFSPGUIFNJOHSFBUFSEFUBJMBOEIPQF
UIBU UIJT XJMM DPOUSJCVUF UP GVUVSF EFWFMPQNFOUT  GPS UIF CFOFGJU PG BMM
DPODFSOFE
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5IJT CPPL JT JOUFOEFE OPU POMZ GPS DMJFOUT  QSPQFSUZ PXOFST BOE
FOHJOFFST XIPDBOJOGMVFODFUIFEFTJHO MBZPVUBOEJOEPPSDMJNBUFPGB
CVJMEJOH CVUBMTPGPSFWFSZPOFXIPXPVMEMJLFUPMFBSONPSFBCPVUUIF
BJSXFCSFBUIFBOEIPXJUBGGFDUTVT
   *ODSFBTFE JOTJHIU XJMM NBLF JU QPTTJCMF UP BWPJE VOOFDFTTBSZ
DPTUT  CPUI JO UIF JOWFTUNFOU TUBHF BOE JO UIF PQFSBUJPOBM TUBHF PG B
CVJMEJOH QSPKFDU "UUSBDUJWF QSFNJTFT BSF B NVTU GPS TVSWJWBM PO B
DPNQFUJUJWFQSPQFSUZNBSLFU

5)&"65)034

5IJT CPPL CMFOET UIFPSFUJDBM LOPXMFEHF GSPN UIF BDBEFNJD XPSME
XJUI QSBDUJDBM NBSLFU FYQFSJFODF 0VS BNCJUJPO IBT CFFO UP
QPSUSBZ UIF QSFTFOUEBZ TJUVBUJPO BOE UIF PQQPSUVOJUJFT JO TUPSF JO BO
PCKFDUJWF BOE VOQSFKVEJDFE XBZ  CZ FOHBHJOH IJHIMZ EJTUJOHVJTIFE
FYQFSUTBOEXSJUFSTGSPNBSFQSFTFOUBUJWFDSPTTTFDUJPOPGUIFJOEVTUSZ
    1SPDFFET GSPN UIF TBMFT PG UIJT CPPL XJMM CF SFJOWFTUFE JO UIF
BDUJWJUJFTSVOCZ4XFHPO"JS"DBEFNZ JFJOPCKFDUJWFUSBOTGFSPGLOPX
IPX BOE FYDIBOHF PG JOGPSNBUJPO WJB TFNJOBST  UFDIOJDBM BSUJDMFT
BOEQVCMJDBUJPOT 5IF DPOUFOUT PG UIJT CPPL BSF BWBJMBCMF UP TDIPPMT
BOE USBJOJOH QSPHSBNNFT DPOOFDUFE UP UIF IFBUJOH BOE WFOUJMBUJPO
JOEVTUSZBUBTVCTJEJ[FESBUF
&OKPZUIFCPPL
$0//:/*-440/
%JSFDUPSPGUIF4XFHPO"JS"DBEFNZ



<AIR 4XFHPO"JS"DBEFNZ>
PART A VENTILARE NECCESE EST...
PART B ECONOMIC AND SOCIAL RESPONSIBLITY
PART C THE ENERGY AND OUTDOOR ENVIRONMENT
PART D THE INDOOR ENVIRONMENT - IN A WIDER SENSE
PART E AIR TREATMENT AND INDOOR CLIMATE
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5IF UFSN WFOUJMBUJPO JT CBTJDBMMZ VOEFSTUPPE UP CF UIF SFNPWBM PG PME 
TUBMFBJSGSPNBSPPNPSBCVJMEJOHBOEJUTSFQMBDFNFOUCZGSFTI DMFBOBJS
6OGPSUVOBUFMZ  TUSPOH GPDVT JT PGUFO QMBDFE PO TJ[FT PG BJS GMPXT BOE BJS
DIBOHF SBUFT  XIFO XF TIPVME SFBMMZ CF BEESFTTJOH UIF RVFTUJPO PG BJS
RVBMJUZ5IFOVNCFSPGBJSDIBOHFTOPSNBMMZSFRVJSFEUPFOTVSFBIFBMUIZ
JOEPPSDMJNBUFBOEGSFTISPPNBJS BUMFBTUXIFOBJSCPSOFDPPMJOHJTVTFE 
JT DPOTJEFSBCMZ GFXFS UIBO UIPTF OFFEFE UP BDIJFWF B HPPE UIFSNBM DMJ
NBUF5XPDPOEJUJPOTUIBUNVTUBMXBZTCFGVMGJMMFE IPXFWFS BSFUIBUUIF
BJSJOUSPEVDFEJOUPUIFCVJMEJOHJTBTDMFBOBTQPTTJCMFBOEUIBUUIFCVJME
JOHNBUFSJBMTBSFDIPTFOTPUIBUVOEFTJSBCMFBOEEBOHFSPVTFNJTTJPOTBSF
NJOJNJ[FE .BUFSJBMT UIBU BSF RVBMJUZ BTTVSFE  JF FNJTTJPOUFTUFE  BSF
OPXXJEFMZBWBJMBCMFPOUIFNBSLFU*GXFDBOOPUNBTUFSUIFHFOFSBUJPO
PG QPMMVUBOUT JOEPPST  UIJT DPVME NFBO UIBU UIF WFOUJMBUJPO TZTUFN XJMM
IBWFBOJNQPTTJCMFUBTL8FNVTUBMTPNBTUFSUIFSFNPWBMPGTVSQMVTJO
EPPS IFBU  OPSNBMMZ BDIJFWFE XJUI UIF IFMQ PG SBUIFS FYQFOTJWF BOE FO
FSHZEFNBOEJOH DPPMJOH TZTUFNT 5IJT JT BO BSFB UIBU SFRVJSFT UIF JO
WPMWFNFOU PG B OVNCFS PG UIF QMBZFST FOHBHFE JO UIF CVJMEJOH QSPDFTT 
OPUMFBTUPGUIFBSDIJUFDU
*ODSFBTFEBXBSFOFTTBCPVUMJNJUFEFOFSHZSFTPVSDFTBOEUIFFOWJSPO
NFOUBM DPOTFRVFODFT PG IJHI FOFSHZ VTFT XJMM TPPO OFDFTTJUBUF SBEJDBM
DIBOHFT JO UIF XBZ JO XIJDI UIFTF JTTVFT BSF BEESFTTFE /FX TPMVUJPOT
XJMMVOEPVCUFEMZBSSJWFPOUIFTDFOF IPQFGVMMZ UPP GPSDMFBOJOHJOEPPS
BJS
8FIBWFBMMFYQFSJFODFEUIBUGFFMJOHPGSFMJFG XIJMFTJUUJOHJOBIPUQMBOF
BOEXBJUJOHGPSJUUPUBLFPGG XIFOUIFBJSTUBSUTGMPXJOHGSPNUIFPWFS
IFBEOP[[MF PSUIBUGFFMJOHPGXFMMCFJOHDSFBUFECZBHFOUMFBOETPPUI
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JOHCSFF[FPOBTVNNFSFWFOJOH
7FOUJMBUJPOJTBMMBCPVUSFNPWJOHQPMMVUFEBJSFJUIFSMJUFSBMMZQPMMVUFE
PSBJSUIBUJTKVTUVODPNGPSUBCMZXBSNBOESFQMBDJOHJUXJUIDMFBO GSFTI
BJS BU UIF SJHIU UFNQFSBUVSF "JS DBOOPU  IPXFWFS  CF GSFFMZ JOUSPEVDFE
JOUP B SPPN 'PS FYBNQMF  UP BWPJE ESBVHIUT  CPUI JUT UFNQFSBUVSF BOE
TQFFE JO UIF PDDVQJFE [POF NVTU CF BDDFQUBCMF 5IJT NFBOT QMBDJOH
EFNBOETPOUIFEFTJHOFOHJOFFSBOEUIFQSPEVDUTVTFEJOUIFWFOUJMBUJPO
TZTUFN*OCVJMEJOHTXIFSFUIFSFJTBIFBUTVSQMVT BJSXJMMIBWFUPCFTVQ
QMJFEBUBOVOEFSUFNQFSBUVSF5PEPUIJTXJUIPVUDBVTJOHESBVHIUT UIF
DPSSFDUUZQFTPGTVQQMZBJSUFSNJOBMEFWJDFTXJMMIBWFUPCFVTFE5IFZXJMM
BMTP IBWF UP CF DPSSFDUMZ MPDBUFE BOE QSPQFSMZ BMJHOFE  TP UIBU UIF EJT
DIBSHFE BJS KFUT DBOOPU DPMMJEF XJUI PCTUBDMFT TVDI BT MJHIU GJUUJOHT BOE
DPMVNOT

*5h4%3"6()5:
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"JS IBOEMJOH BOE WFOUJMBUJPO QMBOU BSF PGUFO CMBNFE GPS QSPCMFNT UIBU
IBWF DPNQMFUFMZ EJGGFSFOU DBVTFT $PNQMBJOUT BCPVU ESBVHIUT BOE EJT
UVSCJOH OPJTFT GSPN QPPSMZ EFTJHOFE BOE JNQSPQFSMZ BEKVTUFE TZTUFNT
TIPVME PGDPVSTF CFUBLFOTFSJPVTMZ5IFSFBMSFBTPOTGPSNBOZPGUIFJO
DPOWFOJFODFT FYQFSJFODFE NVTU  IPXFWFS  PGUFO CF TPVHIU FMTFXIFSF "
CVJMEJOHJTBDPNQMJDBUFETZTUFNJOXIJDIFWFSZUIJOH NPSFPSMFTT XPSLT
JOUFSBDUJWFMZJGUIFBJSIBOEMJOHTZTUFNJTDPSSFDUMZEFTJHOFEBOEVTFE JU
JTOPUUIFQSPCMFNJUJT JOGBDU QBSUPGUIFTPMVUJPO
0VSCPEJFTNVTUCFBCMFUPFYQFMFYDFTTIFBU UPSFNBJOXJUIJOUIFUJHIU
UFNQFSBUVSFMJNJUTCFUXFFOXIJDIXFGFFMDPNGPSUBCMFBOEDBOXPSLXFMM
*GXFDBOhUEPUIJT JUXJMMBGGFDUPVSXFMMCFJOH PVSQSPEVDUJWJUZBOEPVS
FGGJDJFODZ5IFOJUCFDPNFTBRVFTUJPOOPUPOMZPGDPNGPSUBOEIFBMUICVU
BMTPPGNPOFZGPSUIFJOEJWJEVBMBOEUIFFNQMPZFS BOEGPSTPDJFUZBTB
XIPMF5IFFGGFDUTUIBUUMFUFNQFSBUVSFPGPVSTVSSPVOEJOHTIBTPOPVS
QFSGPSNBODF BOE NFOUBM DBQBCJMJUJFT BSF TUJMM UIF TVCKFDUT PG JOUFOTF
SFTFBSDI
     5IBU UIF IVNBO PSHBOJTN JT B DPNQMJDBUFE DSFBUJPO JT PCWJPVT UP
NPTU CVUXIBUBSFPVSCBTJDOFFETXIFOJUDPNFTUPUIFFOWJSPONFOUJO
XIJDI XF MJWF  5IF GJSTU QBSU PG UIJT CPPL FYBNJOFT UIJT RVFTUJPO GSPN
EJGGFSFOU BOHMFT  BT UIF BOTXFST BSF PG WJUBM JNQPSUBODF XIFO NBLJOH
CVJMEJOHEFTJHOEFDJTJPOTXJUISFTQFDUUPBDDFTTUPOBUVSBMEBZMJHIU DPN
GPSUBCMFJOEPPSDMJNBUFTBOEDMFBOGSFTIBJS BOEUPEFNBOETGPSHPPEFO
FSHZNBOBHFNFOU

10 A

1SPWJEJOH HPPE FOHJOFFSJOH TPMVUJPOT  UP HJWF UIF DMJFOU XIBU DBO CF ,/08-&%(&*4
SFBTPOBCMZ FYQFDUFE  SFRVJSFT LOPXIPX BOE DPNQFUFODZ 8F NVTU  &44&/5*"UIFSFGPSF SFNFNCFSUIBU
v 5IFDMJFOUNVTUGJSTUTQFDJGZIJTSFRVJSFNFOUTJOTVDIBXBZUIBUUIFZ
DBOCFGVMGJMMFE
v 5IFCVJMEJOHTFSWJDFTDPOTVMUBOUNVTUVOEFSTUBOEUIFJOUFSQMBZCF
UXFFO UIF EJGGFSFOU SFRVJSFNFOUT BOE  CBTFE PO UIFTF  TVHHFTU TPM
VUJPOT UIBU HJWF UIF DMJFOU WBMVF GPS NPOFZ BOE UIF GVODUJPOT
TUJQVMBUFE JO UIF SFRVJSFNFOUT TQFDJGJDBUJPO  XIJMF UBLJOH JOUP
BDDPVOU CPUI PGGJDJBM SFHVMBUJPOT BOE FOWJSPONFOUBM JNQBDU 5IF
DPOTVMUBOUNVTUBMTPCFBCMFUPGPSFTFFUIFQSBDUJDBMBOEFDPOPNJDBM
DPOTFRVFODFTPGUIFSFRVJSFNFOUTBOESFQPSUSFMFWBOUJTTVFTUPUIF
DMJFOU
v 5IFJOTUBMMBUJPOFOHJOFFSNVTUIBWFUIFOFDFTTBSZTLJMMTUPDPNQMFUF
UIFJOTUBMMBUJPOUPGVMMTBUJTGBDUJPO XIJDIBTTVNFTPOHPJOHUSBJOJOH
UPLFFQVQUPEBUFXJUIOFXUFDIOPMPHJFTBOEQSPEVDUT
v 5IFFOEVTFSBOEUIFDMJFOUNVTUCFBXBSFPGUIFGBDUUIBUFWFOUIF
CFTU TPMVUJPO XJMM TUJMM SFRVJSF DPNQFUFOU PQFSBUJOH TUBGG  BT XFMM BT
TUSJDU JOTQFDUJPO BOE NBJOUFOBODF SPVUJOFT  JG UIF QMBOU JT UP
GVODUJPOBTQMBOOFE
5IFOFFEGPSDPPMJOHJTHSPXJOHSBQJEMZBOEXFNVTUBTLPVSTFMWFTIPX .03&$00-*/(
UIJTDBOCFDPNCJOFEXJUIPVSFGGPSUTUPNBOBHFFOFSHZSFTPVSDFTNPSF
FGGJDJFOUMZBOEXJUIPVSDPODFSOTGPSUIFFOWJSPONFOU
    .PEFSO BSDIJUFDUVSF JT PGUFO TZOPOZNPVT XJUI PTUFOUBUJPVT HMBTT GB
DBEFT *OUFOTJWF TPMBS SBEJBUJPO JODSFBTFT UIF OFFE GPS DPPMJOH BOE UIJT
RVFTUJPO NVTU CF DBSFGVMMZ EFBMU XJUI 5IJT JT EJTDVTTFE JO $IBQUFS  
1FPQMFBOECVJMEJOHTCPUIOFFEMJHIU JOXIJDIPVSOFFEGPSNPSFEBZ
MJHIU MBSHFS XJOEPXT  JT BEESFTTFE #FUUFS XJOEPXT BOE OFX UZQFT PG
TPMBS TIBEJOH DBO  PG DPVSTF  IFMQ SFEVDF TPMBS SBEJBUJPO BOE DPPMJOH
OFFET #VU  JG UIJT UIFO BGGFDUT PVS QIZTJDBM GVODUJPOT  WJB WJUBM CJPMPHJDBM
SFDFQUPST BOE  DPOTFRVFOUMZ  BGGFDUT PVS EFHSFF PG BMFSUOFTT  XIPTF
DPNQFUFODFTIPVMECFSFMJFEPOUPQSPEVDFBOPQUJNBMTPMVUJPO
"MBSHFQSPQPSUJPOPGUIFFOFSHZOPXTVQQMJFEUPCVJMEJOHTJTVTFEGPS
MJHIUJOH  XIJDI  JO NBOZ JOTUBODFT  TJHOJGJDBOUMZ BGGFDUT UIF OFFE GPS
DPPMJOH*UJTUIFSFGPSFFYUSFNFMZJNQPSUBOUUPSFTQFDUOFXGJOEJOHTJOUIJT
GJFMEBOEUPVTFUIFNPTUFGGJDJFOUTPMVUJPOTGSPNBOFOFSHZQPJOUPGWJFX
8FDBOIBSEMZNBJOUBJOUIBUXFJOUIFXFTUFSOXPSMEIBWFUIFSJHIUUP
DPNGPSUBCMF BOE DPPM JOEPPS DMJNBUFT  XIJMF QFPQMF PO UIF PUIFS TJEF PG
UIFXPSMEJO$IJOBBOE*OEJBEPOPU5IJTJTNPTUQSPCBCMZPOFPGUIF
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HSFBUFTU DIBMMFOHFT GBDFE CZ UIF JOEVTUSZ BOE B WBTU BOE JNQPSUBOU BSFB
GPS SFTFBSDI BOE EFWFMPQNFOU 8F OFFE UP DSFBUF SFBMJTUJD  DPNNFSDJBM
BOE QSBDUJDBM TPMVUJPOT UIBU DBO DPOUSJCVUF UPXBSET FGGJDJFOU DPPMJOH
VTJOHBNJOJNVNPGFOFSHZQSFGFSBCMZXJUIPVUVTJOHBSUJGJDJBMDPPMBOUT
1SPNJTJOHUSJBMTBSFVOEFSXBZJOEJGGFSFOUQBSUTPGUIFXPSMEBOEUIFSF
BSFTUSPOHJOEJDBUJPOTUIBUEJGGFSFOUTPMVUJPOT XIFOBQQMJFEKPJOUMZ XJMM
CFPGHSFBUJNQPSUBODFJOUIFGVUVSF
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EPPS DMJNBUFT  NPSF FGGJDJFOU VTF PG FOFSHZ BOE MFTT FOWJSPONFOUBM JN
QBDUGPSUIFCFOFGJUPGBMMJOWPMWFE

-BTU  CVU CZ OP NFBOT MFBTU  HSFBU BUUFOUJPO NVTU CF QBJE UP FYJTUJOH
CVJMEJOHT 5IF FOFSHZTBWJOH NFBTVSFT UBLFO JO UIFTF CVJMEJOHT BSF PG
WJUBMJNQPSUBODFXIFOJUDPNFTUPSFEVDJOHUIFUPUBMVTFPGFOFSHZ BTBMM
OFX CVJMEJOHT  BU CFTU  XJMM POMZ SFEVDF UIF SBUF BU XIJDI FOFSHZ VTF JT
JODSFBTJOHOPNBUUFSIPXFOFSHZFGGJDJFOUUIFNFBTVSFTBSF
*GXFDBOOPUCVJMEOFXCVJMEJOHTXJUIBTVGGJDJFOUMZIJHIMFWFMPGFO
FSHZFGGJDJFODZ XFXJMMCFGPSDFEUPUBLFFWFOHSFBUFSNFBTVSFTJOFYJTU
JOHCVJMEJOHTUPNFFUPWFSBMMFOFSHZHPBMT
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0GDPVSTF OFXBOEPMECVJMEJOHTXFSFOFWFSCVJMUXJUMUIFQSJNBSZBJN
PGTBWJOHFOFSHZUMFZXFSFCVJMUUPCFVTFE1FPQMFOFFETPNFXIFSFUP
MJWFBOETPNFXIFSFUPXPSL BOEUPCFFGGJDJFOUBOEQSPEVDUJWFJOUIFJS
EBJMZMJWFT*OTIPSU CVJMEJOHTIBWFCFFOBOEXJMMCFCVJMUGPSTQFDJGJDQVS
QPTFT'VSUIFSNPSF TUSVDUVSBMEFTJHOTBOECVJMEJOHTFSWJDFTNVTUBMXBZT
CFDIPTFOTPUIBUOPNPSFFOFSHZUIBOJTBCTPMVUFMZSFRVJSFEJTVTFE
    7FOUJMBUJPO JT B OFDFTTJUZ CVU  JO UIJT CPPL  XF IBWF OPU UBLFO TJEFT
XJUI SFTQFDU UP VTJOH hSJHIUh PS hXSPOHh UFDIOJRVFT )PXFWFS  JU JT FN
QIBTJ[FE UIBU XIFO DPNQBSJOH EJGGFSFOU TPMVUJPOT  UIF GVOEBNFOUBM
SFRVJSFNFOUT UP CF GVMGJMMFE NVTU BMXBZT CF UIF TBNF &BTJOH VQ PO
XFMMGPVOEFESFRVJSFNFOUT TPUIBUOFXQBUITDBOCFFYQMPSFE JTOPUUIF
SJHIU XBZ UP QSPDFFE /FX NFUIPET BOE UFDIOPMPHJFT NVTU CF DPNQSF
IFOTJWFMZUFTUFECFGPSFCFJOHSFMFBTFEPOUPUIFNBSLFU
'PSUIDPNJOHEFWFMPQNFOUTNJHIUQSPEVDFEJGGFSFOUUZQFTPGTPMVUJPOT 
CVU UMF BJN NVTU BMXBZT CF UP DSFBUF B DPNGPSUBCMF  TUJNVMBUJOH BOE
IFBMUIZ JOEPPS DMJNBUF XJUI UIF MPXFTU QPTTJCMF FOFSHZ EFNBOE BOE
TNBMMFTU QPTTJCMF FOWJSPONFOUBM JNQBDU 8F BSF BJM SFTQPOTJCMF GPS
JNQMFNFOUJOHUIFCFTUTPMVUJPOTPOUIFNBSLFUBOEGPSUBLJOHBEWBOUBHF
PGBOEVTJOHBWBJMBCMFLOPXIPX"OEJUXPVMECFWFSZIFMQGVM JGUIFSF
XFSFBOFWFOCFUUFSEJBMPHVF XJUIBDPNNPOHPBM CFUXFFOBMMUIFQMBZ
FST  DMJFOUT  BSDIJUFDUT  DPOTVMUBOUT  JOTUBMMFST BOE UFOBOUT  JOWPMWFE JO
UIFCVJMEJOHQSPDFTT5IJTXPVMECFBGJSTUTUFQUPXBSETFWFOCFUUFSJO
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Total daily intake of a 75 kg adult male

M.D.
The Norwegian Labour Inspection Authority, Norway
JAN VILHELM BAKKE

Solid food 0.75 kg
Water 1.5 kg
Solid food
Water
Air
Air 15 kg

FIGURE 1. Human daily intake of food, water and air.

OUR ENVIRONMENTAL
REQUIREMENTS

Human physiology is not adapted to the climatic conditions in temperate and polar latitudes, although parts of these regions have been populated for several thousands of years. The ideal ambient temperature for a
naked person at rest is about 29 °C, a climatic condition found in the
mountain and savannah landscapes of Africa, the probable origin of our
ancient ancestors. Without clothing and shelter, man could be regarded
as a tropical animal that can only survive in a narrow zone along the
equator. When our forefathers migrated north not only was proper
clothing needed but a protective climatic shield also had to be developed: housing and building technology were adapted to very challenging winter climates. Originally, we were also biologically adapted to continuous supplies of fresh outdoor air for breathing and keeping our bodies cool. The term “indoor environment” is a consequence of the need
for shelter against wild animals and – as Mankind moved to more weather-beaten areas – against unfavourable outdoor climates. Indoor air quality, however, depends on a number of factors, including the outdoor air
quality, the amount of fresh air provided indoors and the amount of air
pollution derived from numerous indoor sources. On average, an adult
male with a sedentary occupation will breathe about 15 m3, or roughly
15 kg of air, drink 1.5 litres, or 1.5 kg, of water and eat about 0.75 kg
of solid food per day. Hence, the weight of breathed air constitutes about
87 % of the total biological mass turnover every 24 hours.
Clothing and a building envelope provide two vital levels of shelter
between the human organism and its surroundings. Indoor environments are not only vital for our survival, health and well-being but also
constitute the greater part of human environmental exposure.
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The ancient architect Vitruvius edited the oldest known preserved textbooks on architecture in 27 B.C. He wrote:
“Skill in physic enables him to ascertain the salubrity of different tracts
of country, and to determine the variation of climates, which the Greeks call
klivmata: for the air and water of different situations, being matters of the
highest importance, no building will be healthy without attention to those
points. Law should be an object of his study, especially those parts of it which
relate to party-walls, to the free course and discharge of the eaves waters, the
regulations of cesspools and sewage, and those relating to window lights. The
laws of sewage require his particular attention that he may prevent his employers being involved in lawsuits when the building is finished. Contracts,
also, for the execution of the works, should be drawn with care and precision:
because, when without legal flaws, neither party will be able to take advantage of the other”. [Vitruvius. On Architecture. 27 B.C. as translated by
Bill Thayer http://penelope.uchicago.edu/Thayer/E/Roman/Texts/
Vitruvius/1*.html].
All these issues are still of central importance and interest in modern
architecture and building hygiene.
Throughout the Middle Ages and until the late 17th century and the
start of the Age of Reason, health and living conditions in Norway were
at a marginal level. The 18th century saw the introduction of remarkably
positive trends with significant improvements of these conditions in
terms of better living standard, lower mortality, increased longevity, and
growth of population and wealth [Moseng, 2003]. These facts cannot be
fully explained by the introduction of the potato and inoculation against
smallpox alone. Reassessment of historical evidence suggests that developments in the 18th century must be due to “An improved epidemiological climate caused by a complex background where the changes ob-

A 15

A BRIEF HISTORY OF
BUILDING HYGIENE
AND HEALTH

viously occurred in the intricate interplay between economical, social and cultural forces” [Moseng, 2003].
These forces included the public health service, educational work, increased levels of learning and good
health being valued by the government.
The most decisive factor seems to have been increased public awareness about the effects of hygienic
conditions and building hygiene on health and wellFIGURE 2.
being. Prominent professionals and cultural personal- Hans Strøm.
ities persons in the Kingdom of Denmark-Norway,
such as Hans Strøm (1726–1797), Johan Clemens Tode (1736–1806)
and Rasmus Frankenau, (1767–1814) were in close contact with the international scientific community. They were informed about developments and scientific controversies and were aware of important works
about hygienic conditions necessary for health, such as those by Sir John
Pringle (1707–82), Scotland, and Johann Peter Frank (1745–1821),
Bavaria, the world’s first professor of hygiene. In 1778 Hans Strøm,
Figure 2, published the book “Kort Underviisning om De paa Landet, i
Bergens Stift, meest grasserende Sygdomme, og derimod tienende
Hjelpe-Midler” (A short treatise on the most prevalent diseases in the
countryside of the Bergen bishopric and the most useful remedies for
them). He wrote in depth about the impact of housing on health and illness mentioning:
– The importance of fresh air
– The dangers of lack of ventilation to save heat, particularly the dangerous lack of air that could result from using tiled stoves with external
fireboxes, which obviated the need for air to be drawn through habitable rooms .
– Problems with moisture sources and dampness caused by lack of ventilation
– Pollution from stoves, tobacco smoke, cooking, cod-liver oil and
other odorous sources
– The importance of cleaning, washing and clean bedding
The world’s first Public Health Act was the British Act in 1848 which
was a direct result of the famous works of Edwin Chadwick
(1800–1890), Figure 3, “Report on the Sanitary Conditions of the
Labouring Population and on its means of improvement”, published in
1842. [http://www.deltaomega.org/ChadwickClassic.pdf].
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Chadwick wrote in his conclusions:
“… First, as to the extent and operation of the evils which are the subject
of the inquiry:
That the various forms of epidemic, endemic, and other disease
caused, or aggravated, or propagated chiefly amongst the labouring
classes by atmospheric impurities produced by decomposing animal and vegetable substances, by
damp and filth, and close and overcrowded
dwellings prevail amongst the population in every
part of the kingdom, whether dwelling in separate
houses, in rural villages, in small towns, in the
larger towns – as they have been found to prevail
in the lowest districts of the metropolis.
That such disease, wherever its attacks are frequent, is always found in connexion with the
physical circumstances above specified, and that
where those circumstances are removed by FIGURE 3.
Edwin Chadwick.
drainage, proper cleansing, better ventilation, and
other means of diminishing atmospheric impurity, the frequency and intensity of such disease is abated; and where the removal of the noxious
agencies appears to be complete, such disease almost entirely disappears …
… That the annual loss of life from filth and bad ventilation are greater
than the loss from death or wounds in any wars in which the country has
been engaged in modern times …
… Secondly. As to the means by which the present sanitary condition of
the labouring classes may be improved:
The primary and most important measures, and at the same time the
most practicable, and within the recognized province of public administration, are drainage, the removal of all refuse of habitations, streets, and
roads, and the improvement of the supplies of water.
That the chief obstacles to the immediate removal of decomposing refuse of towns and habitations have been the expense and annoyance of
the hand labour and cartage requisite for the purpose …
… That for the prevention of the disease occasioned by defective ventilation, and other causes of impurity in places of work and other places
where large numbers are assembled, and for the general promotion of
the means necessary to prevent disease, that it would be good economy
to appoint a district medical officer independent of private practice, and
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with the securities of special qualifications and responsibilities to initiate
sanitary measures and reclaim the execution of the law …”.
The Norwegian Public Health Act of 1860 (Sundhetsloven) was highly inspired by the British Act of 1848. According to the Norwegian Act,
all communities were obliged to establish a Health Commission under
the leadership of the Public Medical Health Officer. Its tasks were defined as follows (Sundhetsloven 1860, §3,): “The Commission shall pay
attention to the Localities’ Health Conditions and what thereon may
have influence, such as: Cleanliness…Dwellings that by Lack of Light or
Air, by Humidity, Uncleanliness or Overcrowding of Occupants, have
proved to be definitely dangerous to Health. The Health Commission
must ensure that sufficient Air Change takes Place in Accommodations,
wherein a larger Number of Persons constantly or regularly are gathered,
such as Churches, School, Court and Auction Facilities, Theatres,
Dancing Houses etc ...”.
Basic requirements for healthy built environments had been well established thanks to the health and hygiene movements during the 100
years before 1850 and their implementation over the next 100 years,
which provided vital conditions for the remarkable improvements of
general health and living standards in welfare states. Axel Holst
(1860–1931), Professor of Hygiene and Bacteriology from 1893 until
1930, warned about health risks related to house dampness in cellar
dwellings due to gases and microbiological pollutants from putrefactive
processes in the ground. These increased the risks of several diseases, particularly respiratory infectious diseases such as tuberculosis (Journal of
the Norwegian Medical Association 1894; 14: 81–6).
Until the 1920s, tuberculosis (TB) was by far the most common cause
of death in Norway and most other Western countries, Figure 4.
Developed societies won the battle against TB and other infectious diseases thanks to improved living, nutritional and hygienic standards, including building hygiene, and mainly before modern vaccination and antibiotics became available [Turnock, 2006]. Today, reoccurrence of TB
has been most prevalent among those living under conditions of poor
nutrition and inferior housing. Similar observations of historical trends
in most other developed countries have been noted [Nelson, 2005]. In
1900, 194 of every 100 000 U.S. residents died from TB and most were
residents in urban areas. In 1940, before the introduction of antibiotic
therapy, TB was still a leading cause of death although the death rate had
decreased to 46 per 100 000 persons.
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Basic hygiene requirements for housing – a summary of the state-of-the-art
in the 19th century.
1. Dry building ground and dry dwellings.
2. Good cleaning and adequate ventilation
3. As much access as possible to sunlight and full daylight (bactericidal effect).
4. Smallest possible risk of accumulation of waste, dust and other pollutants
by suitable choice of materials and design of interiors, furniture and furnishings.
5. Fast and safe removal of all refuse and offal by skilfully executed and maintained drains and sewers, rational cleaning and other methods.
6. Abundant access to clean and good water.

During the 20th century, average life expectancy increased from approximately 45 to 75 years for citizens of Western, industrial countries
and it was generally assumed to be largely the result of advances in the
content and distribution of medical care [Turnock, 2006]. It was shown,
however, that medical treatment accounted for 3.7 years, and clinical
preventive services (such as immunization and screening tests) accounted for 1.5 years while the remaining 25 years largely resulted from preventive efforts in the form of social policies, sanitation (hygiene), community action and personal decisions. Adequately built environments,
i.e. housing and work environments formed vital parts of the improved
sanitary conditions.
Mortality among men/1000 in Norway 1899–2000
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FIGURE 4. Age-adjusted mortality due to four causes [Stene-Larsen, 2006].
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time is usually spent at home and in bedrooms [WHO, 1999]. About
65 % of our lifetime is often spent at home, 20 % in other premises and
further 5 % in vehicles. The working population usually spends about
20 % of its time at work and an increasing proportion of employees have
their workplaces in non-industrial environments. Ventilation rates are
generally lower in homes and the time spent there is much longer than
at work.
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FIGURE 5. Respiratory tuberculosis (TB): mean annual death rate in England and
Wales [Department of Health, UK, 1992].

Present scientific knowledge about dampness in buildings concurs
with the risk assessments and requirements set out more than 150 years
ago [Bornehag et al., 2001, 2004]. However, in most countries, including
Norway, these matters only attract limited attention, if any, from the
Health Services. Medicine now tends to focus on pathology and fails to
place individuals within their socio-environmental contexts [Turnock,
2006].
Living and housing conditions, important parts of our environments,
have improved immensely throughout the 20th century. For example, in
Norway, the average number of persons per household has decreased
while the dwelling area and area per person has increased. According to
Statistics Norway, the mean dwelling area increased from 89 m2 in 1967
to 114.2 m2 in 1997, resulting in an increase of housing area per person
from 29 m2 in 1967 to 52 m2 in 2002, an increase of 79 %.

MODERN INDOOR
ENVIRONMENTS

Current general population exposure times and their significance for risk
assessment
In temperate and polar latitudes, people often spend less than 10 % of
their time outdoors. More than 90 % is spent at home, in kindergartens,
at school, at work, in public premises, in vehicles etc and most of this
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Vulnerable groups
People with asthma, allergies and other hypersensitivities are particularly
vulnerable to inferior indoor environments [Leira et al., 2006]. Compared
to those who are non-allergic, a higher percent of allergic people suffer
from sick building syndrome, SBS, symptoms and complain about perceived annoyances in the indoor environment [Lundin, 1999]. This is the
only group of diseases currently increasing among children in Western
and developed societies. Asthma is presently the most common chronic
disease during childhood, and in most Western countries the commonest cause of admission to hospital among children, comprising up to 25%
of admissions to paediatric departments in many countries [EEA, 2007].
The increase of asthma and allergies in the younger population in Europe
will increase the proportion of vulnerable individuals in the future work
force. A 2.4 times increased risk of suffering from asthma among adults
born in 1966 to 1971, compared to those born in 1946 to 1950, was reported in studies performed in 15 industrialized countries [Sunyer et al.,
1999]. The increase occurred concurrently in most of the countries, in
both males and females, and both in childhood and adult onset asthma.
Prevalence of chronic obstructive lung diseases (bronchitis, emphysema and asthma) is increasing all over the world [WHO, 2007] and those
affected suffer more in poor indoor climates. Good environments are
particularly important for their health and to prevent early retirement
due to disablement.

In recent years, there has been an accumulation of knowledge concerning the effects on health caused by exposure to agents present in indoor
air, known as indoor air pollutants, IAPs [WHO, 1982, 1999].
Building related illness (BRI)
Infectious and irritative respiratory diseases, respiratory allergies (for example, to house dust mites, animal fur and dander), asthma and mucous
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HEALTH EFFECTS
ASSOCIATED WITH
INDOOR EXPOSURES

membrane irritation are the most prevalent health effects that have been
associated with indoor exposures.
Respiratory allergies and hypersensitivity conditions
Allergic and non-allergic asthma, rhinitis and conjunctivitis can be caused
or aggravated by exposures in indoor environments. The conjunctiva of
the eyes can be considered as being a part of the airways, in terms of their
environmental sensitivity and hypersensitivity, since symptoms can occur
simultaneously in the airways and in the eyes, and can be caused by the
same agents.
Asthma is a chronic inflammatory pulmonary disorder that is characterized by reversible obstruction of the airways, Figure 6. A recent definition has been provided [GINA, 2006]: “Asthma is a chronic inflamma-

FIGURE 6. Why asthma makes it hard to breathe. Illustration: American Academy
of Allergy, Asthma and Immunology.
http://www.aaaai.org/media/photos_graphics/all_photos.stm
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tory disorder of the airways in which many cells and cellular elements
play a role. The chronic inflammation is associated with airway hyper-responsiveness that leads to recurrent episodes of wheezing, breathlessness,
chest tightness, and coughing, particularly at night or in the early morning. These episodes are usually associated with widespread, but variable,
airflow obstruction within the lung that is often reversible either spontaneously or with treatment.”
Rhinitis is inflammation of the cells lining the
nose, often resulting from the inhalation of an allergen (Figure 7). The symptoms include nasal obstruction, runny nose and sneezing. Rhinitis can be
seasonal, e.g. due to an allergy to pollen (hay fever),
or all year round, e.g. due to an allergy, for example,
to animals or dust. Allergic rhinitis is often combined with conjunctivitis and termed “rhinoconjunctivitis”.
Conjunctivitis is caused by dilatation of blood FIGURE 7. Rhinitis.
vessels in the conjunctiva, the membrane covering
the eye, often as a response to an allergic reaction,
Figure 8. The resulting reddening of the eyes is
called allergic conjunctivitis, and is usually accompanied by itching and tears.
FIGURE 8.
Respiratory effects of pollutants can, to a certain Conjunctivitis.
extent, be predicted by considering where the air pollutants are mostly
likely to be deposited in the airways. Particles < 5 μm (respirable particles), such as allergens from house dust mites and pets, can be carried
down to the peripheral part of the lung, inducing or eliciting asthma.
Coarser particles > 10 μm, such as pollen, tend more to affect the eyes
and upper airways eliciting allergic rhinoconjunctivitis. Hydrophilic (water
soluble) gases, such as sulphur dioxide (SO2), ammonia (NH3) and
formaldehyde tend to deposit and affect primarily upper airways, not
reaching the lungs but providing strong sensory irritation. Hydrophobic
gases, such as nitrogen dioxide (NO2), can strongly affect the lungs, conveying only minor warnings with sensory effects to the eyes and upper
airways.
Respiratory infections
Modern epidemiological data on the association between building
dampness, indoor moulds and airway infections is limited, although the
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association was already well-known in the 19th century. Increased general respiratory infection proneness is associated with poor indoor climate, particularly in association with building dampness and exposure to
combustion gases.
Increased infection risk is also associated to low ventilation rates in
combination with crowding, such as in kindergartens, schools and barracks.
Legionellosis is an infection caused by the Gram negative bacteria
Legionella, mostly by Legionella pneumophila [WHO, 2007a]. This is a
ubiquitous aquatic organism that thrives in warm environments (25 to
45 °C with an optimum around 37 °C) and causes over 90 % of
Legionnaires’ disease cases. Legionnaires’ disease acquired its name in
1976 when an outbreak of pneumonia occurred among people attending a convention of the American Legion in Philadelphia. Pontiac fever is
a milder respiratory illness without pneumonia caused by the same bacterium. Legionellosis usually occurs as single, isolated cases not associated with any recognized outbreak. When outbreaks do occur, they are
usually recognized in the summer and early autumn, but cases may occur
at any time of the year.
Legionellosis occurs after inhaling water droplets originating from a
water source contaminated with organic matter harbouring active
Legionella bacteria, often contained in amoebas or protozoa. Potential
sources of contaminated water include cooling towers used in industrial
cooling water systems as well as in large central air conditioning systems,
evaporative coolers, hot water systems, showers, whirlpool spas, architectural fountains, room-air humidifiers, ice-making machines, misting
equipment and similar disseminators that use public water supplies.
One huge outbreak in Norway in 2005 unexpectedly came from an
air scrubber (an industrial air purification facility). Such an installation
has never before been reported as a source of Legionellosis anywhere in
the world. The source was identified by DNA matching, as well as by
analysing increases in disease occurrence among people living near suspected sources.
Legionella will grow in water at temperatures from 20 to 50 °C (68
to 122 °F). However, the bacteria reproduce at their greatest rate in stagnant water at temperatures around normal body temperature. The most
well-known causes of outbreaks are poorly managed or maintained cooling towers with the potential of spreading water droplets containing
fragments of organic film with vital Legionella bacteria over long dis-
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tances. Most exposures to and infections in these outbreaks thus occur
outdoors. Legionellosis cannot be transmitted from an infected person to
another person, only by inhaling water aerosols containing organic matter infected with Legionella.
Other respiratory illnesses
Extrinsic allergic alveolitis (hypersensitivity pneumonitis or farmer’s
lung) is very rare, but has been described in relation to indoor environment. The inflammation of the small airways or alveoli is caused by an
immunological reaction to an inhaled bioaerosol (a mist or dust of biological particles), or certain reactive organic chemicals in high concentrations. Multiple causative agents have been identified and the most common are thermophilic actinomycetes, responsible for farmer’s lung, and
avian proteins, which induce bird fancier’s lung. Sensitization occurs
after a period of exposure to the antigen, varying from weeks to years.
The disease can vary from acute to chronic and from mild to serious and
life-threatening. It may mimic and be misdiagnosed as infectious pneumonia.
Organic dust toxic syndrome is a more prevalent flu-like illness usually
due to the inhalation of grain dust, with symptoms including fever, chest
tightness, cough and muscle aching. These reactions occur mostly in
agricultural settings or from covering a floor with straw, etc but have also
been observed in other non-industrial indoor environmental settings in
association with exposure to organic dust.
Humidifier fever usually develops on a Monday or the first workday
of the week and has mostly been associated with humidifiers in printing
offices but has also been observed in office buildings. The hallmark of
the disease is the sudden onset of fever. Other features may include muscle aches and pains and mild shortness of breath. Humidifier fever can be
caused by a number of different agents including amoebas, bacteria and
fungi living in the moist environment of a humidifier. Humidifier fever
typically disappears once the patient is no longer exposed to the causative
agent coming from the humidifier.
Cancer
Asbestos and benzene are known carcinogens but exposure is now practically non-existent. An increased risk of developing lung cancer has been
linked to exposure to environmental tobacco smoke, ETS, and to radon
decay products [WHO, 1999]. In areas with high radon exposure, up to
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10 to 15 % of all lung cancers occurring in the population may be attributable to indoor radon exposure [WHO, 1999, 2000]. With regard to
ETS, it has been estimated that non-smokers living with smokers have
about 30 % increased risk of contracting lung cancer when compared to
the non-exposed population. ETS has recently been almost eliminated in
working environments in most Western countries.
Environmental cancer risk is considered a consequence of dosage,
which is a product of time and exposure level. Higher ventilation rates at
work create generally lower exposure levels to radon than in homes.
Work exposure time is not more than a fraction of home exposure time.
This implies that exposure to the two most potent indoor carcinogens,
ETS and radon, is currently mainly a residential problem in countries
that have effectively restricted public indoor smoking. Carcinogenic effects of radon are strongly enforced by concomitant exposure to ETS.
Avoidance of ETS exposure is thus the most effective preventive action,
although it is still important to limit radon exposure.
Other illnesses
The effects of IAPs on reproduction, cardiovascular disease and on other
systems and organs have not been well documented to date, although exposure to ultrafine particles, UFPs, has recently been associated with cardiac disease [Weichenthal et al., 2007, Chuang et al., 2007]. To a certain
extent, this may mean that no serious effects occur, but there has been
little by way of research to clearly document the absence of these types
of effects. A current issue is the use of plastic additives in the indoor environment, including flame retardants and plasticizers to which exposure
has increased dramatically since World War II [Bornehag et al., 2004a].
Animal toxicity studies suggest that some phthalates affect male reproductive development.
Sensory irritation, sick building syndrome (SBS)
SBS consists of a group of general, mucosal and skin symptoms that are
related to the time spent in particular buildings [WHO, 1982, Burge,
2004]. Building occupants complain of symptoms such as headache; eye,
nose, or throat irritation; dry cough; dry or itchy skin; dizziness and nausea; concentration difficulties; fatigue and sensitivity to odours.
Various factors in the indoor air environment, including dampness,
temperature, thermal conditions and particle pollutants, have been suggested as causes of these symptoms. Other factors that significantly affect
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the indoor environment include ventilation rates, ETS, combustion
products, formaldehyde and volatile organic compounds.
What are the most important health effects associated with indoor
environments?
The most important effects on public health are probably allergic respiratory sensitization, aggravation of allergic diseases, increased respiratory infection proneness and worsening of chronic obstructive lung diseases. Respiratory diseases, asthma and allergies have mainly been associated with the indoor environment in residential buildings, while a limited number of reports are related to exposure in non-industrial occupational environments. Reported respiratory illnesses seem mainly to be associated with exposure in damp buildings [Savilahti, 2000, Rudblad et al.,
2004, Patovirta et al., 2004]. Heating and cooking with gas and charcoal,
ETS and cleaning and washing products have also been associated with
asthma [Viegi et al., 2004]. Most effects of indoor environments are results of complicated interactions between several exposures, and combinations of these are difficult to study. Indications of dampness, as well as
recently repainted interior surfaces, appeared to be associated with recurrent infant wheezing, with a strengthened effect due to combined indoor
exposures [Emenius et al., 2004]. Even remediation, in order to be effective, must usually comprise several solutions. Family lifestyles, according
to preventive guidelines regarding breastfeeding, maternal tobacco
smokers and home dampness, were associated with reductions of recurrent wheezing and asthma at two years of age [Wickman et al., 2003].
The most prevalent adverse effects of inferior indoor work environments are thus respiratory infectious diseases; mucosal, respiratory and
skin irritation, including aggravation of allergies and other hypersensitivity symptoms, general symptoms including headache and fatigue, as well
as reduced comfort, performance and productivity [Wargocki et al., 2000,
Wyon, 2004]. Interactions and synergies among several exposures are
probably important.

The main indoor environment challenges, in terms of risk assessment as
a basis for risk management, are still the avoidance of building dampness,
the choice and maintenance of adequate ventilation rates, and the elimination of pollutants from combustion sources, cooking and heating. The
effects of the thermal environment on air quality are important. Gender,
organizational and psychosocial conditions also have strong impact.
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IMPORTANT INDOOR
ENVIRONMENTAL
EXPOSURES

Building dampness
Dampness in buildings is a risk factor for health effects among atopic
(hypersensitive) and non-atopic individuals, both in domestic and in
public environments [Bornehag et al., 2001, 2004]. It may increase the
risk of health effects in the airways, such as coughing, wheezing and
asthma by 40 to 120% or even more. Dampness is also associated with
other symptoms such as tiredness, headache and airway infections.
Remedial building measures have positive effects on health [Savilahti et al.,
2000, Patovirta et al., 2004, Rudblad et al., 2004]. The evidence for a
causal association between dampness and health effects is strong, but the
mechanisms are unknown [Bornehag et al., 2001, 2004]. Several definitions of dampness have been used in studies of these associations and, no
matter how they have been formulated, they all seem to be associated
with health problems. The literature is not conclusive with respect to
causative agents, e.g. mites, microbiological agents and organic chemicals from degraded building materials. Even if the mechanisms are unknown, there is sufficient evidence to take preventive measures against
dampness, moisture and water damage in buildings.
If building structures are subject to more moisture and dampness than
they were dimensioned for, this might cause damage due to chemical or
microbiological decomposition of the building materials. Organic dust
and filth may provide nutrition for microorganisms such as bacteria,
moulds and amoebae, and insects such as mites, cockroaches and flies.
Processes in built environments that are subject to more moisture than
intended can therefore cause exposure to:

1. Allergens from house dust mites and other living or dead insects,
germs and spores as well as from moulds and bacteria.
2. Irritants and MVOCs, microbial volatile organic compounds, with irritating and evil-smelling fumes and vapours from decay products produced by microbiologic metabolism.
3. Mycotoxins from moulds, of which many have strong biological effects. Some of these are used in medicine as antibiotics and as agents
to modulate and suppress the immune system. Others are potent carcinogens such as aflatoxins, though the effects of these have not yet
been associated with indoor air exposures. Microorganisms use toxins
to suppress other organisms in their fight for survival and growth.
4. Endotoxins and glucanes, which are active agents originating from
bacteria.
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5. Chemicals, such as formaldehyde, emitted from building materials.
The generation of such substances often increases due to hydrolysis
and the decay of materials caused by water damage.
Although many of these potential mechanisms can, theoretically, cause
health effects, most exposure levels are much too low for health effects
to actually occur. One intervention study indicated age-response relationships between exposure to mould and health effects [Savilahti et al.,
2000]. However, as in other indoor climate cases, the measured levels
were still far too low to cause health effects, even when based on current
knowledge [Eduard, 2006]. The association between dampness and
health effects, on the other hand, is strong although there is no reason
to believe that moisture or dampness themselves are the actual causes.
Obviously, possible causes must be looked for among the agents that
occur due to the effects of increased humidity in buildings and other factors, such as temperature.
Dampness is sometimes associated with mite growth that could
induce mite sensitization and allergic disease [Wickman et al., 1991].
Sensitization to mites is far more common than sensitization to moulds
and most subjects sensitized to moulds are also sensitized to mites or
other allergens. Some authors attribute the association between dampness and health to allergy to mites. On the other hand, the association
between dampness at home and bronchial obstruction in children was
still strong and significant even after excluding subjects with positive
mite findings in their homes [Nafstad et al., 1998].
Associations between dampness and health are also found in areas
with little mite exposure, e.g. in northern Scandinavia with its dry wintertime indoor climate. Several studies have shown that the prevalence
of positive skin prick tests to mites in these regions is very low (1 to 5 %).
The prevalence of sensitization to mites is higher in countries with more
humid indoor climates (12 to 30 %).
Agents other than mite allergens, which in some studies have been
shown to increase the risk for symptoms and signs, are airborne moulds
and bacteria. The literature, however, is not consistent. Although moulds
have been associated with allergies and asthma, there is meagre evidence
of any significant contribution by specific mould sensitization. A general
adjuvant (enhancing) effect on specific sensitization, by exposure to
moulds or any other exposure caused by moisture, might be a more probable cause than a specific sensitization to moulds themselves. It is possible
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that other and unknown mechanisms or exposures associated with building dampness can be more important causes of the associated effects.
Specific sensitization to moulds does not seem to play an important role
in the development of allergies, asthma and atopy in relation to dampness in buildings. Testing for specific allergies to mould have therefore
little predictive value in the examination of individuals with suspected
health effects due to exposure to damp or mouldy indoor environments.
In conclusion, it is not known which humidity-related agents in indoor air that are the main causes of the health effects. Dampness and
moisture phenomena in buildings, microbial and chemical exposures and
individual human responses are complex phenomena. While the
causative links between exposure agents and health responses are still not
well understood, the essential issue is to prevent the problems through
good design, construction and maintenance of buildings.
Ventilation
The effects of ventilation on health, comfort and productivity in non-industrial indoor environment (offices, schools, homes, etc.) have been reviewed by a multidisciplinary group of scientists [Wargocki et al., 2002].
They found that ventilation is strongly associated with comfort (perceived air quality) and health in terms of SBS symptoms, nasal irritative
inflammation, infections, asthma, allergy and short-term sick leave. An
association between ventilation and productivity (performance of office
work) is indicated. The group also concluded that increasing outdoor air
supply rates in non-industrial environments improves perceived air quality; that outdoor air supply rates below 25 l/s per person increase the
risk of SBS symptoms, increase short-term sick leave and decrease productivity among occupants of office buildings; and that, in Nordic countries, ventilation rates above 0.5 air changes per hour in homes reduce
occurrences of house dust mites.
The practical implications are that ventilation requirements in many
existing guidelines and standards may be too low to protect occupants of
offices, schools, and homes from health and comfort problems and the
requirements may not be optimal for human productivity. Higher ventilation rates can increase energy costs for building operation. However,
these can be reduced by lowering pollution loads on the indoor air, for
example, by prudent and systematic maintenance of the heating/ventilation/air-conditioning (HVAC) systems and by reducing superfluous
pollution sources indoors. Energy costs can also be reduced by using effi-
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cient heat recovery systems. By applying current knowledge, indoor air
quality can be improved considerably while still maintaining or even reducing ventilation rates and energy use. [Fanger, 2006].
Allergic symptoms among Swedish children in homes situated in areas
with excellent outdoor air quality are related to ventilation rates lower
than 0.5 air changes per hour, the limit recommended in the Swedish
building regulations (Bornehag et al., 2005). Increasing mechanical ventilation in 7 Swedish classrooms reduced mean CO2 levels of 1050 ppm
to 780 ppm resulted in fewer reports of asthma symptoms among the
pupils [Smedje & Norbäck, 2000].
Although no clear threshold has been found for the advantages of increasing ventilation, it is questionable whether any benefits can be
achieved by ventilation rates higher than 25 l/s per person or CO2 concentrations lower than about 600 ppm in non-industrial indoor environments in the heating season [Wargocki et al., 2002, Seppänen & Fisk,
2004]. Higher ventilation rates might reduce the relative humidity to
levels that cause other problems, i.e. when the levels are reduced by 20
to 30 % [Norbäck et al., 2006, Wolkoff et al., 2006]. The airflow rate
should not be decreased below 10 l/s per person since this would most
probably decrease the air quality to an unacceptable level. [Strøm-Tejsen
et al., 2007]. Considering these findings, it is possible that winter ventilation rates should not exceed 25 to 30 l/s and not be lower than 10 l/s
per person, if there are no other significant pollution sources that need
ventilation.
Heating and cooking
The increased risk of respiratory diseases associated with improperly vented, poorly ventilated or malfunctioning combustion appliances is well
known in developing countries [WHO 1999, 2002, Viegi et al., 2004,
Naeher et al., 2007]. These appliances even pose a real risk of acute poisoning by carbon monoxide. Combustion products and pollution from
heating systems and cooking using coal, wood, kerosene and gas have
also been associated with respiratory health effects in developed countries [Viegi et al., 2004, Naeher et al., 2007]. The only randomized, controlled study performed on heating systems is an Australian intervention
in 18 primary schools with unflued gas heating [Pilotto, 2004]. The system was replaced by either flued gas or electric heating. Among pupils
with asthma, difficulties in breathing during day and night, chest tightness and asthma attacks during the day were more than halved.
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The use of gas stoves and wood-burning stoves/fireplaces was associated with shortness of breath, coughing, nocturnal asthma and restrictions in activity among adult asthmatics [Ostro, 1994]. The use of unvented gas space heaters, wood stoves and kerosene heaters was associated with respiratory symptoms among infants and women living in nonsmoking households in Virginia, USA [Naeher et al., 2007]. Asthma
among adults was associated with the presence of a wood stove in a questionnaire-based case-control study in Sweden [Thorn, 2001]. Wood
stoves were related to coughing among children with increased hereditary risk of developing asthma [Belanger, 2003]. Exposure to freestanding wood-burning stoves was associated with otitis (inflammation in the
ear) among children in the State of New York, USA [Daigler et al., 1991].
In Eastern Germany, the lowest risk of eczema was found in households
with central heating systems and the highest risk where gas heaters were
used [Schäfer et al., 1999].
Electric heating has traditionally been considered as “clean energy”.
Less attention had been paid to electric stoves as potential sources of indoor air pollution, although electric heating has been associated with increased SBS symptoms [Engvall et al., 2003] and asthma in children
[Infante-Rivard, 1993]. In the State of New York, 26.7 % of the asthma
cases among children 0 to 10 years of age and 16.7 % of the control
group occurred in housing with electric baseboard (skirting) heaters
[Daigler et al., 1991]. In Connecticut and Western Massachusetts, infants
at high risk of developing asthma living in homes that were heated with
electric baseboard heaters had higher rates of wheeze than those in
homes with other heating systems [Gent, 2002]. However, this tendency was reduced when adjusted for other factors. Experimental laboratory studies have confirmed the ability of electric heating stoves to emit a
large number of sub-micrometre particles and VOCs, volatile organic
compounds, that inhibit cell cultures [Mathiesen, 2004]. Such problems
can be avoided by keeping temperatures of surfaces that might be in contact with indoor air below 70 to 80 °C. These include heater surfaces,
halogen lamps, vacuum cleaners and other electric equipment with high
surface temperatures cooled by air or brought in contact with indoor air.
Indoor heating in Norway is mostly provided by electric heaters. The
most common type are convection heaters that bring the indoor air into
direct contact with surfaces heated up to several hundred degrees
Celsius.
Asthma related to ducted air heating and other heating methods was
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studied in a case-control study of atopic and non-atopic children in Plymouth and Dartmouth UK [Jones, 1999]. Of nine 4 to 16-year-old children, eight developed asthma, with onset while living in houses heated
by ducted air. This is the only study on this issue indexed in the international scientific database PubMed.
Electric and other home cooking and heating systems contribute to
the formation of indoor ultrafine particles (UFPs) [Weichenthal et al.,
2007]. UFPs are generally defined as those particles with diameters
< 100 nm (< 0.1 m). Other common sources of indoor UFPs include tobacco smoke, burning candles, vacuuming, natural gas clothes dryers,
and other household activities [Weichenthal et al., 2007]. Exposure to
airborne particulate matter has a negative effect on respiratory health of
both children and adults. The ultrafine fraction of particulate air pollution is of particular interest because of its increased ability to cause oxidative stress and inflammation in the lungs. UFPs, particularly from
heating and combustion indoors and outdoors, have recently been associated with increased risk for coronary heart disease [Chuang et al., 2007].
The mechanisms behind might involve direct effects on the lung and cardiovascular system and indirect effects mediated through pulmonary inflammation and oxidative stress. The potential role played by electric and
other heating and cooking appliances is of interest from both an environmental health point of view as well as for future energy politics and energy conservation solutions. More research is strongly needed.
Thermal indoor environment
There are relatively few field studies of health effects of thermal conditions [Reinikainen & Jaakkola, 2003, Mendell et al., 2002], even though
thermal factors are relatively easy to assess and comprehensive international standards are available [Olesen, 2004]. High air temperature reduces the perceived air quality, increases perceived dryness and irritation
of the airways [Wolkoff et al., 1997, 2006, Reinikainen & Jaakkola, 2003,
Wyon, 2004, Fanger, 2006]. Each 1 °C decrease in temperature within
the comfort range in public offices was related to a 19 % decrease in
severity of eye symptoms and to a decrease of complaints about stuffy air
and feeling too warm (19 % and 25 %) [Mendell et al., 2002]. This greatly
exceeded the related increases in perceiving draughts or feeling too cold.
The reduction of air temperature to below 22 °C might thus be an effective and important measure to improve air quality and at the same time
save energy in the heating season.
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The need to keep thermal comfort acceptable in the heating season
and to conserve energy at the same time is a challenging one. Thermal
comfort is dependent on the operative temperature, which, in practice,
is the average of the air temperature and mean radiation temperature
from surrounding surfaces. Reducing the night temperature is a common way of conserving energy in office buildings in Norway. The air
temperature is usually raised to an acceptable level when the working day
starts in the morning. The mean radiation temperature might still be low
when work starts, even though the air temperature has reached an acceptable level, and this might mean that the operative temperature will
be too low and that employees will feel cold. Compensatory measures
may then be required to avoid discomfort. An increase in air temperature
is normally the result, usually to a level far above the recommended maximum level of 22 °C in the heating season. The operative temperature
might have become unacceptably low because of the reduced radiant
temperature from cooled indoor surfaces, particularly in buildings with
heavy structures and high heating capacities. Efforts to compensate this
by increasing the air temperature add to the enthalpy (energy content)
of the air and might then cause decreased air quality. A high enthalpy of
the air means a low cooling power of the inhaled air with subsequent insufficient convective and evaporative cooling of the respiratory tract, in
particular the nose [Fanger, 2006]. This lack of proper cooling is closely
related to poor perceived air quality. The recommendation that the indoor air quality (IAQ) should be dry and cool is based on the immediately perceived IAQ when entering a room [Fanger, 2006]. However,
careful consideration should be given to this recommendation where
continuous exposure throughout the working day is concerned [Wolkoff
et al., 2006].
To avoid draughts, the velocity of the indoor air, according to current
recommendations must not exceed 15 cm/s [Olesen, 2004]. However,
it is questionable whether this limit is sufficiently low to avoid perceiving
draughts and feeling too cold, which could lead to demands for higher
operative and air temperatures. One way of achieving good air quality
combined with an acceptable operative temperature in the heating season, is to keep the mean radiant temperature high, the air velocities low
and the air temperature as low as possible and preferably below 22 °C.
Redecoration and other chemical exposure
Redecoration of an apartment can have a significant adverse influence on
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respiratory health among children [Dietz et al., 2003, Emenius et al.,
2004]. Frequent use of chemical based products during the prenatal period was associated with persistent wheezing in young children [Sheriff
et al., 2005]. Hair spray used in a baby’s bedroom at least once a month
was associated with asthma [Ponsonby et al., 2000]. Such risks can be
avoided by not exposing newborns, children and other vulnerable persons
to such agents. Redecoration should be performed in good time before
newborns and children move into their rooms, preferably weeks before.
An association between the concentration of phthalate esters and the
risk of asthma has been found, among others by [Nafstad et al., 1998 and
Bornehag et al., 2004a]. Phthalate esters are widely used as plasticizers in
modern products and materials, but mostly in PVC, polyvinylchloride,
products. However, current evidence is not yet sufficient to draw conclusions in terms of causality and risk assessment. Phthalates might be associated with other possible causative factors. More research is needed in
order to assess this matter.
Organizational, mental and psychosocial work environments
SBS has been related to mental stress at work [Runeson et al., 2004,
Marmot et al., 2006]. Mental stress has even been shown to be more important than the physical environment in explaining prevalence of SBS
[Marmot et al., 2006]. Psychosocial and personal reasons also dominated
in mucus membrane irritation symptoms and general symptoms among
teachers in state schools when comparing “moisture-damaged” and
“non-damaged” schools [Ebbehøj et al., 2005]. Negative psychosocial
work factors have been associated with the risk of contracting various illnesses, especially psychosomatic disorders. High demands at work together with low social job control and low job support are combinations
of mental factors that may cause various negative effects on health
[Theorell & Karasek, 1996]. The results may be serious health problems
such as heart disease and increased mortality [Kivimäki et al., 2002] as
well as anxiety, depression, mental distress, dissatisfaction and high rates
of sickness absence and turnover [Michie & Williams, 2003].
Indoor environmental problems seem to be multifactorial. As symptoms related to the indoor air factors may also be related to mental stress
at work [Runeson et al., 2004, Marmot et al., 2006], the relationship to
both physical and mental factors is of interest. Few studies have simultaneously examined typical indoor air symptoms, indoor environmental
factors and the psychosocial work environment [Marmot et al., 2006].
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Gender
Women tend to report more symptoms than men [Burge, 2004]. The
reason for gender difference in reporting symptoms from indoor environments is debated. Gender differences have been observed in studies
of subjective symptoms as well as in organ-specific diseases [Ihlebaek and
Eriksen, 2003, Tollefsen et al., 2006]. Among possible causes are different
responses to stress, coping style, work situations and physical strength, as
well as different traditions and thresholds for when and how to complain. However, the real causes of these differences are not well understood, and several studies underline the importance of specifically considering the gender issue in health studies [Messing and Stellman, 2006].
ENERGY
CONSERVATION
AND GLOBAL
SUSTAINABILITY

The EU Energy Performance of Buildings Directive (Directive 2002/
91/EC) requires buildings to meet minimum energy performance ratings in order to comply with the Kyoto Protocol. The building sector accounts for about 40% of total energy usage in Europe. Both atmospheric and thermal conditions affect indoor climate and energy performance.
Hopefully, energy-saving measures that are taken will improve indoor
environments and not impair them [WHO, 1999].
Energy conservation measures after the energy crisis in the 1970s and
1980s included sealing houses and reducing ventilation rates. The consequences were increased indoor humidity, condensation and dampness,
in turn causing an increase in the occurrence of dust mites, moisture
damage and increased concentrations of pollutants from other sources.
This led to more sensitization, allergies, asthma and respiratory infections, as well as increased complaints from building occupants [Wickman
et al., 1991].
As a result, efforts were made to meet obvious needs for holistic approaches and to take on the challenge by establishing cooperation between all the involved sectors: Health, Building, Environment and
Energy. Existing housing stocks, lifestyles, immediate environments of
dwellings and social conditions should all be considered when developing healthy and sustainable housing policies, according to the declaration
of the Fourth Ministerial Conference on Environment and Health held
in Budapest, Hungary in June 2004. (Declaration EUR/04/5046267/6,
http://www.euro.who.int/document/e83335.pdf). So far, the intentions have not been met in Norway and have only partly been met in
other countries that endorsed this declaration.
It is possible to achieve considerable indoor air quality improvements
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while maintaining or even decreasing ventilation and energy usage,
provided that current knowledge is put to use [Fanger 2006, Roulet,
2006]. This can be achieved by improving pollution source control, air
cleaning, individual ventilation control (so-called personalized ventilation), delivery of cool and dry air with low air enthalpy, and the use of
all these methods simultaneously. By applying good design, construction, operation and maintenance techniques, the average building stock
energy use could be reduced by up to 25 % according to Roulet 2006
and HOPE (Health Optimisation Protocol for Energy-Efficient Buildings, http://HOPE.EPFL.ch/).
Indoor environments are the main human environments and, consequently, the environments to which we are mainly exposed. This makes
them an issue of public health and one that deserves considerably increased attention. Good indoor environments are needed to avoid aggravation of disease, and to improve the living conditions for asthma sufferers and other vulnerable groups. The increase of asthma and allergies in
the younger population in Europe will increase the proportion of vulnerable individuals in the future population. Providing good indoor environments for these groups will benefit us all.
Although many scientific questions still need to be solved, the most
urgent needs and requirements are to organize and implement our current knowledge so that health, function, comfort and productivity can be
improved for everyone. This also emphasizes the need for multi and interdisciplinary cooperation in research, as well as a broad approach at a
societal level to achieve holistic solutions for the challenges.
Building structures and indoor environments must be kept clean, dry
and free from moisture damage and they must be properly ventilated.
The key requirements are:
• The avoidance of excessive moisture exposure during the construction
and operation of buildings
• The adoption of proper planning, construction and maintenance procedures for buildings as these are critical for the prevention of moisture damage
• The immediate remedy of dampness, moisture or water damage
All indoor combustion sources must be properly vented to avoid indoor pollution from combustion gases. Temperatures of heating surfaces
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CONCLUSIONS

and other indoor surfaces, such as lighting and other electric equipment,
should be kept lower than 100 °C to avoid dust burning. Electric convector heaters should be avoided.
Low-temperature radiated heat, such as from wall radiators with large
surfaces, is recommended. Heating by hot air, or by ducted or convective heat increases air enthalpy and impairs air quality. Important conditions for good air quality combined with acceptable operative temperatures in the heating season, are high mean radiant temperatures, low air
velocities and low air temperatures, preferably below 22 °C.
It is possible to reduce energy use in buildings and at the same time
improve indoor environments. One measure would be to implement and
further develop indoor climate requirements based on seasonal or outdoor climates. Requirements like these are already stipulated in EN/ISO
standards regarding thermal climate [Olesen, 2004].
Care must be taken with regard to exposure to irritant chemicals,
sprays and redecoration. Newborns, children and people with respiratory hypersensitivity are at special risk.
Exposure to phthalate esters, used in several materials and everyday
products, is strongly associated to allergies and asthma. More research is
needed to assess whether this association is causal or not, and to provide
foundations for preventive action.
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2. INDOOR ENVIRONMENT AND PRODUCTIVITY IN OFFICES

Professor O L L I S E P P Ä N E N
Helsinki University of Technology, Finland

•

•
•

This chapter summarizes how the indoor environment, in terms of ventilation, air quality, temperature and noise, affects health and productivity, and how these parameters are quantified.
The costs involved are significant. A cost analysis of any office-based
business will show that the personnel costs comprise the major part of its
total costs and that the economic gain thanks to small improvements in
productivity or health easily pays back the increased costs for better ventilation, heating and comfort cooling.
Such an analysis will reveal that:
• even a 1 % increase in work performance can be equivalent to the annual cost of ventilating an office building.
• productivity gains of just under 10 % can be equivalent to the total installation and running costs in an office building.
• payback time for investments to improve the quality of the indoor environment is often less than 2 years.
In a cost-benefit analysis, it is not sufficient to have data that shows a
qualitative and statistically significant effect of the IEQ, indoor environmental quality, on health or work performance: the size of the effect
must also be quantified. This chapter summarizes the quantitative relationships between IEQ, health and performance that can be derived
from existing data.
The conclusions derived from the relationships for offices include the
following:
• Higher ventilation rates reduce prevalence of infectious diseases. For
example, doubling the ventilation rate in the range of 0.5 to 2 ACH,
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air changes per hour, can reduce illness and sick leave prevalence by up
to about 10 %.
Increasing ventilation rates up to 17 l/s per person can improve office
task performance. For example, doubling the outdoor air supply rate
within the range of 6.5 to 17 l/s can increase work performance by
up to about 1.5 %.
Every 10% reduction in the percentage dissatisfied with the perceived
air quality can increase the work performance work by about 1%.
Optimal productivity is achieved when the indoor temperature is
maintained between 20 and 24 °C. If the temperature is higher than
24 °C, a 1 °C decrease can increase work performance by about 1.5 %.
If the room temperature is lower than 20 °C, an increase of 1°C can
increase work performance by 2 %.
Increases in ventilation rates above 10 l/s per person, up to approximately 20 l/s per person, are associated with a significant decrease in
the prevalence of SBS, sick building symptoms, or with improvements
in perceived air quality. A 10 % decrease in the prevalence of typical
symptoms such as headaches can increase productivity by 1.5 %.

The chapter also illustrates how to use these relationships in a costbenefit analysis for an HVAC installation.
Deterioration of the indoor climate often lies behind SBS symptoms, respiratory illnesses, sick leave, reduced comfort and losses in productivity.
Studies have shown that when all these problems are expressed in economical terms, the costs to society are high. Some calculations show that
the costs are higher than the heating energy costs for the building in
question [Seppänen, 1999, Fisk, 2000]. Potential benefits of indoor improvements include reduced medical care costs, gains in working days
thanks to reduced sick leave, better work performance, lower turnover of
employees, and lower costs for building maintenance thanks to fewer
complaints about the indoor air quality and climate.
Typical calculations have also shown that many measures to improve
the indoor air environment are cost-effective when the health and productivity benefits are included in the calculations. It is also clear, based
on a total cost analysis of any office-based business, that wages are by far
the largest cost item, see Figure 1, and that the value of a small improvement in productivity easily matches the increase for the first cost for an
HVAC improvement.

A 49

INTRODUCTION

Total
costs

Building related
costs without taxes

Construction costs

100%

Owner
occupied

Electricity
90
Heating
80

Construction
+
Structural work

60

Economic
benefits

Space cleaning
Wages

Interior

50

Heating + piping

40
Construction
costs

30
20
10

Building related
costs without taxes

Misc
0

Vent. + A/C
Electrical works
Security+TC-syst.
Design

VAT
Misc

Property

FIGURE 1. An example showing the relative significance of wage costs in relation
to annual costs for an office building.

There is an obvious need for calculation models that include the economic value of health and work performance, based on first and operating costs, in cost-benefit calculations. The use of such models would lead
to improved indoor environments, health and productivity. It is important to show to employers and building owners that investments in good
indoor environment are beneficial, see Figure 2. Most critical in the economic calculations is the link between the indoor environmental factors
and productivity. This chapter presents estimates of some quantitative
links for cost-benefit calculations, namely, between ventilation rates and
sick leave, ventilation rates and work performance, perceived air quality
and work performance, temperature and work performance, and SBS
symptoms and productivity.
BENEFITS DUE TO
GOOD INDOOR
ENVIRONMENT

The potential benefits due to improved IEQ include reduced medical
care costs, working days gained thanks to reduced sick leave, better work
performance, lower turnover of employees, and lower costs for building
maintenance thanks to fewer IEQ complaints. The financial benefits of
reduced sick leave are obvious. Performance at work is more complicated to quantify. There are three distinct aspects of performance: quantity
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FIGURE 2. Benefits of improved indoor environmental quality (IEQ) are transferred directly to the building owner in owner-occupied buildings (left) and in
leased buildings to the building owner via rent and long-term value of the building (right).

(speed), quality (mistake rates), and group effects (positive interaction).
The quantity and quality of work have been used as metrics in laboratory and field studies, in which repetitive work, e.g. processing forms, has
been studied for practical reasons.
Poor IEQ conditions could also lead to complaints and to negative
talk among employees, leading to changes in attitude towards the employer and poorer work performance. If IEQ problems are not dealt with
properly, employee-management conflicts could develop and complicate
the problem solving process and lead to even greater reductions in productivity. A reduction in employee turnover could significantly reduce
costs to employers. And a reduced number of complaints could also result in a reduced workload for the facility management personnel. The
magnitude of many financial benefits depends on the increase in number
of days worked, the speed at which work is carried out and the quality of
the work. As a first approximation, financial benefits can be based on
salaries and related benefits and overheads [Seppänen and Fisk, 2006a,
2006b, Fisk and Seppänen, 2007].
If the economical benefits derived from a good indoor environment are
to be included a cost analysis for a building, it must be known how the
design of the building and the building services affect the physical indoor
environment. It is also necessary to know how the physical indoor environment then affects health, absence, performance and other cost-relat-
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LINK BETWEEN
BUILDING FEATURES,
IEQ AND HUMAN
RESPONSES

Illness or sick leave prevalence
relative to prevalence
with no ventilation

ed factors. To date, it has not been possible to quantify all the relationships between IEQ variables and human responses. However, this is not
always essential, as it is often regarded as sufficient, when data is lacking,
to use observations of the direct links between building design (for example, type of HVAC plant) and operational parameters (for example,
ventilation rate) and outcomes in terms of health and performance, see
Figure 3. The diagram illustrates the information available at present
about the links between parameters such as temperature, ventilation, SBS
symptoms, health and performance.
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FIGURE 3. Simplified linkage between the building, human responses and benefits
[Wargocki and Seppänen, eds. 2006].

The relationship between ventilation rate and short-term sick leave
Quantitative relationships between ventilation rate and short-term sick
leave were estimated by calibrating a theoretical model of airborne transmission of respiratory infections with published field data, in which the
ventilation rate was the independent variable and short-term sick leave or
illness incidence were the outcomes [Fisk et al., 2005]. The model takes
into account the effects that ventilation, filtration and indoor particle
deposition have on airborne concentrations of infectious particles and
the feedback process, by which more disease transmission in a building
leads to more sick occupants who become new sources of infectious particles. The model has been calibrated, i.e., adapted to several sets of empirical data, resulting in different curves for ventilation rates and illness
prevalence.
The resulting relationships are presented in Figure 4. While the model
has many sources of uncertainty [Fisk et al., 2005], the effect is quite
large and may be very significant in economical terms.
The relationship between ventilation rate and performance of office work
An estimate of the relationship between ventilation rate and work per-
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Particle concentration model
Brundage (1988), illness in barracks, 1983 data
Milton (2000), sick leave in offices

FIGURE 4. Predicted trends in illness or sick leave versus air change rate [Fisk et al.
2005]. The different lines represent different calibrations of the disease transmission model with empirical data, except the line labelled Particle concentration
model, which is based on an assumption that the airborne disease transmission risk
is inversely proportional to the total removal rate of airborne infectious particles.

formance has been developed, based on five studies in offices and two
studies that compiled data in a controlled laboratory experiment (Seppänen et al., 2006a). These studies quantified office work performance
by measuring performance of simulated office work (typing, addition,
proofreading) and by tracking the speed of actual work in call centres.
Each data point was weighted by the number of subjects in the study.
The different studies were also assigned weighting factors according to
the relevance of the productivity metric for overall office work performance, i.e. the reaction time metric was given a low weight because it is
not clear that it is a good predictor of actual office work performance. A
summary of the results is presented in Figure 5, where the relative performance of typical office tasks is shown as a function of the ventilation
air flow. The curves suggest that doubling the outdoor air supply rate
will improve the work performance on average by 1.5 %. The analysis
showed that this relationship is statistically significant up to 17 l/s per
person.
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2000a,b; 2002]. Air quality was modified by changing the outdoor air
supply rate in an office polluted by a sample of a 20-year-old carpet from
a problem building, and then by removing this carpet from the office.
The quantitative relationship indicates a 1.1 % increase in performance
for every 10 % reduction in the proportion of dissatisfied with the air
quality, in the range 25 to 70 % dissatisfied.
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FIGURE 6. Performance of simulated office work as a function of proportion of dissatisfied with perceived air quality (PAQ), [Wargocki et al., 2000b].
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FIGURE 5. Effect of increasing ventilation rate on performance with respect to performance at the reference ventilation rate of 6.5 l/s per person (top figure) and
10 l/s per person (bottom figure) [Seppänen et al., 2006a].

The relationship between perceived air quality and performance
of office work
An estimated relationship between perceived air quality and performance
of office work is presented in Figure 6 and is based on three experiments
with subjects performing simulated office work [Wargocki et al., 1999;
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The relationship in Figure 6 was later verified [Bako-Biro, 2004]
when the data in Figure 6 was combined with the data obtained in his
own studies, in which the sources of pollution were PCs with cathoderay tube monitors, linoleum, sealant, and shelves with books and paper.
Analysis of the combined data leads to the relationship between performance and air quality presented in Figure 7. The resulting relationship,
about 0.8 % change in performance for every 10 % change in proportion
of subjects dissatisfied with perceived air quality, is similar to that observed by [Wargocki et al., (2000b)]. However, in Figure 7 the performance indicator was only text typing, while in Figure 6 the performance
results included performance of text typing, addition and proof-reading.
Based on the relationships shown in Figures 6 and 7, the effect of improving the PAQ in office buildings on the performance of office work
can be estimated. Typical values of PAQ, given in percentage dissatisfied,
vary between 10 and 40 %. Air quality is considered satisfactory if the
percentage of dissatisfied persons is below 20%: in problem-buildings it
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FIGURE 7. Typing performance as a function of the proportion of subjects dissatisfied with the perceived air quality, PAQ, [Bako–Biro, 2004].
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FIGURE 8. Change of performance (expressed as % change per °C increase in temperature) as a function of temperature. Positive values indicate that performance
is improved when the temperature is increased and the negative values show that
performance is reduced when the temperature is increased [Seppänen et al.
2006b].
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The relationship between temperature and performance of office work
A relationship between indoor air temperature and work performance is
shown in Figure 8 and is based on 148 assessments of performance from
24 studies [Seppänen et al., 2006b]. These studies tracked objectively
measured indicators of work performance (e.g. talk time in call centres),
speed and accuracy of complex tasks or simple visual tasks, performance
of vigilance tasks or manual tasks related to office work, and learning
rates and precision. The results of each study were weighted by the number of study subjects and the different studies were assigned weighting
factors according to the relevance of the productivity metric for overall
office work performance. Study results were then normalized by calculating the percentage change in performance for a temperature change of
1°C. Figure 8 shows the normalized data and the curve matches the data
with 90 % CI, confidence intervals, meaning that with 90 % probability
the correct value lies between these limits. Positive values indicate that
performance improves when the temperature is increased and negative
values indicate that performance is reduced when the temperature is increased. The curve crosses zero at a temperature of about 22 °C. Consequently, the data indicate that performance improves with increased temperature when the temperature is below 22 °C and decreases with increased temperature when the temperature is above 22°C.
The relationship presented in Figure 8 is replotted in Figure 9 with
22 °C as the reference temperature. However, the statistical analysis
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FIGURE 9. Relative performance as a function of temperature with reference to performance at 22°C. [Seppänen et al., 2006b].
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shows that the results are statistically significant only outside the range
20 to 24 °C. This means that that the optimum temperature range is 20
to 24 °C, and that work performance is improved if temperatures that are
too low are raised to 20 °C, and temperatures that are too high are decreased to 24 °C. The results also show that performance is reduced by
about 1.5 % for every 1°C increase in temperature above 24 °C, and reduced by about 2 % for every 1 °C decrease below 20 °C.
SBS-SYMPTOMS
AND PERFORMANCE

THE EFFECTS
OF NOISE ON
PERFORMANCE

In many prior studies, characteristics of buildings and indoor environments have been linked to the prevalence of SBS symptoms experienced
by the occupants [Seppänen and Fisk, 2006b], but these have not been
quantified. Only two studies suggest the quantitative link. [Niemelä
et al., 2006] suggest that, based on data from a call centre, an average reduction of 7.4 % points in the prevalence of weekly central nervous system symptoms such as headaches, fatigue and concentration difficulties
in concentrating, correspond to a 1.1 % increase in productivity. [Tham
and Willem, 2004] report a linear relationship between the intensity of
neurobehavioral symptoms such as headaches and difficulties in thinking
clearly, and average talking time in a call centre. The talking time improved, i.e. was shortened, by 5 % per 10 points change in intensity of
symptoms. The intensity of symptoms was measured using an analoguevisual scale from 0 to 100.
Auditory information can be a stimulus or a distraction. It is often the
case in office buildings that noise from conversations of others is a major
irritant, especially in open-plan offices. Open-plan office noise at 55 dB(A)
reduced the rate at which subjects performed simulated office work
when compared to quiet conditions at 35 dB(A). Noise also increased fatigue and made it more difficult to think clearly [Witterseh et al., 2004].
In a recent analysis, [Hongisto, 2005] developed a mathematical
model predicting how much performance would be reduced due to disturbances arising from speech of varying intelligibility, physically determined by measuring the Speech Transmission Index, STI. A model was
created based on the data reported in references, which suggests a performance decrement of between 4 and 45 % depending on the task being
carried out. The model implies that performance starts to decrease at
STI = 0.2, and the highest performance decrement is already reached at
STI = 0.6 (at STI = 1 speech is heard perfectly, while at STI = 0 it is inaudible).
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Individual control of the indoor environment has been shown to reduce
sick leave due to SBS and to improve performance, when estimated by
the test-persons themselves. Studies of large numbers of people working
in office buildings in the Netherlands show that the total amount of sick
leave due to SBS is likely to be 34 % lower when office employees can
control their thermal environment [Preller et al., 1990].
Studies in the U.K. indicate that self-estimated performances are significantly higher when office employees can control their own thermal
environment, ventilation or the lighting levels where they work [Raw
et al., 1990]. These two studies agree well with the experiment in an insurance company that showed that provision of individual control of
temperature reduced the claim processing time, i.e. increased performance, by about 4 % [Kroner and Stark-Martin, 1994]. It has been estimated that the provision of individual temperature controls equivalent to
a ±3 °C range around the optimum group temperature would lead to an
approximately 7 % increase in work performance with regard to office
work [Wyon, 1996].
In an experiment with a group of test-subjects performing simulated
office work, e.g. text typing and addition, self-estimated performances
improved when the outdoor air was provided by a so-called personal ventilation system and improved even more when the supply air temperature
was lower than the room temperature. Under these conditions, and
when compared to traditional mixing ventilation without individual controls, subjects made 15% fewer errors when typing text [Kaczmarczyk
et al., 2004]. They also reported that the intensities of headaches were
lower and that their ability to think clearly increased.
Studies in US offices showed that the use of a so-called TAC, task/
ambient conditioning, system that provides ventilation and temperature
control, together with task lighting and a white noise generator integrated into the TAC, increased overall occupant satisfaction with the thermal
quality, acoustical quality and air quality. As the preferences of light levels differ between individuals, the individual control of light levels, i.e.
the provision of task lighting, seems a viable approach to improve performance.
The data presented above suggests that provisions of individual controls for different indoor climate parameters may have a large impact on
performance. To date, however, there is too little data to develop quantitative relationships.
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THE EFFECTS OF
INDIVIDUAL CONTROL
ON PERFORMANCE

CASE STUDY

Summertime temperatures are often high in office buildings without airconditioning. The following example illustrates how the effect of room
temperature on work performance is integrated into the evaluation of
the cost-effectiveness of various cooling alternatives [Wargocki and Seppänen, eds, 2006]. The alternatives for the improvements are: to install
central mechanical cooling, to increase the operating hours of the ventilation system, and to increase the supply air flow rate.
A typical small office building in Finland was used in the analysis. The
building was a concrete structure with narrow bays and individual offices
located in the exterior zone of the building, i.e. not an open-plan layout.
A single office room was selected for the detailed analysis. The main features of the room are described in Table 1. This basic case, used as a reference, has windows with moderate solar protection (light blinds between the panes) and solid walls to provide high thermal capacity, to
counter high temperatures during the day.
The options to reduce high temperatures in the room are:
• To install mechanical cooling
• To increase the operating time of the ventilation system (the ventilation system is normally only in operation during office hours plus a
couple of additional hours)
• To increase the supply air flow rate
TABLE 1. Main features of the office room used in the analysis.
Floor area
Room volume
Air leakage
External wall area (excl. windows)
Lighting load
Heat load from office equipment
Desired room temperature
Room usage on average
Structure
Windows
Shading
Glazed area of windows
Lights switched on
Office equipment switched on
Minimum supply air temperature
Working hours per year
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9.7 m3
28.2 m3
0.1 h–1
5.3 m2
15 W/m2
100 W
21°C
6.6 h/day
Heavy (concrete)
3 panes, clear glass
Light Venetian blinds between
middle and outer panes
2.5 m2
08.00 to 16.00
08.00 to 16.00
14°C
1550 h

TABLE 2. Description of the basic case, Case (1), and the investigated alternatives.
Case
Description
1(basic) Solar protection with light Venetian blinds between the outer and
middle panes. Supply air flow rate 2 l/s per m2, ventilation operating
10 h/d.
2
Mechanical cooling with a cooling capacity of 20 W/m2 for 10 h/d.
3
Operating time of the ventilation increased from 10 to 24 h/d in
summer.
4
Supply air flow rate increased from 2 to 4 l/s per m2, and operating
time of the ventilation increased from 10 to 24 h/d in summer.
5
Supply air flow rate increased from 2 to 4 l/s per m2, operating time
of the ventilation and 20 W/m2 mechanical cooling increased from
10 to 24 h/d in summer.

The basic Case (1) and Cases (2) to (5), with the different improvement options, are described in Table 2. The energy costs used in the calculations reflect the average energy costs in Helsinki, i.e. for heating,
0.04 €/kWh and for electricity, 0.1 €/kWh. The value of the annual
work produced by each employee was assumed to be €50 000. If the
average number of working hours was 1550 per year (taking into account
holidays and vacations), the value of the work performed was 32.26 €/h.
Method
The analysis included the annual cost of the investment, the increase in
operating costs (energy only), and improved work performance due to
better room temperature control. The investment costs were based on a
large database for refurbishment costs. The first costs have been calculated assuming 50 similar rooms to be refurbished under the same contract.
In order to determine the cost per room, the total cost has been divided
by 50. First costs have been converted into annual costs using an annuity
factor of 0.1098, corresponding to an operational life of 15 years and an
interest rate of 7 %. The effects of the remedial measures on room
temperature, productivity and energy consumption were calculated using
a modular computer program, IDA Indoor Climate and Energy [Vuolle
and Salin, 2000].

The energy consumption was calculated using reference year weather
data as follows:
• Annual average temperature 4.2 °C
• Maximum outdoor temperature +28.5 °C
• Minimum outdoor temperature –30.0 °C
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• Heating, base 20 °C, 5693 degree days
• Total annual solar radiation on horizontal surface 936 kWh/m2
The total investment in remedial measures per room is shown in
Table 3.

TABLE 4. The economical effects of different remedial measures used to reduce
high indoor air temperatures in a group of 50 offices. Case (1) is used as a reference. Energy costs are based on average energy costs in Helsinki. All figures are
for annual usages and annual costs, except the first costs.
Factor

Basic

TABLE 3. First costs of some of the remedial measures to control high room temperatures.
Remedial measure

Increase of ventilation
by 2 l/s per m2
Mechanical cooling added
in central air handling unit

Description

Total
cost
€

Air handling unit and ducts,
1 m3/s
25 000
Compressor, condenser,
cooling coil and controls,
1 m3/s air flow 12 kW
cooling capacity. COP = 3
23 719

Cost per
room
€
500

474

The calculated electrical energy in Table 4 includes all electricity used
per room: lighting, office equipment, fans, and mechanical cooling.
Heating energy only comprises the energy used for heating the supply
air. Heat recovery from the ventilation air, at a temperature efficiency of
50%, was assumed in the calculations. The estimated loss of productivity was derived from Figure 9. The operative temperature at the assumed
working location in the room was calculated for each working hour and
the loss of productivity due to inadequate temperature control was estimated for the whole year. In the total cost calculations, Case (1) is the
reference case, to which the other cases are compared.
Results and discussion
The results of the calculations are shown in Table 4. It should be noted
that all improvements of temperature control are cost-effective and result in annual savings in total costs when the increased productivity is included in the calculations, see last row in Table 4. The total use of electricity and heat is presented for all 50 rooms and per m2 floor area. The
cost of heat and electricity increases considerably with the increase of the
outdoor air flow rate but not as much with increased operation time, as
this is only extended in summertime. It is interesting to note that more
electricity is required when the operating time is increased, Case (3),
than when the mechanical cooling solution is used, Case (2). The best

62 A

(1)
Supply air flow, l/(s.m2)
(no recirculation)
2
Operating time, h/day
10
Mechanical cooling, W/m2
0
Electrical energy, HVAC
and services, kWh
5 029
Heating energy, HVAC,
kWh
47 156
Electrical energy, kWh/m2
10.4
Heating energy, kWh/m2
97.2
Cost of electricity per
person, €
10.1
Heating cost per person, €
37.7
Energy cost per person, €
47.8
Additional energy cost
per person, € (a)
0
First cost of remedial
measure, €
0
Cost of investment per
person (15 years, 7 %),
€ (b)
0
Lost working hours due
to poor temperature
control, h
1 063
Value of lost working
hours per person, € (c)
686
Gained working hours due
to improved temperature
control per person, h
0
Relative value of improved
productivity per person,
€ (d)
0
Total cost per person,
€ (a + b + c)
686
Total savings per person,
€ (d – a – b)
0

Case
MechInInanical
creased creased
cooling operating outdoor
time
air flow
and operating time
(2)
(3)
(4)

All
(2)+
(3)+
(4)=
(5)

2
10
20

2
24
0

4
24
0

4
24
20

5 829

7 403

14 790

15 295

47 219
12.0
97.4

49 103
15.3
101.2

72 765
30.5
150.0

71 434
31.5
147.3

11.7
37.7
49.4

14.8
39.3
54.1

29.6
58.2
87.8

30.6
57.1
87.7

1,6

6.3

40.0

39.9

474

0

500

974

52.0

0

54.9

106.9

777

632

327

218

501

408

211

141

6

9

15

17

184

278

475

545

555

414

306

288

131

272

380

398
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[Seppänen and Fisk, 2002]. Problems could occur due to pollution
sources at or close to the outdoor air intake, excess moisture and mould
in the system, fibres released from the duct liners and sound dampers, accumulated dust on surfaces of the air handling system, oil on new sheet
metal surfaces, and dirty and wet filters.
Energy

Investment

Lost productivity

Total

800
Annual cost, euros per person

results for temperature control and productivity (lowest number of
working hours lost due to high room temperatures) is when all measures
are implemented (mechanical cooling, higher supply air low, and longer
operating hours in summer, Case (5). It is also worth noting that extending operating hours in the summer will alone result in considerable savings (two thirds of the highest savings), without any investments being
needed.
Energy and first costs are small compared to the productivity benefits
in all cases. The first costs for mechanical cooling and increased supply
air flow are approximately equal. However, longer operating hours lead
to a greater gain in working hours than mechanical cooling with a supply air flow of 2 l/s per person and operating for 10 h/d. Mechanical
cooling with a higher supply air flow and longer operating hours is the
most effective measure for controlling temperature, Case (5). The total
cost and the breakdown for each case is illustrated in Figure 10. The cost
items include the value of lost working hours, the increase in energy costs
and the annual costs of the remedial measure.
The results show that it is beneficial to control the room temperature
in summertime in office buildings. The investment cost depends on the
specific case, and may vary considerably depending on the difficulties encountered when changing the existing system and installation. This is especially true if the increased ventilation also requires new ductwork.
Mechanical or desiccant cooling is then normally easier to install in an
existing system [Zimmermann, 1998]. In this case, too, the existing air
handling unit may limit the total cooling capacity. However, even doubling the first costs will not result in negative annual savings. An interest
rate of 7% may be considered high, but has only a minor effect on the
annual cost of the investment. The expected operational life of the air
handling system and air-conditioning system is 15 years.
Note that Case (3) achieves 70 % of the net economic benefits of Cases
(4) and (5) with only a 16 % rise in energy use.
The calculations above only comprise the effect of improved temperature control on productivity. However, additional improvements in performance can also be expected thanks to improvements of indoor air
quality as a result of higher ventilation rates in Cases (4) and (5). The
ventilation rate is increased from about 20 l/s per person to 40 l/s per
person, which, according to Figure 5, may result in about 1 % increase in
performance. However, it should also be noted that poorly maintained
air-conditioning plant might increase the risk of creating SBS symptoms

Cost of office environment
(additional energy, investment)

700
600
500
400
300
200
100
0
Basic (1)
(2)
2 l/s
20 W/m2,
2
per m ,
10 h/d
10 h/d

(3)
2 l/s
per m2,
24 h/d

(4)
4 l/s
per m2,
24 h/d

(5)
4 l/s
per m2,
20 W/m2,
24 h/d

Compared cases

FIGURE 10. The effects of mechanical cooling, Case (2), increased operation time,
Case (3), increased outdoor air flow, Case (4), and all combined, Case (5), on the
cost items related to room temperature control in a typical Finnish office building
(€ per person per year).

Depending on one’s perspective, the cost-effectiveness of investments to
improve working environments and their operating costs will vary.
Consider the perspectives of the building owner/employer, i.e. in an
owner-occupied building, the building owner (lessor), the employer (lessee), and society in general. In owner-occupied buildings, the owners/
employers benefit directly from the improvements in the health and performance of their employees. In leased buildings, the lessee will experience the direct health and productivity benefits of IEQ improvements,
although the lessor should benefit from being able to increase the rent
for premises with more healthy and productive occupants, and from a
subsequent increase in the building’s market value. [Hanssen, 1997]
refers to an American study that concluded that when a tenant does not
renew the lease agreement, for example, because of frequent IEQ complaints, the costs of lost rental income, remodelling, etc to the owner
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WHO RECEIVES
THE BENEFITS?

could be equivalent to as much as 18 months rent. In a building with superior IEQ, the lessor might also benefit from reduced operating and
management costs as a result of fewer IEQ complaints. In general, neither the owner (lessor) nor the employer (lessee) benefit from reduced
medical care costs, which are usually covered nationally or by insurance.
However, society in general benefits from reduced medical care costs as
well as from improved health and productivity.

EXAMPLE [from Wargocki and Seppänen, eds., 2006]
Case: A company leases an office space from a building owner. The floor
area for each employee is 20 m2, the average value of the work in the
company is 60 000 € per year per employee (including gross salary, overheads and profit). The annual rent for the office space is 1800 €/m2.
The owner of the building improves the air-conditioning of the building,
resulting in better temperature control and better ventilation. The investment cost is 350 €/m2.
Effects of improvements: Thanks to this investment the indoor environment is improved and the performance of the company employees is improved by 4%. Thanks to the indoor environment improvements tenants
stay longer in the building and the lease agreements are longer. Thanks to
new equipment the maintenance costs will be decreased and these are
equivalent to the small increase in energy use due to higher ventilation
rates and mechanical cooling. The total operation and maintenance costs
will be the same as before the improvements.
Share of the benefits: The owner of the building and lessee agree that the
benefits of calculated productivity improvements will be shared so that
the owner receives 25% of the productivity improvements as an increase
of rent.
Benefits for the employer (lessee): The annual value of the performance
improvements is: 0.04⳯60 000 €/person ➝ 2400 €/person ➝ 120 €/m2.
After sharing this benefit with the owner, as an increase in rent (25% of
the benefit), the net benefit to the employer is 1800 €/person per year,
equivalent to a net annual increase in the output of the company of
1800 €/person. As costs, other than rent, are not incrased, this also
means that the net profit will increase by the same amount.
Benefits for the building owner (lessor): It was agreed between the lessor
and lessee that the estimated gross benefit be distributed so that the employer receives 75% and the owner of the building 25 %. Thus the owner
of the building can justify a 0.25⳯120 €/m2 = 30 €/m2 higher rent.
The investment is also very profitable for the building owner. Thanks to
longer lease agreements, the annual rent increase can be assumed to be
in the region of 1 week, which is equivalent to (180 + 30)/52 = 4 €/m2.
The total net income increase is thus 30 + 4 = 34 €/m2. The return on the
investment is (34/350)⳯100, i.e. approximately 10 %.
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Building
owner

Additional
annual rental
income
4 €/m2 +
less frequent
investment
needs

Investment
for better
IAQ
350 €/m2

Better
tenant
satisfaction
Less time
unoccupied,
equivalent to
1 week/year

Annual net
benefits to
employer
1800 €/
person

Better
IAQ

Higher
annual rent
30 €/m2

Annual value
of work
60 000 €/
person
Annual
productivity
increase
4% or
2400 €/person

75%

Annual
benefits to
employer
120 €/m2

25%

FIGURE 11. An example of profit sharing of improved productivity between the
building owner and employer.

Personnel costs are by far the greatest cost items for any office-based
business. The value of a small improvement in productivity or health easily pays back the increased costs for HVAC improvements. For cost-benefit analyses in cases like these, it is not sufficient to have data showing a
qualitative and statistically significant connection between a particular indoor environment factor and health or performance: it must also be possible to estimate the size of the effect quantitatively. This chapter illustrated that it is possible, with existing data, to estimate quantitative relationships between ventilation rates and absences caused by illnesses, and to
estimate quantitatively how work performance and SBS symptoms are
related to ventilation rates and air temperatures. These resulting quantitative relationships have a high level of uncertainty. However, use of
these relationships may be preferable to current practice, which ignores
health and performance-related productivity in decisions about building
design and operation. When the relationship between indoor environ-
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Fisk, W.J. 2000. Health and productivity gains from better indoor
environments and their relationship with building energy efficiency.
Annual Review of Energy and the Environment 25(1): 537–566.

(5%
,3

8%

Annual increase in
productivity €/m2

400

600

Maximum
investment €/m2

20

30
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50
Hourly value of work €/h

FIGURE 12. Maximum investment costs (€/m2 office floor) to improve the indoor
environment based on different values of work, available office space, increase in
productivity, interest rates and operational lifetimes. The diagram shows parameters in owner-occupied buildings where the building owner, as an employer,
receives all the benefits from improved productivity.

mental parameters and productivity is known, the economic analysis can
be easily carried out, see Figure 12. The payback time for investments to
improve the indoor environmental quality is generally very short, normally less than 2 years.
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COMMENT

Ventilare necesse est – to ventilate is necessary – and ventilation will always
be a cost. On the other hand, gains made by ventilating sensibly are always
worth far more than the consequences of doing nothing at all. Good ventilation improves our performance and is of vital importance for our health
– not least for our children’s. Can we afford not to pay attention to these
facts?
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B. ECONOMIC AND SOCIAL RESPONSIBILITY
CONNY NILSSON Swegon Air Academy

The work undertaken to create a comfortable, energy-efficient building
with a good indoor climate involves numerous players. However, when it
comes to the building services installations, focus is all too often on the
initial price tag - despite the fact that it would be better to pay more
attention to the operating costs. The reasons for this are reasonably
straightforward: a developer finances the construction of a building but
someone else is responsible for the future running costs. Unfortunately,
suitable methods are seldom available for appraising the factors that
influence life cycle costs, i.e. the costs that ought to be used as a basis for
investment decisions. And this is a situation that is frequently seen, even in large
companies and at national and municipal levels. Investment budgets and
operating budgets are, in many instances, two quite separate entities. The
person responsible for the investment budget is given a pat on the back at
the end of the year, if there is still any money left, while the person in charge
of the operating budget has to fight against unnecessarily high running costs,
year after year, because of earlier, onesided focus on the investment costs.
If we take note of the ongoing debates in the media and, not least, the
contents of this book, it is clear that we all have a joint responsibility when it
comes to using no more energy than is absolutely necessary. It is not only a
question of individual or company concern - it is a question of each and
everyone's economic and social responsibility. It is hardly regarded as being
progressive when more laws, standards and regulations are called for, but we
have to ask ourselves whether changes in the right direction could come
about in any other way.
For each company involved in the construction of a building, their own
profitability is a strong driving force and this is quite understand-able. One way
to tackle the issue - possibly utopian - would be to create a joint venture model
based on the most reasonable solution, from an overall economic point of view,
and then devise acceptable incentives for all involved to ensure strict adherence to
the model.
In this part of the book, the need to regard contracts from a more holistic
perspective is discussed, as well as whether laws, standards and established
practice contribute to development - or stand in its way.
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3 . E C O N O M I C C O N S I D E R AT I O N S I N N E W B U I L D I N G A N D
R E N O VAT I O N P R O J E C T S

Swegon Air Academy
Professor Emeritus E N N O A B E L
CIT Energy Management AB, Gothenburg

CONNY NILSSON

Although the discussion in this chapter is essentially applicable to complete projects, for either individual buildings or whole development
schemes, it has been limited to issues arising around building services engineering – with special reference to air handling systems – as this is the
primary topic in this book.
NEW BUILDINGS
AND RENOVATION
– BASIC DIFFERENCES

ENERGY-EFFICIENT
SOLUTIONS – NOT
LEAST FOR THE SAKE
OF THE ENVIRONMENT

When new buildings and renovation projects are discussed it must be
noted that there are vast differences in the conditions under which the
work is carried out. When new buildings are planned and built it is assumed that they will be functional for a considerable period of time and
at least 40 to 50 years. This would normally justify investments in high
quality and good energy efficiency. On the other hand, a renovation
project often entails upgrading a building to an acceptable standard, so
that it can be used for a further number of years. It could even be a question of giving it a state-of-the-art standard, with the same technical and
functional requirements as a new building. This difference in ambition
will undoubtedly affect the extent to which new building services installations are considered acceptable.
It ought to be quite clear to most people today that priority must be given
to energy-efficient solutions. The easily accessible and relatively cheap energy resources that we often take for granted will not be available in the
future – and even if they were, we must still use them with the utmost care
so that our outdoor environment is not subject to even more damage.
In many instances, a building is built with the aim of selling it as soon
as it has been completed. In speculative building like this, it has all too
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often been seen that the building services have been chosen depending
on their cost at the time of the initial investment. The client has quite
simply chosen to do as little as possible and, in practice, placed all responsibility on the shoulders of the buyer or user. It has often been more
profitable to spend money on an attractive entrance hall than on energyefficient HVAC equipment. This is very alarming, as it is often extremely difficult to upgrade or replace an HVAC solution that is uneconomical from an energy use point of view. The EU directive on energy performance in buildings stipulates that all buildings that are built, renovated or sold must have an energy performance certificate. It has been reported from France that this has already had an effect on the price of
buildings with poor building services solutions, while buildings with
good and energy-efficient solutions are becoming more attractive and
therefore increasing in value. Let us hope that this means that only good
solutions will be used in the near future – even when building speculatively and in other countries in Europe.
When clients invest in new buildings for their own use it is often easier to convince them to choose high quality solutions with low energy
demands – quite simply because they will have to pay for the running and
maintenance costs themselves. Even here, however, there are instances
when only semi-rational decisions are made. The budgets for investment
and running costs are often two quite separate entities, which often leads
to clients yielding to temptation and choosing cheaper solutions that
could require more energy. The person responsible for investments will
get a pat on the back and perhaps a bonus for not spending the entire
budgeted amount. Keeping to the budget for running costs will, on the
other hand, not be so easy, as the HVAC equipment will be inefficient
and require far more energy than budgeted for. This means that it will
be forced to operate at higher loads and will have a shorter operational
life. How can progress and real differences then be made when it comes
to the use of energy? Can this be achieved by any other means than intervention at government level, so that suboptimization can be avoided?
Having a heating system, functional lighting and domestic hot and cold
water systems is so basic that no one today would even consider questioning them. However, when it comes to ventilation and air handling,
opinions do, unfortunately, differ. This could be because air cannot be
seen and is, perhaps, expected to be readily available without any special
measures being taken. A number of the chapters in this book point out

B 75

AIR HANDLING
SYSTEMS GENERALLY
REGARDED AS LOW
STATUS

the importance of the indoor air with respect to health, well-being and
productivity. The air handling system that is selected has a considerable
effect on the cost of energy and, consequently, on the total economy of
a building, and this is also illustrated in a number of the different chapters in the book. It is, therefore, hard to understand why this perhaps
most important feature in a building has such low status. There are, of
course, many clients who have very good insight into the matter and understand the significance of an air handling system. The choice of system
and overall solution, however, have far greater effects on the economy of
a building than many clients are, presumably, willing to admit.
The discussion below concerning economical aspects is mainly based
on the chapter about energy efficiency in “Buildings and Energy – a systematic approach” [Abel and Elmroth, 2007].
RESOURCES
VERSUS
SAVINGS

If a decision has to be made about whether a future reduction in energy
use can justify the resources used to achieve it, it must be possible to
compare future energy savings with the consumption of materials, use of
energy and work involved at the time of the investment.
From an environmental point of view, the most comprehensive way is
to use the Life Cycle Assessment, LCA, method, which means that all environmental consequences are forecast and compared. Human work is
not normally included, as this is not considered as something that, in itself, affects the environment.
The purpose of an LCA model is to provide a total picture of how the
environment is affected by different processes. The production, use and
demolition of a building are typical processes.
It is therefore possible, at least theoretically, to use the LCA method
to study different alternatives and to choose the one with the least environmental impact. An analysis takes a great deal of time and it is not easy
for someone who has not participated in the work to see what actually
lies behind the results obtained. It is also difficult to avoid a certain degree of subjectiveness and this is why it is often difficult, in practice, to
apply the method to a building.
A simpler method of assessment is to carry out an analysis based on
one or two specific and environmentally harmful emissions. For example,
the emission of carbon dioxide is often used when evaluating power generation and industrial processes. Here, the results are unequivocal and
fully comparable. However, only one single aspect of the impact of the
process on the environment is investigated.
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A practical way to determine the energy efficiency of solutions and measures applied to buildings is to use their economic values and recognized
economic models. An economic evaluation is not a true environmental
assessment. In practice, however, costs for resources and energy are connected to the environment, among other things via regulations and taxes
that are motivated for environmental reasons. One of the differences between an environmentally based evaluation and an economic evaluation
is, as mentioned above, that the environmental evaluations do not normally include human work, whereas economic evaluations do. An economic evaluation is simple and easy to follow and is related to the realities experienced by property managers. This type of evaluation is the one
that is commonly relied on in practice and is therefore discussed in the
following.
It is important to remember that an economic assessment means that
only factors that can be expressed in economic terms are taken into consideration. If, for example, windows are to be replaced in an existing
building, it is often just as much a question of comfort as of reducing energy costs. There could be good reasons for replacing the windows, even
if it were not economical in a pure comparison of energy gains and cost
of replacement. When looking at this from an economic point of view,
the value of upgrading the comfort level should be estimated and added
to the value of the energy gains, after which a comparison with the cost
of changing the windows can be made.
An economic assessment is not always a sufficient basis for a wise decision about improvement measures. However, an economic assessment
of a measure that is being taken solely for energy reasons is a great help
when it comes to ensuring that the resources to reduce energy use are
employed efficiently. It is therefore important to know what an economic assessment entails and the consequences that the different choices of
input data have on the results obtained.

RESPONSIBLE

In order to decide whether an energy solution or an energy-saving measure is economically viable and realistic, the future energy savings are
compared to the cost of the measures required to achieve them. This is
a fundamental principle for all types of investments that lead to future
savings. It is also necessary to determine whether the measures under investigation will have any indirect effects on the heating or cooling requirements in the building. For example, the installation of energy-sav-
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ECONOMIC DECISIONS

EVALUATION

The calculations are carried out using an assumed interest rate. The
level of the rate is an expression of how future gains are valued when
compared to having access to a capital sum today. If it did not matter
whether a certain sum were available today or whether the sum were
available, for instance, in ten years time, then the interest rate would be
0 %. If, on the other hand, the availability of capital today is important
compared to its availability in the future, then the interest rate should be
high. A normal interest rate for the purpose of calculations could be the
present loan rate plus an additional percentage that reflects the investor’s
financial situation in general.
If an amount b is saved every year for n years, then the accumulated
value of all these amounts at the beginning of the first year, their present
value B0, is:

Bo =

(

1–(1+r/100)
r/100

–n

)

· b = I(r,n) · b

(1)

where I(r,n) is the present value factor for an annually recurring
amount at an interest rate of r over a period of n years.
It is also possible to calculate the present value factor for a single
amount saved in N years time, Ie (r,N)
Ie = (1+r)–N
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(2)

a=

(

)

r/100
· A 0= P (r,n) · A 0
1–(1+r/100)–n

(3)

where P(r,n) is the annuity factor at an interest rate r over a period of
n years.
Present value factors and annuity factors can be found in numerous
books, in calculators and in computer programs for financial calculations.
Figure 1 shows present value factors and annuity factors and how they
vary with interest rates and time.
30
25
Present value factor, l(r,n)

A comparison between an investment made now and the subsequent future economic gain can be calculated in two different ways:
• The values of the future gains are recalculated so that they can be expressed as a single amount at the time of the investment. This present
value is compared to the investment made.
• The investment is expressed in terms of future annual costs and compared to the expected annual gains.

If an amount A0 is invested, then the yearly capital cost a during the
next n years will be:
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ing light fittings will also affect the heat balance in the building, in addition to the direct use of electrical energy.
In the following, a number of important and especially useful methods for the economic assessment of measures taken towards improving
energy efficiency are discussed.

0,15

Lifetime, n years
10 years

0,10

0,05

20 years
30 years
40 years

0,00
0%

5%

FIGURE 1. The variation of present value and annuity factors with interest rates and
time.
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It can be seen that the assumed interest rate strongly affects both the
present value factor and the annuity factor. The results of a comparison
between an investment and future savings is completely dependent on
the assumed interest rate. In practice, it is not possible to assess the profitability of an investment without knowing the exact interest rate that has
been used for the calculations.
It can also be seen that the effect of the calculation period is less, the
higher the interest rate becomes. A low interest rate promotes long-term
investments, even if the gains are low. High interest rates promote investments with high profits, even if the calculation period is short.
If the rate of inflation is assumed to be the same for all items in an economic assessment, then it can be ignored. If, on the other hand, one of
the items can be presumed to have a different cost trend than the average rate of inflation, this must be taken into account.
An assumption regarding future relative changes in energy costs in a
profitability calculation can greatly influence the results. An assumption
of future relative price rises has the same effect on the result as a reduction of the interest rate.
PROFITABILITY
ANALYSIS

The aim of a profitability analysis is to determine whether an investment
is reasonable, given specific economic conditions. The basic methods of
determining profitability are:
• Annual cost method. The future annual investment costs are compared to the annual gains due to the investment.
• Present value method. The present value of future annual gains, due
to an investment, is compared to the investment required.
• Internal interest method. The interest rates corresponding to future
annual gains are compared to the assumed interest rate for the calculation.
• Pay-off method. How many years it takes to repay the investment
using the annual gains, without taking into account any interest costs.
Profitability calculations are discussed in depth in literature dealing
with business economics and investment calculations.

ECONOMIC DESIGN

Economic design is an aid towards achieving the lowest possible energy
demands when using the resources made available for energy management. The material resources are expressed in terms of investment costs
and the energy saved is expressed in terms of energy costs. This means
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that accepted economic models can be used to compare energy gains
with the resources used to achieve them.
Designing for energy efficiency means designing structural elements,
components and systems so that the energy demands will be as low as
possible within the available financial framework.
Generally speaking, it is possible to achieve a lower energy demand by
choosing a more expensive solution: heat losses are reduced when the
thickness of wall insulation is increased; pressure drops in HVAC ducting are reduced if greater dimensions are chosen; heat recovery is more
efficient if larger heat exchangers are chosen, etc. It should be noted,
however, that the relative energy gain due to a specific measure is usually reduced for every additional increase in the size of the measure.
This can be illustrated by looking at the insulation in the external wall
of a building. The thicker the insulation used, the smaller the heat loss
through the wall. However, the relative increase in energy gain is reduced for every new layer added. The cost, on the other hand, increases
linearly with thickness.
Three common methods are used for assessing economic design:
• Annual cost method: Design for the lowest yearly cost
• Marginal cost method: Design based on the marginal cost that gives
the lowest annual cost
• LCC (Life Cycle Cost) method: Design to achieve the lowest total
cost
These three methods will produce the same final results if the initial
conditions are the same.
The total annual cost is the sum of the annual capital cost a and the
running cost c. The running cost comprises the annual energy cost and
the annual maintenance cost. If, for simplicity, it is assumed that the latter is independent of the size of the HVAC plant, it can suffice to examine the energy cost alone:
The total annual cost will be:
a+c = P (r,n) · A0+c

(4)

Annual cost method
In a diagram with the total annual cost a+c as the y-axis and the invest-
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ment cost A0 as the x-axis, the minimum annual cost is given by the point
on the curve where the slope of the tangent is 0, i.e. the tangent is horizontal, see Figure 2.
d(a+c)
d(c)
= P (r,n)+
=0
dA 0
dA 0

(5)

The marginal cost method
In a diagram in which the energy cost c and the investment cost A0 are
the axes, the minimum annual cost is where the slope of the tangent is
– P(r,n). This is because the lowest annual cost after rewriting Equation
(5) is also obtained when the following conditions have been fulfilled:

P (r,n) = –
Annual capital
cost

Annual running
cost

Annual cost method

Optimum
cost

Total annual cost a+c, €/year

Total annual
cost

Marginal cost method
⌬c
= P(r,n)
⌬A
⌬A
⌬c
Optimum
cost

Annual running cost c, €/year

Investment cost, A0 , €

Investment cost, A0 , €

FIGURE 2. The principles behind economic design (determination of the optimum
investment cost) when using the annual cost method and the marginal cost
method.
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dc
dA 0

(6)

At the point labelled Optimum cost in Figure 2, in the marginal cost
method, the marginal cost of a greater investment will precisely balance
the annual decrease in energy cost due to the investment.
To the left of this point, the reduction of the annual energy cost, i.e.
the energy saving, is greater than the marginal cost of the investment. An
increase in investment cost will mean a lower total annual cost. At points
to the right of the Optimum cost point, any increase in investment cost
will lead to a capital cost that exceeds the value of the energy savings,
which means that the total annual cost will increase.
The annual cost method is probably the most often used for economic optimization. On the other hand, the marginal cost method can be
easier to use and more illustrative when designing parts of a building or
components that do not have side-effects on the energy demands in
other parts of the building. For example, wall insulation, floor insulation,
choice of glazing, extract air heat recovery systems, ventilation ducting
etc.
Normally it is not possible to freely choose the thickness of the wall
insulation or the cross-sectional area of the heat exchanger in a heat recovery system. These are determined by the design of the building and
how the products are manufactured. In practice, this means that the size
that is closest to the optimal size will have to be chosen.
The LCC method
The LCC method is used to minimize the total cost of a building, or a
building services installation, over its lifetime. The present value C0 of
the total annual running costs during the lifetime of the building or the
installation is given by:

C0 = I(r,n) · c

(7)
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If the annual costs for service and maintenance are assumed, analogously to previous assumptions, to be independent of the size of the
HVAC plant, the life cycle cost will be given by:
LCC = A 0+C 0 = A 0+I(r,n) · c

(8)

The minimum value is given by
d (LCC) d (A0+I(r,n) · c)
dc
=
= 1+I(r,n)
=0
dA 0
dA 0
dA 0

(9)

The economic design value, from a total cost point of view, is illustrated
in Figure 3.
Investment

Present value of
running costs

Optimum
cost

Life Cycle Cost, LCC, €

LCC

Investment cost, A0, €

FIGURE 3. Determining the optimum economic design value using the LCC method.

The life cycle cost is much higher than the investment cost, as the
present value of the running costs is also included.
An LCC calculation, as described above, is a somewhat impractical design tool, as the life cycle cost of an individual building or plant cannot
be easily compared to that of another building. An annual cost is easier
to understand and can be assessed to be reasonable or not by someone
experienced in building processes. This is not the case when it comes to
the life cycle cost. An analysis carried out according to the LCC method
indicates how a certain system should be dimensioned or which of two
systems should be chosen. Although it does not show whether the cost
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level itself is realistic or not, the LCC method is probably the most commonly used cost assessment method when designing new buildings.
Sometimes the LCC method is quite simply regarded as the method
that, already at the design stage, makes it possible to take into account
future energy use. This consideration, however, applies to all economic
design and is not unique to the LCC method described above and shown
in Figure 4. If the same input data is used, the final result will always be
the same, irrespective of whether the annual cost method, the marginal
cost method or the LCC method is used.
The discussion of methods above focuses on energy use. To be completely correct, the economic assessment should also include future costs
for new investments with shorter life spans than the building as a whole,
such as HVAC plants. Future demolition and final disposal costs should
also be included, though they often have limited economic effect. If,
however, they are deemed to be economically significant, then they
should be included.
For a more detailed study of the LCC concept, see [Johansson, 2005].
A common principle that can be used when deciding on an energy-saving
investment is to compare the annual capital cost of the proposed energysaving measure to the value of the annual energy saving. The measure is
carried out if the saving is deemed to be sufficiently large in relation to
the annual cost of the investment. Each measure is assessed individually
according to the current economic situation, for example, the financial
options available and what they cost etc.
No matter which calculation method is used and no matter how the
profitability criteria have been formulated, decisions must be made regarding the choice of interest rate, expected changes in energy price, and
other relevant facts, for example, the expected lifetime of the building,
so that they can be used in the calculations. The measures that fulfil stipulated criteria are then carried out.
The interest rate used in the calculations is determined by the management in the client’s organization and depends on how much the
company is prepared to spend on energy-saving measures, taking into
consideration the company’s overall financial situation.
The choice of the interest rate used in the calculations and other assumptions, such as increases in future energy costs, strongly affect the estimated profitability of a specific investment. When profitability calculations are used as a basis for investment decisions it must be quite clear
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ABOUT ENERGYSAVING MEASURES

what interest rate has been assumed and what increases in energy prices
have been assumed.
Figure 4 shows how the choice of interest rate and assumptions regarding increases in energy costs affect profitability forecasts.
Interest rate r
Possible investment/Annual energy savings

2%

4%

6%

20
8%

18
3

16
14

2

12
10

10%
12%
14%

1

A fundamental aspect of all energy-saving measures is that they must
not impair the indoor climate for the occupants, living or working in the
building, and thereby make it impossible to use the building as intended. This is clearly stipulated in the EU Energy Performance of Buildings
Directive (EPBD), the so-called energy directive,
It is important to point out that, in the near future, we might be
forced to think along completely new lines, beyond the economic reasoning discussed above. Due to national and international climate goals,
we may be forced to take measures towards energy efficiency in both new
and existing buildings that would not have otherwise been considered
from a strict building economics perspective.
Johansson, D. (2005): Modelling Life Cycle Cost for Indoor Climate
Systems. Report TVBH-1014, Building Physics LTH, Lund.
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0
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Abel, E, and Elmroth, A. (2007): Buildings and Energy – a systematic
approach. Formas, the Swedish Research Council for Environment,
Agricultural Services and Spatial Planning.

FIGURE 4. The effects of different interest rates and future energy costs on profitability forecasts over a life span of 15 years.

Any measure taken, for example, to reduce the use of energy, will result in an annual cost reduction. By investigating the relationship between a feasible investment and the annual cost reduction it is possible
to determine a justifiable size of investment for the measure in question.
The relative increase in energy cost shown in the diagram is the percentage increase above inflation.
The following examples are based on the curves in Figure 4:
An investment is estimated to save 20 000 € per year at the present
level of energy costs.
1. If the interest rate were 8 %, it would be profitable to invest up to
8.5⳯20 000 = 170 000 €.
2. If the interest rate remained at 8 % but energy costs were expected to
rise by 4 % above inflation, it would be profitable to invest up to
11⳯20 000 = 220 000 €.
3. If the interest rate were 4 % and energy costs were assumed to increase
by 4 % above inflation, it would be profitable to invest up to
15⳯20 000 = 300 000 €.
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Being able to see things from a bird’s eye view could be another way of
saying that you see the world about you in a positive, holistic way – a rare
ability and, today, one that should be appreciated more than ever. In far
too many contexts there is a tendency for people to watch out for themselves and subscribe to the motto “mind your own business and don’t
give a damn about anyone else”. This is most probably the result of
our quest for increased efficiency and is definitely something from which
the building industry has not been spared. We have willingly rejected
concepts such as foresight and helpfulness, unless they have actually benefited us personally. Why contribute to the common gain? It won’t help
me …
The indoor environment and the indoor climate also require holistic
approaches. The design of our buildings, their uses and the demands
made on indoor environments determine the design of a building’s climate system and how much energy it uses. There are many different
sides to the issue and this chapter throws some light on a number of
them that are directly, or indirectly, connected to the operations of companies involved in indoor climate matters.
ENERGY,
ENVIRONMENT AND
CLIMATE ISSUES
DEMAND OUR
ATTENTION

Today, we find ourselves in a situation where something close to global
consensus will be necessary to prevent – or at least postpone – a threatening energy, environment and climate crisis. This is why it is so important not only to identify the factors that are slowing down essential developments but also to bring to the fore ideas that can be used to eliminate these factors.
It is important that manufacturers and other players offering solutions
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towards a more economical use of energy are shown the opportunities
that actually exist. There are many sides to the problem: The availability
of cheap fossil fuels can no longer be taken for granted. The use of them
is strongly questioned for environmental reasons and the increasingly visible climate changes are more or less a result of our lifestyles and our use
of energy.
At the same time, demands are being made by people in, for example,
India and China to be able to enjoy a standard of living that we, for years,
have regarded as quite natural. This is a difficult equation to solve and
we in the western world can hardly claim that people in other parts of
the world must not be allowed similar opportunities.
Although energy, environment and climate issues have bearings on
many different aspects of our society, our discussions will be limited to
those concerned with indoor climate, air treatment and ventilation in
buildings – quite simply because these form the basis of our business. In
Sweden, the use of energy in buildings accounts for around 40 % of the
total use of energy and this indicates that this is an area in which major
investments could have significant effects in a national perspective.
Similar situations exist in other European countries.
As the annual addition of new buildings only increases the existing stock
by a few percent, it is obvious that, no matter how well new buildings
are designed and built, a very large number of existing buildings will always account for a significant part of the energy used in this sector. New
buildings will always mean an increase in the use of energy – unless a corresponding volume of old buildings is demolished. It is, therefore, imperative to implement energy-saving measures in the existing building
stock. However, this requires a high degree of competency among those
who design and implement the measures. Experience tells us that it is
easy to go wrong – even if the intentions were good. We must not get
caught in the same trap as in the 1970s, when saving energy became synonymous with sealed buildings and limited ventilation. Fortunately, we
can remember what this led to and special attention has been given to
these issues when formulating the EU directive on the energy efficiency
of buildings. Here, it is clearly stated that energy-saving measures must
not put the indoor climate at risk. Quite simply, it is a question of designing a building so that it requires as little energy as possible. On the
other hand, fulfilling this ambition must not mean that it will be impossible to use the building in the way that was intended. The measures
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MEASURES IN
EXISTING BUILDINGS
REQUIRE KNOW-HOW

taken must not cause allergies or other forms of ill-health among the occupants. An absolute requirement ought be that energy-saving measures
must not be allowed to impair the quality of the indoor air, unless they
are the result of a deliberate choice to save energy at the cost of comfort.
Nor should energy-saving measures lead to damage of the building itself.
EVERYTHING IS
INTERRELATED

During the building process, most of the players involved can, to a certain extent, influence the use of energy in the building and are therefore
responsible for contributing to its function from an energy point of view.
This means that:
• The client largely determines, via the requirements specification, what
will be required energy-wise. It is therefore essential that the requirements be formulated correctly. Even relatively small misjudgements
can have dramatic effects on the final results.
• The architect has a great responsibility, as the design of the building,
its location on the site and the choices of facade materials, windows
and other components have far-reaching effects on the properties of
the building.
• The building services consultants must be able to see the whole picture. Many factors, connected both to the building and its future use,
influence the choice of technical solutions and use of energy. The
work of the different consultants must be coordinated if all these factors are to be taken into account. For example, the size and quality of
the windows, the sun shading measures, the indoor lighting and the
use of the building, all affect the need for cooling – and this, in turn,
has a direct bearing on the design and capacity of the ventilation plant
and climate system.
• The builder’s responsibility to construct the building according to the
contract documents is indisputable. This cannot, however, be emphasized enough – especially when it comes to complying with airtightness requirements and avoiding, as far as possible, thermal bridges in
the building envelope.
• The building services engineers also have a great responsibility when
it comes to carrying out the installation work according to the contract documents. The implementation of any of their own ideas and
initiatives regarding alternative solutions must be firmly established
with the consultants concerned. Otherwise, there is a danger of
changes being made that are regarded as reasonable from one point of
view but disastrous from another.
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• No chain is stronger than its weakest link and this link is often the running maintenance. The responsibility for this lies with the owner of
the building. In this respect, there is often a great deal to be desired,
which seems rather strange, as it should be in the owner’s interest to
have a profitable business. A properly maintained building will mean
reduced energy use, fewer operational disturbances, happier tenants
and a longer functional lifespan.
In general, it is reasonable to assume that if compromises or simplifications are made, then a higher price will have to be paid in some way.
It might be in the form of higher noise levels or increased running and
maintenance costs, or in a shorter operational life. But this does not
mean that alternative solutions should not be questioned. On the contrary, alternatives should be weighed against each other and critically assessed. Any relevant consequences must be brought to light as early as
possible. The important point is to see the situation from a holistic point
of view and not just from one’s own limited view of the project. This
means, in turn, that an individual part of a project can, in certain circumstances, be allowed to be more expensive if it results in savings and benefits in other parts of the building.
In most companies, the financial situation is often the overriding factor
steering choices and decisions. When it comes to energy-saving measures, these will most probably never be carried out unless they can be financially motivated. Being able to see the whole energy picture, instead
of focusing on details and parts of a project, should, therefore, also steer
the client’s actions.
New technology and new ways of thinking have, in recent years, provided new opportunities and not least in the most attractive areas of larger towns. Here, where rents have reached new record levels, solutions
that increase the availability of rentable space are gaining new ground.
Being able to offer functional, energy-saving solutions in situations like
these is a challenge for all those who work in the field of building services engineering and building services technology. Decentralized solutions, that make it easier to control plant to meet actual needs, are gaining in popularity. And more demands are now often made for flexible installations that will allow future changes in the use of the building without extensive re-engineering.
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FINANCE A KEY
FACTOR

THE LOWEST PRICE
DOES NOT ALWAYS
OFFER THE CHEAPEST
SOLUTION

VERIFIABLE
TECHNICAL DATA
AND THIRD PARTY
CERTIFICATION

Contracts in the building industry are normally negotiated by submitting
tenders and it is quite natural that low costs are important when a client
chooses a particular engineering solution, supplier or contractor. This
sometimes leads to a situation where contractors, after being awarded a
contract, will try to introduce simplifications to make the project economically viable, especially as they might have under-bid purely for employment reasons. This is where large building companies, often in the
role of general contractor, have a great responsibility. It is not uncommon for them to put undue pressure on the subcontractors, so that they
themselves can still enjoy an economic gain. This is where someone with
a holistic view is needed – most probably the building services consultant – who can assess the proposed simplifications and give approval before they are carried out. This means that the consultant will then be responsible for making sure that the function of the building and the energy-saving measures are not endangered. Working along these lines also
means that the client will get what he has a right to expect. If it then
turns out that the project will be more expensive than planned and the
client then wants to consider other simpler solutions, the building services consultant is most probably the best person to present a consequence analysis to form a basis for new decisions.
Historically, it has been relatively easy to install ‘alternative equipment’,
quite simply by saying that it is similar to that prescribed by the consultant. This has often been risk-free, as it has been difficult, and sometimes
practically impossible, to measure technical performance in the field to
any acceptable degree of accuracy. This is precisely why third party certification has been introduced to show that products supplied actually fulfil the minimum specified requirements. An example of this is the voluntary certification program for a large number of product groups that has
been established within Eurovent, the European ventilation industry organisation. By specifying that products certified by Eurovent must be
used, the client is put in a much stronger position. An objection that
used to be raised was that this led to limited competition but this is now a less valid argument, as a
large number of suppliers of ventilation equipment have, in fact, chosen to certify their products
through Eurovent.
Some properties can, of course, be measured in
the field, for example, a fan’s SFP, specific fan
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power, in the finished installation. Requirements for checks like these
should be included in the original tender documents.
Testing and third party certification are two of the methods available
to compel suppliers to take a more serious view of these matters. A supplier who has chosen to let a third party, for example Eurovent, certify
its products has nothing to hide.
There are many examples of a client being offered alternative solutions
with the same functions as those proposed by the consultant, but at a
lower cost. That the client only enjoys a small part of the savings reaped
by the contractor is quite normal but is, nonetheless, not fair play. The
project, from the contractor’s point of view is a financial success – in
most cases at the client’s cost, as a solution has been supplied that most
probably uses more energy and requires more maintenance that the original solution suggested by the consultant. Other common consequences
are higher noise levels and shorter life spans.

IT’S THE CLIENT WHO

When the installation contractor or supplier offers a simpler solution, to
win a contract thanks to low prices, the environment always suffers. By
choosing smaller fans, pumps, air treatment units, air terminal devices or
other components, or by installing narrower pipes and ducts, will, of
course, lead to lower costs. The energy demand, on the other hand, will
have to be greater to achieve the intended functions and the following
increases in energy use will have a greater the impact on the environment. It is clear that new ways of thinking and new ideas are needed to
ensure that the right solutions are chosen and that someone with the
right competence and overall responsibility makes the final choices. This
would be easiest to achieve by giving the consultant a more prominent
role. Building services installations are, today, often very complicated
and design engineers are required to have wide experience and knowledge. It is most probably among experts like these that people with the
competence and ability to see the whole picture can be found.

THE ENVIRONMENT

No one can expect a client or a developer to be an expert in all the different fields of technology represented in the building process. This is
why there are technical consultants. The client must always define what
he expects of the building he wants to build and be precise when it
comes to describing the intended use of the building. It is then the job
of the consultant to convert the requirements specification into techni-
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OFTEN SUFFERS

SUFFERS

THE RIGHT DEMANDS

cal solutions and clearly explain the implications of different requirements and how they affect costs – initially and during operation. See
Chapter 14/The client and the building process.
CAN THINGS BE
DONE DIFFERENTLY?

A HOLISTIC
APPROACH INSTEAD
OF SUB-OPTIMIZATION

In recent years, it has become increasingly common for the parties involved in a building project to cooperate in different ways, by so-called
partnering, which quite simply means that they all work towards a common goal – a well-run building process, without allowing any departmental thinking or special interests to prevail. In some projects, different
types of incentives have been included, whereby the money saved, thanks
to the parties helping each other, is pooled. This is then divided up on
completion of the project in a previously agreed way. It is, therefore, in
the interests of all parties to help make the work run smoothly and to
contribute that little bit extra towards a better final result, both from a
collective and individual point of view.
We are now in a situation where all forces of good have to cooperate with
each other – partly to avoid a threatening energy, environment and climate crisis but also to achieve well-functioning buildings with indoor climates and physical environments that contribute to making us healthy,
harmonic, productive and efficient individuals. As players in the different
sectors of the building industry, we have an opportunity to actively influence developments. This will be a real challenge for all involved – clients,
architects, builders, consultants, installation contractors, suppliers and
operating staff. However, the most important thing that we can do is to
stop being introverts, only looking to furthering our own interests. If we
are to achieve a real change, then something new will be required: a paradigmatic shift. We must all start to pull in the same direction. To accomplish this, new ways of tendering for contracts will most probably be
required. Only then will we see any significant results. Initially, the client
and the environment will be the biggest winners but in the long run we
will all stand to gain!
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5 . L E G I S L AT I O N , S TA N D A R D S A N D E S TA B L I S H E D P R A C T I C E

Associate Professor L A R S E . E K B E R G Ph.D.
CIT Energy Management AB, Gothenburg

There are many critical factors that have to be dealt with correctly, both
in new buildings or when making extensive alterations, if the buildings
and building services installations are to have the right properties and
qualities. In the first place, it has to be decided what the desired properties are. Secondly, the building and the services have to be designed so
that requirements can be fulfilled. Thirdly, the building must be built
properly and the services installed correctly. And, fourthly, the building
and its services must be maintained, serviced and repaired, so that the
functions of the systems giving the building its properties are those intended for the whole lifespan of the building.
If the results of the processes outlined above are to be successful, all
those involved in the different stages must be aware of their responsibilities and act accordingly. One of the basic functions of the legislation that
regulates building construction and the ways in which buildings are used
is, in fact, concerned with where responsibility actually lies during the
different stages in the building process. Another fundamental function of
the legislation is to define the lowest quality level acceptable to society
with regard to the different uses of buildings. Legislation also states the
permissible impacts that buildings can exert on both the environment
and society in terms of energy use.
It is established practice in the building industry to follow legislation,
i.e. the mandatory requirements stipulated by the authorities, and that
general, but non-mandatory, guidelines are often also followed. It is also
common practice to make use of the guidelines found in the extensive
range of building industry standards. These standards often comprise
more far-reaching requirements and higher quality levels than those stipulated in official, mandatory regulations.
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This chapter provides an overview of the way in which the building industry is regulated by laws, standards and established practice. There are,
no doubt, quite large differences between different countries and it is
not my ambition to provide a comprehensive and internationally valid
picture of all current standpoints. Although the discussion does consider some international aspects, it is primarily concerned with the regulations in force in Sweden.
Society’s minimum requirements placed on the building industry are
stipulated in laws, ordinances and regulations. Laws and ordinances are
based on political decisions and their application is governed by instructions formulated by public authorities. Building legislation stipulates
how buildings are to be designed with respect to basic needs regarding
durability, safety, health, comfort and energy management. This means
that building regulations are concerned with requirements regarding a
building’s technical performance. There is also legislation that is directly
concerned with the activities taking place in a building, for example, regarding the working environment.
There is a widespread feeling that the laws governing buildings and
building construction are toothless and only suffice to provide a low
minimum standard with respect to the indoor environment. Legislation
might be regarded as being weak but this is, in fact, intentional. According to the European Convention on Human Rights and to the constitutions in many countries, people have a right to their own property.
This means that the control exercised by a government with regard to
the construction and use of buildings must not limit the owner’s or
user’s right to their own property. A basic principle, where the scope of
legislation is concerned and, by extension, the rights of the state authorities, is that the state must not regulate society in detail, unless there are
pressing public interests. Pressing public interests in the building industry are, consequently, found in the fields of health and safety, sustainable
outdoor environments and the use of energy.
Reasoning along these lines, it follows that it must be obvious or
proven, perhaps in the form of scientific findings, that a certain law is
necessary. Where the quality of indoor air is concerned, scientific proof
of significant health risks only exists for a limited number of pollutants,
at least regarding pollutants in homes, schools, offices and other non-industrial buildings. In buildings like these, there could easily be a large
number of other potentially dangerous substances but at low concentra-
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tions. Only a few of these are regulated by legislation. PCB, asbestos and
radon are a few examples.
Health risks are, however, quite well known for many substances at
high concentration levels – levels that can occur in, for example, industrial processes. This is why there are hygienic limits that, above all, are
applicable in industrial working environment contexts.
Research concerning environmental health medicine can lead to
chemical substances, or other environmental factors, being pointed out
as potential health risks but without sufficient proof so that mandatory
regulations can be formulated. In cases like these, the authorities can
stipulate that the so-called precautionary principle is to be applied. This
approach has been adopted in Sweden, for instance, with respect to electromagnetic fields and electromagnetic radiation. The authorities can
also formulate general recommendations that are more far-reaching than
the mandatory requirements.
Within the European Union, proposals for national laws are often initiated when the Union draws up directives in different areas. A number
of EU directives have been drawn up in the energy field, of which one is
the directive on the energy performance of buildings [European Directive 2002/91/EC]. Another example that concerns the indoor climate
and air quality in laboratories is the EU directive on good manufacturing practice in the food and pharmaceutical industries [Commission
Directive 2003/94/EC].
BUILDING LAWS
AND BUILDING
REGULATIONS

Building laws are meant to regulate the actions of clients and property
owners in connection with the construction of new buildings and extensions to existing ones. The applicable laws in Sweden, the Planning and
Building Act (PBL) and the Law on Technical Qualities of Buildings
(BVL), were passed by the Swedish Parliament. The more detailed regulations, the Planning and Building Decree (PBF) and the Decree on
Technical Requirements for Construction Works (BFV), were issued by
the government. The regulations issued by the government authority responsible for this area are in the form of the National Board of Housing,
Building and Planning (Boverket) Building Regulations (BBR). The
building regulations cover a wide spectrum of performance standards for
buildings. They cover society’s minimum requirements with regard to a
building’s design, accessibility, safety, load bearing capacity, fire safety,
hygiene, health, environment and noise protection, as well as management of energy and other resources. Municipal building committees are
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responsible for making sure that the regulations are followed. Similar
forms of legislation are in force in most other European countries.
At present, in Sweden, there are no official, mandatory requirements
for alteration work carried out in buildings. Boverket does, however,
provide guidelines in their General Recommendations for Alterations to
Buildings (BÄR).
Air quality
To ensure an acceptable level of air hygiene, the building regulations
only stipulate a highest pollution concentration level for a few substances, such as radon. In addition, a minimum outdoor air flow level is
stipulated for ventilating rooms in a building. In the Swedish building
regulations this level is, at present, 0.35 l/s per m2 floor area. In many
buildings, this level is far too low to keep the concentrations of pollutants, generated by the activities in the building, at acceptable levels. On
the other hand, the flow rates could be sufficient to ventilate the pollutants emitted by the building itself (from floor coverings, paint, sealing
compounds, etc). In other words, the building regulations have only
been formulated with respect to the loads created by the building itself
and not to the activities taking place in it. When planning a building it is
therefore necessary to take into account other legislation, for example,
concerning the working environment. In Sweden, the building regulations and working environment regulations complement each other and,
to some extent, their contents have been coordinated.
The use of energy
The building regulations stipulate different types of requirements aimed
at reducing the use of energy in buildings. They cover both the design
of the building envelope, and associated demands for thermal insulation,
and energy efficiency aspects of the building services. The present building regulations, in force since 2006, stipulate that the need for comfort
cooling must be minimized by taking appropriate measures with regard
to both the building itself and the building services. This means that
window areas might have to be limited or effective exterior solar protection might have to be installed.
One way in which demands can be made on the energy efficiency of a
ventilation system is to stipulate that heat recovery equipment with a
minimum temperature efficiency rating must be used. In the current
Swedish building regulations, a highest specific energy use expressed in
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kWh/m2 floor area is stipulated for different types of buildings in different geographical locations. The stipulated values are for the sum of the
heat energy and electrical energy used, excluding the electrical energy
used for the activities in the building and the electrical energy used for
domestic purposes.
Demands to limit the use of electricity can be formulated by stipulating that the ventilation system, the lighting system, pumps etc must be
designed and chosen so that their power ratings are minimized and that
electrical energy is used efficiently. Defining a sufficient power rating
limit and what constitutes efficient use of energy might have to be decided by referring to established practice and current industrial guidelines.
When it comes to fans the Swedish building regulations recommend a
highest value of the SFP, specific fan power, expressed in kWel per m3/s.
Here, a compromise is necessary and higher SFPs are allowed in systems
that utilize heat recovered from the extract air for heating the supply air
than in systems without heat recovery.
When demands are made for efficient building services it follows that
they must be designed so that they can be balanced, tested, monitored
and maintained. These aspects, which are connected to the running and
management of a building, are given as recommendations in the Swedish
building regulations.
COMPULSORY
VENTILATION
INSPECTION

WORKING
ENVIRONMENT
LEGISLATION

Legislation in Sweden requires regular inspection of ventilation systems.
These regulations have been formulated by Boverket, the same authority behind the building regulations. The requirements here state that the
ventilation system must function, on the whole, in accordance with the
requirements that were specified when the system was put into operation.
The expression “on the whole” means that the old regulations need not
be followed completely and that it is expected that reasonable judgement
be exercised. This judgement might be affected by the remaining useful
life of the system, the present use of the building and the latest findings
with respect to the connection between ventilation and air quality.
Working environment legislation is directed at employers and deals with
a wide range of factors that can affect the working environment in general. Professions subject to special risks are dealt with in separate regulations, for example, regarding work in infectious environments, laboratories where chemicals are handled, working with hazardous waste, hairdressing work, working in harbours etc. With respect to all occupations,
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the working environment legislation aims to ensure satisfactory levels of
work safety in terms of protective devices, alarms, evacuation routines
etc. In addition, legislation aims to provide acceptable conditions with
regard to lighting, noise, acoustics, air quality, ventilation and indoor
thermal climate. Property management, maintenance and cleaning are
also areas covered by working environment legislation.
In Sweden, risks connected to exposure to chemical substances are
dealt with in a separate set of regulations that contains a list of the highest acceptable concentrations of a wide range of substances, so-called hygienic limit values. This is generally applicable to work situations in
which there could be dangerous concentrations of airborne particles,
fumes and gases. The limit values are so high that, in practice, they are
only applicable in industrial operations or work in laboratories with
processes where specific chemical substances are used. In a similar way to
the building regulations, the working environment legislation contains
mandatory requirements as well as providing general recommendations.
Further guidance is provided by referring to current standards and industrial guidelines.
Swedish environmental legislation is based on the Swedish Environmental Code, which aims to promote sustainable development and ensure a healthy environment for present and future generations. The
Environmental Code is a comprehensive piece of legislation that covers
all aspects of environmental impact. This means that the Code is very extensive and covers both the protection of people’s health and of the outdoor environment. Valuable natural and cultural environments are to be
protected and looked after; biological diversity must be maintained; land,
water and other physical environments are to be used so that long-term
resource management can be ensured.
The part of the Swedish environmental legislation that deals with
the indoor environment is aimed at health protection and hygiene in
dwellings and public buildings, for example, schools and nurseries. A
central concept in this legislation concerns disturbances that are detrimental to human health. These are defined, as being “any disturbance
that is liable to have adverse effects on health in medical or hygienic
terms which are not minor or temporary”. By law, an owner of a building or a tenant must take all necessary steps that can be reasonably demanded to prevent or eliminate any conditions deemed detrimental to
human health.
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The wording in the Act that concerns the indoor environment states
that “In order to prevent adverse effects on human health, residential
buildings must satisfy certain basic requirements”. These include the
provision of:
1. Adequate protection against heat, cold, draught, moisture, noise,
radon, pollutants and similar disturbances
2. Satisfactory changes of air via equipment for ventilation or other
means
3. Sufficient daylight
4. Sufficient heat
5. Facilities for maintaining an adequate standard of personal hygiene
6. A sufficient supply of water of acceptable quality for drinking, cooking,
personal hygiene and other domestic purposes.
Swedish environmental legislation does not comprise any other compulsory ordinances with regard to the indoor environment. However,
the official body responsible in this field, the National Board of Health
and Welfare (Socialstyrelsen), does publish general recommendations
and other guidelines concerning, for example, ventilation, cleaning, thermal indoor climate, noise, radon, moisture and microorganisms. The
lack of mandatory ordinances has meant that the field has, to a certain
extent, been regulated by case law and test cases.
OTHER LEGISLATION

In addition to the legislation mentioned above, there are numerous
other laws that also apply to the building industry. Legislation is in force
in the following areas, among others:
• Electrical safety
• Electromagnetic compatibility
• Fire protection
• Handling foodstuffs
• Manufacturing and handling pharmaceuticals
In most areas, there is a single authority that is responsible for the ordinances within each particular area. The supervisory authority, as in the
case of building legislation, is often a municipality. Fire protection in
Sweden is regulated by a number of laws and a number of authorities are,
consequently, involved. Fire protection measures are regulated by building legislation, rescue service legislation and legislation concerning flammable and explosive substances.
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In general, standards comprise documented knowledge compiled by
well-informed players in industry, commerce, research and other parts of
society. There are standards for products and services as well as for environmental and quality management systems for businesses and organizations. The overriding aim of these standards is to increase safety, reduce
costs and provide good working environments, as well as to provide environmental and consumer protection.
Standards are often written jointly by a number of the interested parties in a particular field and can therefore be seen as trade guidelines
around which there ought to be wide consensus, both nationally and/or
internationally. It is quite common for standards to be a joint product of
business and research communities. New findings, for example, relating
to the importance of the indoor environment for human comfort, can be
expected to be put into practice via standards and trade guidelines, while
they might never form the basis for mandatory legislation. Research observations, for example, suggesting that an airborne substance could
cause ill-health, can reach the building industry via its own guidelines
long before proof of health risks are so strong that mandatory legislation
is deemed necessary.
International standards can be divided up into global standards and
standards that are common to a certain part of the world or a continent.
International standards are produced and published via the International
Organization for Standardization, ISO, to which 140 countries are affiliated. A great deal of the standardization work in Europe is administrated by the European Committee for Standardization, CEN, with participation from 30 member states. In the electrotechnical area, standardization in Europe is managed by CENELEC (the European Committee
for Electrotechnical Standardization) and in the field of telecommunications by ETSI (the European Telecommunications Standards Institute).
There are two main types of standards that are applicable to the building industry: those that deal with standardization from a product quality point of view and those that deal with working methods and documentation of important parts of the building process. An example of the
former is the EN 779 standard, the purpose of which is to ensure the
quality of air filters for ventilation purposes. This standard is thus applicable in connection with the choice of filters during the management
phase of a building. An example of the latter type is the ISO 7730 standard, which provides guidelines for definitions of good thermal indoor
climate. This standard is applicable during the initial stages of the plan-
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ning process when the requirements specification for the indoor climate
has to be formulated. In many countries, European and international
standards are adopted as national standards.
There are a number of standardization institutes around the world.
Three of the more well-known are:
• The American National Standards Institute (ANSI)
• The British Standards Institution (BSI)
• The German Institute for Standardization (DIN)
One of the advantages of working according to a prescribed standard
is that the same method is used every time, which ought to mean that
the work is carried out efficiently. Another advantage is that the method
prescribed by the standard is, most probably, widely recognized. On the
other hand, the use of standards is not always completely risk-free, as
shown below. It is important that the person who stipulates that a certain standard be followed must also understand the implications of referring to the standard. It must be considered whether the standard actually represents the level of quality being aimed for and that it does not lead
to consequences that, in the final result, prove to be unacceptable.
A new European standard for indoor climate and energy performance
of buildings, EN 15251:2007, provides recommendations for the hygienic levels of different air flow rates. The required size of the outdoor
air flow, according to the standard, depends, to a great extent, on how
intense the indoor generation of pollutants is expected to be and the intended quality level of the indoor climate. This means that it is not sufficient to stipulate the use of this standard alone; the actual conditions
created in the building in question must also be taken into consideration.
This will most probably entail the implementation of a quality assurance
system to ensure that any generation of pollutants in the building is kept
as low as possible. Otherwise, according to the standard, there is a risk
that an air flow rate of 30 l/s per person will be required, far higher than
is demanded by established practice in most countries. A consequence
here would be that the energy used by the air handling equipment would
increase considerably. In addition, there would be an increased risk of
draughts and noise. These are perhaps acceptable consequences, if the
high air flow rate is really needed to ensure good indoor air quality. The
person who has to make decisions in this matter should be well aware
that required rates, according to the standard, are not necessarily based
on scientific proof.
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The following illustrates another example, in which a certain amount
of insight is needed if a standard is to be used effectively. In the latest version of the European standard for classifying air filters for ventilation
purposes, EN 779:2002, a test has been included to clarify whether a filter can be expected to have a sufficiently high degree of particle retention during the whole of its lifetime. This is because it has been shown
that if the function of the filter depends on the filtering medium being
electrostatically charged, the degree of retention rapidly falls as the electrostatic charge, all too often, quickly disappears when the filter has been
put into use. The standard is formulated so that a filter can be approved
even if the test shows that the degree of retention will most probably fall
to an unacceptable level during actual use. In order to ensure that filters
purchased maintain good quality, it is not sufficient to require them to
have been approved according to EN 779. The details of the standard
must be known and extra demands must be made with respect to the
above-mentioned electrostatic effect.
When planning a building, guidelines are needed for both the specification of the indoor climate requirements and for the planning work. In
Sweden, these are provided by the Swedish Society of Heating and Air
Conditioning Engineers and similar organizations are to be found in
many other countries, for example, ASHRAE (The American Society of
Heating, Refrigerating and Air-Conditioning Engineers) and VDI
(Verein Deutscher Ingenieure) in Germany. Both of these are national
organizations whose publications are widely spread internationally and
have probably had a great influence on international standardization
work.
When it comes to spreading knowledge about the effects of indoor
environment factors on human health and comfort it is important to
mention ISIAQ (International Society of Indoor Air Quality and
Climate). Among its members are both practicing engineers and researchers from all the different disciplines engaged in indoor environment issues: building technology, building services engineering, chemistry, medicine, psychology etc. The organization, well and truly an interdisciplinary body, has published a range of documents that provide
guidance for drawing up requirements specifications for indoor climates
and for investigating indoor environment problems.
Measurements are often required to verify that functional requirements have been fulfilled in finished buildings. Nordtest, the Nordic
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organization, has published a large number of method descriptions that
can be used to carry out verification measurements in the building industry and in HVAC applications. For example, there are Nordtest methods
for verifying that air movements in a room are acceptable and for measuring outdoor air flows. Nordtest methods are also available for a number of other areas, such as building materials and building structures,
acoustics, vibrations and fire protection.
Eurovent is a European organization for manufacturers of components and systems for ventilation, heating and comfort cooling. The organization aims to keep its members up to date about current EU legislation and to develop certification programmes for products used in the
HVAC industry. Eurovent participates in international and European
standardization work and also publishes its own manuals and handbooks.
In the Swedish building construction industry, it is almost compulsory
practice to follow the generally accepted specifications that are given in
the AMA (General Material and Workmanship Specifications) series of
publications. AMA publications specify the demands placed on materials
and workmanship in building, civil engineering and building services
projects. The publications are used as guidelines when tendering for and
carrying out contracts.
For HVAC purposes, a special AMA publication is used as a reference
document when drawing up specifications and when carrying out HVAC
contracts. The so-called ‘HVAC’ AMA contains regulations regarding
HVAC systems, control and monitoring systems and components for
these systems, thermal insulation of building services installations, fittings and equipment in large-scale kitchens, testing and technical documentation.
In Sweden, there is even a special system for negotiating contracts for
property management, known as the AFF (Agreement for Property
Management) system. With the help of the system guidelines, derived
from the relevant industrial sectors, services can be defined and property management assignments can be described. An important element
provided here is the use of clear definitions, which reduces the risk of terminological misunderstandings.
The final responsibility for fulfilling the requirements stipulated in the
Swedish building regulations lies with the client, i.e. the person actually
carrying out the building works or for whom they are carried out. Even
environmental legislation places responsibility on the client, who must
make sure that the planning of a building and its building services instal-
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lations are carried out in such a way that a good working environment is
ensured in the finished building. The client is obliged to choose project
engineers who have the correct competencies and to ensure that all planning work is coordinated. One of the cornerstones in the building
process is the quality assurance work, which comprises both checks and
tests. It is the client’s responsibility to make sure that this work is carried
out to a satisfactory extent.
Furthermore, working environment legislation stipulates that each
and everyone participating in the planning of a building must take the
steps that are necessary to create a satisfactory result by cooperating with
the other project engineers. An example of this is the cooperation between the architect and the building services consultant to ensure that
there is sufficient space for installation work, service and repairs. Another
example is the cooperation between the building services consultant and
the design engineer who, together, must ensure that the transmission of
noise from fan units can be minimized.
On a building site, the employer is responsible for planning, following
up, assessing health and accident risks and, when necessary, remedying
any shortcomings in the working environment. This is why the employer must ensure that regular checks are made, for instance, with regard to
lighting, air quality, ventilation and noise as well as operation and maintenance. The employer, therefore, has a responsibility towards its employees. Furthermore, the property owner has a responsibility towards a
tenant who uses a building as a place of work, for example, an employer
who rents business premises. According to the Occupational Safety and
Health Act, a property owner is not allowed to rent out substandard
premises. A building must be maintained so that the technical performance standards stipulated in the building regulations are continuously
met. Additionally, the functions of devices that are intended to fulfil the
technical performance standards must be ensured. There are special regulations, for example, for lifts and automatic doors as well as for ventilation systems, as noted above in the section on compulsory ventilation inspection.
According to the constitutions in numerous countries, their governments are not allowed to regulate society so that the rights of citizens to
decide about their houses and homes are in any way restricted – as long
as there are no issues of vital general interest, such as keeping the environment free from serious health risks. This constitutional principle
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means that powers of authorities are intentionally restricted, so that
mandatory requirements, for example, regarding the indoor climate in
buildings, do not stipulate a higher quality level than the lowest acceptable level. This means that there is wide freedom of choice for people to
find their own ways of arriving at really good solutions. In order to do
this, previously gained experience, knowledge and insights must be exploited. Here, the state takes its share of responsibility via the relevant
authorities that, alongside mandatory requirements, provide advice not
only with respect to how the basic requirements can be met but also to
how an even higher quality level can be reached. For a system like this to
work, the players in the different industrial sectors must know how the
rules and regulations have been set up and be able to distinguish between mandatory requirements and non-mandatory advice.
The following is an example of what could otherwise go wrong:
The Swedish building regulations, prior to 2006, contained general
recommendations regarding hygienic air flow rates in a number of different types of spaces, such as habitable rooms, kitchens, shop premises and
assembly halls. The recommended air flows were considerably higher
than the requirements stipulated in the regulations. In the revised version of the building regulations published in 2006, this recommendation
had been deleted. The National Board of Housing, Building and
Planning justified this by saying that the recommendations were often interpreted as being law and that they had a restraining effect on “creative
solutions”. It seems as though the Board yielded to a common misunderstanding, as the general recommendations are not at all mandatory.
In actual fact, recommendations provided in the regulations issued by
different authorities are, in general, based on many years of sound experience.
If a project planning group intends to deviate from recommendations like
these, any decisions should be based on a thorough risk analysis and the reasons for stipulating any less stringent requirements clearly stated.
The example above shows that recommendations given by authorities
are not always sufficient to ensure good indoor environments. This is
why the industry needs standards and other guidelines to provide access
to previously gained experience and knowledge. The use of standards
and guidelines like these is fundamentally voluntary. In an individual
project, it is quite reasonable to make a certain standard compulsory by
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stipulating in the building documents that it must be fulfilled. It is important that the person who stipulates such a requirement is well acquainted with the implications of the standard in question and can assess
whether it actually provides the quality aimed for and that it also ensures
that it does not lead to consequences that, in the final result, would
prove to be unacceptable. In general, most standards can be said to make
recommendations that are well founded – but there is no one-hundredpercent certainty.

COMMENT

If we want to find out whether a solution for increased energy efficiency is
economically reasonable, i.e. whether the resources made available to reduce
the use of energy are employed efficiently, we can compare the future energy savings with the investments required to achieve them. This type of economic evaluation is simple to carry out and to follow up, and relates to the
property owner’s experience and ongoing situation. Legislation and industrial standards specify the highest acceptable levels of energy use and codes of
practice have been produced to facilitate compliance. The final responsibility, however, lies with each individual involved in the building process, who
must see beyond their own financial gains. New and better tendering procedures, with incentives for the individual to contribute that little bit extra,
will be required, if this is to become a reality.
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$'$T DIMPSPGMVPSPDBSCPOT BMTPLOPXOBTGSFPOT IBWFCFFOVTFEJO
BJSDPOEJUJPOJOHFRVJQNFOUGPSBHSFBUOVNCFSPGZFBSTBOEUIJTVTFIBT 
BOETUJMMEPFT BDUJWFMZDPOUSJCVUFUPUIFHSFFOIPVTFFGGFDU
5IFTFBSFKVTUBDPVQMFPGFYBNQMFTGSPNBSFBTJOXIJDIUIFCVJMEJOH
JOEVTUSZDPVMEQMBZBOBDUJWFQBSUUPXBSETNPSFQPTJUJWFEFWFMPQNFOUT
5JNFBOEBHBJO XFBSFSFNJOEFEUIBUTVQQMJFTPGPJM OBUVSBMHBTBOE
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DPBMBSFOPUJOGJOJUFBOE FWFOJGTVQQMJFTBSFOPUZFUDPNQMFUFMZFYIBVTU
FE JUhTIJHIUJNFXFDPOTJEFSFEXIBUXFBSFHPJOHUPEPXIFOUIFZBSF
*UJTRVJUFDMFBSUIBUUIFTJUVBUJPOXJMMFOUBJMHSFBUDIBOHFTGPSFWFSZPOF
BOE UIF MPOHFS BDUJWF BOE PGGFOTJWF JOWFTUNFOUT BSF IFME CBDL GPS
TIPSUUFSN FDPOPNJD HBJO  UIF IBSEFS JU XJMM CF UP BDIJFWF BOZ SFBM
DIBOHF
    "M (PSFhT GJMN "O *ODPOWFOJFOU 5SVUI IBT QMBDFE XPSMEXJEF QVCMJD
GPDVT PO FOWJSPONFOUBM JTTVFT .PUJWBUJPO  BOE UIF XJMM UP DPOUSJCVUF
UPXBSETTPNFUIJOHQPTJUJWF IBTOFWFSCFFOTUSPOHFS
    5IF &6 EJSFDUJWF PO UIF FOFSHZ QFSGPSNBODF PG CVJMEJOHT IBT BMTP
NFBOU UIBU FOFSHZ BOE  DPOTFRVFOUMZ  FOWJSPONFOUBM JTTVFT IBWF CFFO
CSPVHIUUPUIFBUUFOUJPOPGQSPQFSUZPXOFSTJOBOVOQSFDFEFOUFEXBZ
QPTTJCMZXJUIUIFFYDFQUJPOPGUIFFOFSHZDSJTJTJOUIFT8FBSFBMTP
WFSZ NVDI BXBSF PG BOPUIFS BTQFDU PG UMF FOFSHZ JTTVF " MBSHF QSP
QPSUJPOPGUIFXPSMEhTDPBMBOEPJMSFTFSWFTBSFGPVOEJODPVOUSJFTUIBU
BSF OPU SFHBSEFE BT CFJOH TVGGJDJFOUMZ TUBCMF 5IFSF IBWF BMTP CFFO B
OVNCFSPGSFDFOUJOTUBODFTXIFOPJMIBTCFFOVTFEBTBOJOTUSVNFOUPG
GPSDFGPSQPMJUJDBMQVSQPTFT'BDUTMJLFUIFTFBMTPUFMMVTUIBUXFTIPVMEEP
FWFSZUIJOHXFDBOUPSFEVDFPVSEFQFOEFODZPOGPTTJMGVFMT
5IFCVJMEJOHBOEQSPQFSUZJOEVTUSJFTBSFXFMMFRVJQQFEUPDPOUSJCVUF
UP B NPSF TFOTJCMF VTF PG PVS MJNJUFE FOFSHZ SFTPVSDFT ,OPXIPX
SFHBSEJOH FOFSHZFGGJDJFOU JOTUBMMBUJPOT JT SFBEJMZ BWBJMBCMF "MM UIBU JT
OFFEFE OPX JT B XIPMFIFBSUFE BOE DPODFOUSBUFE FGGPSU UP BQQMZ UIJT
LOPXMFEHF BOE UP GJOE XBZT PG FTUBCMJTIJOH QSPGJUBCMF BOE QSPHSFTTJWF
DPPQFSBUJPO  CPUI CFUXFFO UIF EJGGFSFOU QMBZFST PO UIF NBSLFU  BOE
XJUISFTFBSDIFSTFOHBHFEJOCVJMEJOHBOEFOFSHZJTTVFT
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6. FOSSIL FUELS – A FINITE RESOURCE
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In the twentieth century, we increased our standard of living through the
use of coal, oil and natural gas; but now, in the 2000s, we must learn to
use less fossil fuel. Carbon dioxide is released when we burn fossil fuels.
Our climate will change if we continue to increase the concentration of
carbon dioxide in the atmosphere; however, the real reason we must
learn to live with lower fossil-fuel consumption is the fact that the supply of oil, coal and natural gas is finite. During the 2000s, production
will also diminish.
Fossil fuels are stored solar energy. Millions of years ago, when plants
and algae flourished in abundance, huge amounts of carbon dioxide were
consumed and coal, oil and natural gas were formed. Now we are releasing this carbon dioxide. The carbon atom in coal, oil and natural gas reacts with oxygen in the air and carbon dioxide is formed when energy is
liberated during combustion.
As a child, I lived on a small farm in Västergötland, Sweden. I remember that the coke bin was filled every autumn and how, each early morning in winter, my father had to shovel coke to heat our house. But during the 1950s, that fantastic day came when oil replaced coke. Two
welders carried in enormous sheets of steel, which were to be the oil
tank, and an oil burner was installed with the boiler. This was the age of
oil heating, and during the 1960s and ’70s, most newly built homes were
equipped with oil-fired boilers.
In the 1970s, Sweden entered the nuclear era, and new single-family
dwellings were most often heated electrically. As shown in Figure 1, our
oil dependency began to sharply diminish. At the same time, we expanded our district heating. Oil, which had hitherto been the obvious choice
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FIGURE 1. Energy end use in the residential and service sector, 1970–2006. Use of
bio-fuel in district heating is indicated as district heating. [Energimyndigheten,
Energiläget 2005]

for heating multi-family dwellings, was gradually replaced by district
heating systems in which the use of bio-fuels has become all the more
common.
In Sweden, there was a transformation during the twentieth century
from chiefly bio-fuel to fossil-fuel-based heating. Now, we are shifting
again to greater use of bio fuels, augmented by electricity. Direct electrical heating is still used, but it is above all the use of heat pumps that will
make us dependent on electricity for a long time to come. A goal set by
the Swedish Commission against Oil Dependency is that dependency on
oil in the residential and service sector shall be broken by 2020. Sweden
is well-placed to achieve that objective, though in that respect, internationally, we are an exception rather than a rule. While oil has become the
energy source of principally the transport sector, the residential sector relies heavily on natural gas and coal for electrical power production. In a
global perspective, bio-energy is still only marginally important.
Globally, oil remains the most important source of energy. Research at
Uppsala University shows that we are nearing peak production. The
Uppsala Hydrocarbon Depletion Study Group (www.tsl.uu.se/uhdsg)
has done a thorough study of the global production of oil and oil reserves, a study that has resulted in the scenarios presented in Figure 2.
“Worst Case” is a scenario in which we have already reached a peak
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traffic jam. Soon, the traffic came to a standstill, and to avoid overheating their engines, motorists were forced to turn off the air conditioning.
Perhaps the most extreme example is the indoor ski slope that was built
in the desert; without electricity, snow soon turns to water.

100
90

70

E
S

GR

DE

LITHU
AN
IA

E
C

N

RU

S

D

U KR A

N
A
R
F
L

HUN

Y
GAR

ROM

ATIA

CR

A
G
U
RT
PO

A

A

A

O

SE

A

AN

R
IA

L

B

N
AI
SP

A

BELA

L
CZ
RE ECH
PU
BLI
C

AUSTRI

I T

E

E

BULG
C E

AR

IA
IA

T U

G

R

Y

production of about 85 million barrels a day, a peak that will be sustained
for about 7 years before production begins to diminish. The best-case
scenario is based on optimistic estimates of the world’s oil reserves.
Statistics for the past two years point to Worst Case as the most likely
outcome, but this cannot yet be verified. When the oil begins to run out,
bio-fuels and electricity will also become important for transportation;
subsequently, the sector which includes dwellings and other buildings
will face competition for the supply of energy.

TONI

LATVI

PO

FIGURE 2. Future oil production (millions of barrels/day). Source: Uppsala Hydrocarbon Depletion Study Group. “Best Case” applies if we use the largest estimates
of indicated reserves for the world’s giant oilfields. If, instead, we use the most
conservative figures for indicated reserves, the outcome is a worst-case scenario.
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THE GLOBAL BUILDING
SECTOR’S FUTURE
PRIMARY ENERGY
SOURCE

Once reliant on oil, the residential sector is on its way to becoming dependent on electricity and natural gas. Electricity is also being used to an
increasing extent for cooling offices and other premises – even dwellings.
Dubai, in the United Arab Emirates, is among the world’s most extreme cities when it comes to air conditioning. A colleague who lives in
Dubai tells of how the city was without power one evening, about a year
ago. It started to get insufferably hot in his apartment and he came upon
the brilliant idea that he could cool down by driving around in his car
with the air conditioning switched on. It became apparent that he was
not the only one with this idea, and the streets were soon overflowing
with cars. In the middle of the night, Dubai experienced its greatest-ever

FIGURE 3. Europe’s existing and planned gas transmission networks.
Illustration: GAZPROM in questions and answers
(http://eng.gazpromquestions.ru/), GAZPROM.

If we look to our neighbour, Denmark, we see that the use of fossil
fuel in the residential and service sector is much greater than in Sweden.
The same applies to Europe and many other countries throughout the
world. Natural gas was long considered a problem in conjunction with
oil extraction, and the most common solution was simply to burn it off.
This is still done in many places. Eventually, its value was recognized and
pipeline systems were built, first in the USA and later in Russia and
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NATURAL GAS IN THE
USA AND RUSSIA

Natural gas is widely used in the USA. Throughout the 1900s, the US
was completely self sufficient, but this is no longer the case. Imports are
increasing, above all from Canada. The next problem is that Canada will
eventually no longer be able to meet US demands for natural gas. When
natural gas is cooled and condensed into its liquid phase it can be
shipped using tanker vessels. The USA is on its way to becoming totally
dependent on sea-borne imports of natural gas. Most new buildings constructed in the USA over the past 30 years rely on natural gas as their primary energy source. Without natural gas, Americans would face enor-
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mous problems, a scenario that has been confirmed by studies conducted at Uppsala University. The US has quite literally built itself into a system that cannot easily be replaced.
As for Russia, the housing sector is also entirely dependent on natural
gas; but unlike the Americans, the Russian’s will be the last to have to
abandon it as a primary source of energy. The problem is that, for so
many years, people have had access to a seemingly inexhaustible supply
of energy, which is why conservation is an unfamiliar notion. If it gets
too hot, one simply opens a window rather than lowering the temperature on the heating system. Now, however, it is probably time for the
Russian people to rethink their situation. The major gas fields are showing signs of depletion, and successively smaller fields account for an evergreater share of production. To be able meet the export commitments,
prices must increase and the Russian people will be compelled to curb
their consumption.
Natural gas has the same origin as oil, though the original layer of sediment from which it formed was exposed to a higher temperature. Discoveries of oil reserves reached a maximum during the 1960s. For natural gas, the peak came 10 years later. In Figure 4, we clearly see a distinct
downward trend. Much of the natural gas discovered during the 1900s
has yet to be exploited, but it will become increasingly difficult to find

THE FUTURE OF
NATURAL GAS

500

400
Annual Discoveries (tcf)

Europe, see Figure 3. The west coast of Sweden receives natural gas via
Denmark, but the rest of the country remains a blank on the natural-gas
map. There are many who are in favour of purchasing natural gas from
Russia via the pipeline now being planned in the Baltic, but that would
make us dependent on a single supplier. The studies we are now conducting indicate that Russia will soon reach peak production, after which
buyers will compete for natural gas. Personally, I hope that Sweden will
remain a blank spot on the map.
More than 40 percent of the natural gas consumed in the European
housing sector is used for heating and cooking. For the consumer, natural gas is convenient, almost as convenient as electricity, but in terms of
energy efficiency, natural gas is preferable to electricity. If natural gas is
used to generate electrical power, 60 % of its energy content is lost; unless, as in cities like Gothenburg, the residual heat is utilized in district
heating. Compared to direct use in e.g., heating or cooking, much of the
heat simply goes up the chimney.
According to EU estimates, in Europe, the share of natural gas used
by industry will remain relatively constant up until 2030, while use of
natural gas for electrical power generation is expected to increase considerably. It is estimated that European consumption of natural gas will rise
by 60 % by 2030. The question is: who will supply Europe with gas?
Currently, slightly more than 50 % of the natural gas consumed in
Europe is produced domestically, but the future will bring greater dependency on imported gas. The planned pipeline in the Baltic Sea indicates that imports from Russia will increase, but perhaps the real reason
for its construction is that Russia wishes to remain independent of
Belarus and Ukraine as transit countries for delivery of natural gas to
Europe, see Figure 3. Europe’s dependency on imports from Russia effectively places Europe’s future, in this respect, in Russia’s hands.
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FIGURE 4. Annual new discoveries of natural gas.
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new reserves. Preliminary studies indicate that global consumption will
peak within 20 years, and the housing sector, like other sectors in which
natural gas is used, will have to find other sources of energy.
FUTURE ENERGY
SYSTEMS FOR
DWELLINGS

Building a house is really about building for the future. The house my
family built in 2000 in Uppsala will probably be gone in 100 years. We
wonder if we have chosen the right energy supply system for the house.
We probably should have placed considerably higher demands on the
builder, but such considerations were overshadowed by our joy at finding a building lot. Even so, the result is quite satisfactory. An extract-air
heat pump is a good means of providing indoor heat; the heat is recovered from the air that is evacuated from the building. The laws of physics
also help us, since a higher extract-air temperature increases the efficiency of the heat pump (Carnot’s Law). The waterborne system also invites
the possibility of installing a solar hot water system. A tiled wood-burning stove helps to reduce electricity use when the extract air heat pump
cannot deliver sufficient heat. Another positive feature is that the bio-energy in the wood is recycled via the heat pump.
We are approaching a time when houses of the future must be zeroenergy homes. The use of energy for heating and cooling must be minimized. If we start by making radical changes now, we will reap the benefits tomorrow.
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7. THE EUROPEAN UNION – ENERGY DIRECTIVES

Associate Professor P E R - E R I K N I L S S O N Ph.D.
CIT Energy Management AB, Gothenburg

• Directive on energy end-use efficiency and energy services (2006/
32/EC).
• Council decision concerning conclusion of the Agreement between
the Government of the United States of America and the European
Community on the coordination of energy-efficiency labelling programmes for office equipment (2006/1005/EC).
Of these directives, three are outlined in detail below:
1. The Energy Performance of Buildings Directive.
2. Framework Directive on Ecodesign of Energy-using Products.
3. Directive on energy end-use efficiency and energy services.

The European Union (EU) has a common energy policy, of which there
are several objectives. The overall objectives are to secure energy supply,
promote international co-operation and sustainable development, integrate the European energy market and promote research and technical
development. An energy policy has existed in the EU since the birth of
the union. European co-operation had its starting point as early as 1952,
with the regulation of the coal sector under the terms of the European
Coal and Steel Community Treaty. However, it was not until the oil crisis of 1973 that more extensive legislation in the energy area began to be
introduced.
In this section, energy efficiency improvement, with a particular focus
on efficient use of energy in buildings, will be presented. In the EU,
buildings account for about 40 % of energy end use, which is par with
the situation in Sweden.
In the area of energy efficiency improvement, several directives have
been issued:
• Energy Performance of Buildings Directive (2002/91/EC).
• Directive on marking to indicate energy consumption of electric refrigerators and freezers (even in combination) for household use
(2003/66/EC).
• Directive on promotion of combined heat and power generation
(2004/8/EC).
• European Framework Directive on Ecodesign of Energy-using
Products (2005/32/EC).

122 C

The Energy Performance of Buildings Directive appears to be the one
that will have the greatest impact on energy end use in buildings, which
is why it is discussed here at greater length.
The directive concerning marking to indicate energy consumption of
household refrigerators and freezers has already had an impact on energy consumption in households. The directive also gives manufacturers of
these products an incentive to continually strive to improve their energy
performance. The directive on promotion of combined heat and power
generation is aimed primarily at creating possibilities for reducing primary energy use in conjunction with the production of heat and electricity rather than improving energy end-use efficiency. The new, five-year
agreement between the EU and the USA on energy-efficiency marking
of office equipment is an extension of an earlier, similar agreement.
Marking covers power consumption of office equipment in both standby mode and during operation. Marking will be further developed and
adapted in line with future technologies and market trends.
This is a so-called framework directive, meaning that each individual
member state has considerable scope to choose its own means and methods within the framework of guidelines set out in the directive. The directive came into force on 16 December 2002. The directive states that
member states shall bring into force the laws, regulations and administrative provisions necessary to comply with the directive at the latest on
4 January 2006. There is one exception: if there is a lack of qualified
and/or accredited experts, member states have an additional period of
three years to apply the relevant provisions fully, i.e. until 4 January
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THE ENERGY
PERFORMANCE OF
BUILDINGS DIRECTIVE

2009. Most member states have elected to use all possible means to postpone full implementation of the directive until after 2006.
The directive lays down requirements as regards five different areas. The
five areas are:
a) The general framework for a methodology of calculation of the integrated energy performance of buildings.
b) The application of minimum requirements on the energy performance
of new buildings.
c) The application of minimum requirements on the energy performance
of large existing buildings that are subject to major renovation.
d) Energy certification of buildings1.
e) Regular inspection of boilers and of air-conditioning systems in buildings and, in addition, an assessment of the heating installation in which
the boilers are more than 15 years old.
In the directive, a number of terms are used, the meanings of which
are important for understanding the content of the directive. Two of
these are outlined below. These terms do not necessarily have the same
meanings throughout this book, but are used in this chapter according
to the following definitions:
energy performance of a building: the amount of energy actually consumed or estimated to meet the different needs associated with a standardised use of the building, which may include, inter alia, heating,
hot water heating, cooling, ventilation and lighting. This amount shall
be reflected in one or more numeric indicators which have been calculated, taking into account insulation, technical and installation characteristics, design and positioning in relation to climatic aspects, solar
exposure and influence of neighbouring structures, own-energy generation and other factors, including indoor climate, that influence the
energy demand.
air-conditioning system: a combination of all components required to
provide a form of air treatment in which temperature is controlled or
can be lowered, possibly in combination with the control of ventilation, humidity and air cleanliness.
1
In Sweden, it has been decided that the terms ‘energy certification’ and ‘energy performance certificate’ will not be used, since these may be confused with the term elcertifkat (electricity certificate),
which is already in use. Instead, the term ‘energy declaration’ is used. This term will be applied in the
following text.
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The definition of the energy performance of a building can be somewhat difficult to interpret.
Guidelines for this may be found in the new EN standards.
The new EN standards suggest alternatives for indicating energy performance. These consist of the so-called operational rating, i.e., measured energy consumption, and of the so-called asset rating, which is a
variant of calculated rating.
Operational rating: Total measured annual supply of energy to the
building.
Asset rating:

Calculated rating of energy use of a building (heating, cooling, ventilation, hot water and lighting)
based on standard outdoor climate/weather and
standard building use. Energy performance calculated according to asset rating does not include office equipment, kitchen appliances, industrial
processes, etc.

In Sweden, variants of operational rating and asset rating will be used,
as compared with the definitions given above. The common indicator of
the energy performance of a building will be operational rating, though
reduced to household electricity and electricity used for other purposes
within the building, respectively. In cases where measurable values are
unattainable, asset rating will be applied. In Sweden, for example, no
performance indicators will include electricity for lighting. In both cases,
energy is divided by the so-called temperature-controlled area; energy
performance is thus expressed as kWh/m2. The temperature-controlled
area corresponds to the entire heated area (>10°C) within the outer
walls of the building.
Application of minimum requirements is regulated in most cases by
national building codes or standards. Such is the case in Sweden, with
the new building regulations, Boverkets regelsamling för byggande, BBR,
(National Board of Housing, Building and Planning) published in June
2006.
Undoubtedly, the two most extensive parts of the directive will concern energy declaration and regular inspection of boilers and air-conditioning systems. Both entail the involvement of independent experts and
both constitute sections of the directive that could lead to postponement
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of its introduction. Further consideration of both is warranted, particularly with respect to the content of energy declaration of buildings.
Energy declaration
In principle, all buildings in the EU will be subject to energy declaration.
According to the directive, only a few exceptions can be made.
Among these are:
• Buildings of particular architectural or historical significance.
• Buildings used for devotional or religious purposes.
• Buildings which are intended to be used for a period of two years or
less, and industrial premises.
• Dwellings which are intended for use during at most four months of
the year.
• Freestanding buildings with a usable floor area of less than 50 m2.

An energy declaration (energy performance certificate) is to be made
available to the owner or to any prospective buyers or tenants when a
building is built, sold or rented. The validity period of an energy declaration may not exceed 10 years. The declaration must contain reference
values of at least an extent and type that allow consumers to compare and
assess the building’s energy performance. It must also contain proposals
for cost-effective measures for improving the building’s energy performance. However, the directive does not specify ant requirements for implementing the proposed measures. In buildings with a total useful floor
area over 1000 m2 occupied by public authorities and by institutions providing public services, a valid energy performance certificate must be displayed in a prominent place clearly visible to the public.
The directive addresses indoor climate issues only very briefly, stating
that values for ranges in current and recommended indoor temperatures
may be displayed. The same applies, in some cases, to other relevant climate factors. In Sweden, an indication is given as to whether radon
measurement has been carried out in the building, for example, and if
the mandatory performance inspection of the building’s ventilation system has been carried out.
Inspection of boilers and air-conditioning systems
Boilers and air-conditioning systems must be inspected. For boilers, two
alternative options are specified in the directive. The first option (inspection of boilers) requires regular inspection of boilers fired with non-re-
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newable liquid or solid fuel of an effective rated output of 20 to 100 kW.
Boilers of an effective rated output of more than 100 kW are to be inspected at least every other year. One-off inspection of entire heating systems of more than 20 kW rated output which are older than 15 years is
required. As a result of the inspections, the independent experts/inspectors will advise on measures to improve energy efficiency.
The other option concerns advice to the users of heat pumps. Advice
to the users shall include information that will help to achieve an overall
equivalent impact to that of inspection. Member states that choose this
option shall submit a report on the equivalence of their approach to the
Commission every two years. The onus is therefore on the building
owner to demonstrate that advice has led to a result equivalent to that of
inspection. Sweden has opted for the advice alternative.
For air-conditioning systems, there is no corresponding advice alternative. Here, the directive states that air-conditioning systems of an effective rated output of more than 12 kW must be inspected regularly.
The inspections must be conducted by independent energy experts. This
inspection shall include an assessment of the air-conditioning efficiency
and the sizing compared to the cooling requirements of the building.
The expert shall provide advice on possible improvement or replacement
of the air-conditioning system and on alternative solutions.
Independent experts
Member states shall ensure that the certification of buildings, the drafting of the accompanying recommendations and the inspection of boilers
and air-conditioning systems are carried out in an independent manner
by qualified and/or accredited experts. As mentioned earlier, only a lack
of independent experts can delay implementation of the directive.
The approaches used by the individual member states differ with respect to, among other things, the requirements for technical expertise
and how the independence of experts is to be determined. In Sweden,
for example, the independence of energy experts is guaranteed on the
basis of accreditation. To be accredited, the expert must meet formal requirements with respect to education and practical experience and must
pass an accreditation examination. Only accredited experts may carry out
energy declarations. The accredited expert must be employed by an accredited inspection body. In Sweden, an energy expert can be accredited
for three different levels of qualification: normal, qualified and air conditioning. The designation ‘normal’ corresponds to authorisation to issue
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energy declarations for simple buildings; ‘qualified’, for complex buildings, and ‘air conditioning’ for air-conditioning systems. The designation
‘qualified’ also includes authorisation for normal and air conditioning.
DIRECTIVE
ESTABLISHING A
FRAMEWORK FOR THE
SETTING OF
ECODESIGN
REQUIREMENTS FOR
ENERGY-USING
PRODUCTS

The directive refers to energy-using products (EuPs), but does not apply
to means of transport for persons or goods. This is a so-called framework
directive for setting the ecodesign requirements for energy-using products with the aim of ensuring the free movement of those products within the internal market. The directive came into force on 26 July 2005.
Member states were to have implemented, no later than 11 August
2007, regulations and laws pursuant to compliance with the directive.
Member states will also designate public authorities with responsibility
for surveillance of the market and will ensure that these authorities have,
and exercise, the necessary authorisation to take appropriate measures in
accordance with their obligations under the terms of the directive.
Ecodesign refers to the integration of environmental aspects in product design with the aim of improving the energy-using product’s environmental performance throughout its entire life cycle while preserving
the quality of product performance. As early as possible in the product
design phase, it is desirable to take measures to ensure energy efficiency,
since it is during this phase that the subsequent environmental impact of
the product is determined and that the opportunities for influencing
product design with respect to energy use are greatest.
The directive states that energy-using products complying with the
ecodesign requirements should bear the ‘CE’ marking and associated information, in order to enable them to be placed on the internal market
and move freely. At the same time, the directive emphasises that self-regulatory initiatives by industry should be prioritised if it is likely that such
initiatives will deliver the policy objectives faster or in a less costly manner than mandatory requirements.
An energy-using product (EuP) that meets the criteria below will be
covered by an implementing measure1 or by a self-regulation measure
(via, e.g., voluntary agreements).
Criteria:
• The EuP shall represent a significant volume of sales and trade, indicatively more than 200 000 units a year within the Community according to most recently available figures.
1
Measures adopted in accordance with the directive and which establish ecodesign requirements for
specified energy-using products or for environmental aspects of these.
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• The EuP shall, considering the quantities placed on the market
and/or put into service, have a significant environmental impact within the Community, as specified in Community (according to strategic
priorities as set out in Decision No. 1600/2002/EC).
• The EuP shall present significant potential for improvement in terms
of its environmental impact without entailing excessive costs.
Particular attention should be given to the following conditions:
• The absence of other relevant Community legislation or failure of
market forces to address the issue properly.
• A wide disparity in the environmental performance of EuPs available
on the market with equivalent functionality.
The aim of this directive is to reduce energy consumption in the Community, partly by promoting energy services offerings and partly by stimulating demand for energy services. It is emphasised that public sector
entities should set an example with respect to investments, maintenance
costs and other expenditures for energy-using equipment, energy services and measures to improve energy efficiency. Therefore, the public sector should be encouraged to integrate energy efficiency improvement
considerations into its investments, depreciation allowances and operating budgets. Furthermore, the public sector should endeavour to use energy efficiency criteria in tendering procedures for public procurement.
The directive came into force on 25 April 2006. Member states are expected to Member bring into force the laws, regulations and administrative provisions necessary to comply with this directive not later than 17
May 2008.
Article 1 clearly states the objective of the directive.
“Member States shall adopt and aim to achieve an overall national indicative energy savings target of 9 % for the ninth year of application of
this Directive, to be reached by way of energy services and other energy
efficiency improvement measures. Member States shall take cost-effective, practicable and reasonable measures designed to contribute towards
achieving this target.”
The Commission requires member states to submit national plans of
action describing how the objectives are to be achieved. The first plan is
to be submitted no later than 30 June 2007, the second by 30 June 2011
and the third no later than 30 June 2014.
As mentioned, the public sector is expected to set an example (take
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the lead) in implementing measures to improve energy efficiency. Here,
there are opportunities for achieving this by setting demands via legislation and/or voluntary agreements. The directive explicitly states that the
public sector shall apply at least two requirements from the following list:
a) Requirements concerning the use of financial instruments for energy
savings, including energy performance contracting, that stipulate the
delivery of measurable and pre-determined energy savings.
b) Requirements to purchase equipment and vehicles based on lists of
energy-efficient product specifications of different categories of equipment and vehicles to be drawn up by authorities or agencies, using,
where applicable, minimised life-cycle cost analysis or comparable
methods to ensure cost-effectiveness.
c) Requirements to purchase equipment that has efficient energy consumption in all modes, including in standby mode, using, where applicable, minimised life-cycle cost analysis or comparable methods to
ensure cost-effectiveness.
d) Requirements to replace or retrofit existing equipment and vehicles
with the equipment listed in points (b) and (c).
e) Requirements to use energy audits and implement the resulting costeffective recommendations.
f) Requirements to purchase or rent energy-efficient buildings or parts
thereof, or requirements to replace or retrofit purchased or rented
buildings or parts thereof in order to render them more energy-efficient.
With respect to public buildings, the directive also states that member
states must publish guidelines for energy efficiency and energy savings as
possible criteria for assessment in tendering procedures for public procurement.
Another important target group comprises energy distributors, distribution system operators and retail energy sales companies.
These may be required to provide on request, but not more than once
a year, aggregated statistical information on their final customers to the
authorities or agencies. This information must be sufficient to 1) properly design and implement energy efficiency improvement programmes,
and 2) to promote and monitor energy services and other energy efficiency improvement measures. In addition, they must refrain from any
activities that might impede the demand for and delivery of energy services and other energy efficiency improvement measures. Nor are they al-
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lowed to hinder the development of markets for energy services and
other energy efficiency improvement measures.
Member states must choose one or more of the following requirements to be complied with by energy distributors, distribution system
operators and/or retail energy sales companies:
• Ensure the offer to their final customers, and the promotion, of competitively priced energy services.
• Ensure the availability to their final customers, and the promotion, of
competitively-priced energy audits conducted in an independent manner and/or energy efficiency improvement measures.
• Contribute to the funds and funding mechanisms.
As an alternative to the above, voluntary agreements and/or other
market-oriented schemes, such as white certificates1, can be set up if their
effect is equivalent to one or more of the requirements referred to above.
If voluntary agreements are used they must be assessed, supervised and
followed up by the member state in order to ensure that a satisfactory effect is achieved.
For other players, such as energy services companies, installers, energy advisors and energy consultants, member states shall ensure that there
are sufficient incentives, equal competition and level playing fields to dependently offer and implement the energy services, energy audits and energy efficiency improvement measures.
With regard to end users of electricity, natural gas, district heating
and/or cooling and domestic hot water, member states shall ensure that,
in so far as it is technically possible and financially reasonable in relation
to the potential energy savings. Invoicing is to be presented in clear and
understandable terms.
Among the reasons cited for adopting the directive, it is acknowledged that the motor fuels and transport sectors have an important role
to play regarding energy efficiency and energy savings.
In this chapter, EU directives concerning energy use, with a particular
emphasis on the use of energy in buildings, have been presented. On the
following page, examples of other documents that may serve to provide
a more complete overview of the Commission’s stance on energy matters are given. All are available for downloading via the Internet.
1
Companies that implement energy efficiency improvement measures should be issued so-called white
certificates, valued in proportion to the improvement achieved, which may subsequently be traded on
a common energy exchange.
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OTHER IMPORTANT
ENERGY-RELATED
DOCUMENTS FROM
THE EU

Suitable starting points include:
http://europa.eu.int
http://ec.europa.eu/energy/demand/index_en.htm.
• Action Plan For Energy Efficiency: Realising the Potential, Saving
20% by 2020, October 2006.
• Green paper on Energy Efficiency or Doing More with Less,
Luxembourg: Office for Official Publications of the European
Communities, 2005 ISBN 92-894-9819-6.
• Communication From the Commission to the European Council and
the European Parliament: An Energy Policy for Europe, Brussels,
10.1.2007, COM(2007) 1 final.
• Communication from the Commission: Energy for the future:
Renewable sources of energy. White Paper for a Community Strategy
and Action Plan.
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8 . T H E C H A N G I N G C L I M AT E

Meteorologist
Swedish Weather & Climate Centre AB, Stockholm
M A RT I N H E D B E R G

When an ice age occurs, large parts of Europe, Asia and North America
become covered with hundreds of metres of ice. At the same time, the
sea levels in the Atlantic, the Pacific and elsewhere are up to one hundred metres lower than today. These are not unusual climate conditions
and nature, without the help of mankind, has been behind variations like
these numerous times.

FIGURE 1. Glaciers in Greenland. Photo: Torkel Ideström.

There are many ways in which different climate situations can be described and one of the more common is to compare mean air temperatures. Over the last hundred years, we have measured temperatures using
instruments and prehistoric temperatures have been calculated indirectly
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by studying chemical and biological traces in nature, for example, pollen
that has been stored in peat bogs and sediment under the oceans, and
chemical traces in glaciers or deposits in rocks. These traces provide us
with a picture of how the climate has changed over hundreds of thousands of years, in some cases millions of years, until today. These traces
are important if we are to understand the factors that have affected the
climate and what the consequences have been. Observations of factors
affecting our present climate show that over the next hundred years we
will be confronted by a climate change of a magnitude equivalent to a
half or a whole ice age – but in the other direction. By now, everyone has
heard that it will become warmer but just as important, or even more important, are the other consequences this will have on the climate system.
Among other things, we will see smaller glaciers, higher sea levels,
changed vegetation and forest fires as well as enormous effects on the
ecosystems on land, in lakes and at sea. In the following, the reader will
be orientated about the factors that influence the climate on Earth and
that cause changes in its heat balance. Furthermore, the changes in
nature, societies and economies that climate change can lead to will be
put into perspective. These climate changes will not pass by unnoticed.
By studying glacial ice, it is possible to recreate a picture of how the climate has changed over hundreds of thousands of years. Snow is deposited layer by layer, year after year. Over thousands of years, snow is pressed
into ice, eventually creating large glaciers. Traces of volcanic eruptions,
for example, can be seen in the form of ash that has settled and been
stored in the snow. Also frozen into the snow are small bubbles of air
containing traces of the atmosphere that prevailed when the snow fell.
From these sources it is also possible to describe the chemical composition of the air hundreds of thousands of years ago. And by comparing
the proportions of different isotopes of oxygen, it is possible to describe
how temperatures have varied.
Ice ages come and go. Samples from glaciers, ocean sediments, etc
show that nature itself can change, depending on climatic extremes.
Estimations of the temperature variations in Vostok, Antarctica, show
that the climate over the last 10 000 years or so has been relatively stable
whereas the preceding period was one of significantly lower temperatures, i.e. an ice age with extreme variations in climate. These changes
had nothing to do with man other than that he had to adapt himself to
them. (Our ability to communicate by speech was developed about
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GLACIERS PROVIDE
ANSWERS TO SOME
QUESTIONS

Temperature variations over 420 000 years
Vostok Ice core

Temperature variation, °C

Present
day

Years before 1950

centration of carbon dioxide has increased by about 35 %, which is not a
negligible amount. An important difference between nature and
mankind is that nature both releases and absorbs carbon dioxide whereas mankind only releases it.
Some people maintain that the climate has always varied and that this
is nothing new. The observation is correct and this, in fact, is an extremely important reason why it should be taken very seriously: Nature has
been subject to climate changes before and they are not just fantasies
only found in computerized models! And we must not forget the implications of the enormous changes caused by climate variations and the
fact that our towns were never built to withstand the accompanying
stresses. Prudence is obviously called for but, instead, mankind has spent
years denying or belittling information that could turn out to be of decisive importance with regard to our ability to reduce our impact on the
climate to a sustainable level.

FIGURE 2. The graph shows temperatures reconstructed from core samples of
glacial ice from Vostok, Antarctica. The scale shows the temperature relative to
1950, which is used as a reference year. The core samples show regional temperature changes and can provide a qualitative picture of the variations in global temperature. Global temperature variations are roughly half those seen in Antarctica.

The flow of energy from the sun to the Earth is the origin of practically
all energy flows above the crust of the earth. Variations in solar radiation
initiated early climate changes that we today can observe by studying
traces in nature, for example, in ice core samples, ocean sediments etc.

100 000 years ago and we changed from being nomadic to more settled,
farming and living in small communities, about 10 000 years ago.)
The Earth’s climate system is a complicated phenomenon. It comprises the atmosphere (air), the hydrosphere (water), the cryosphere (frozen
water), the geosphere (mountains and land surfaces), the biosphere
(plants and animals) and the anthroposphere (mankind), and how they
all interact with each other.
It is sometimes heavily criticized that far too large conclusions have
been drawn about how the climate has varied, as results have only been
based on studies of conditions in individual places. The research community is very much aware of the uncertainties in measuring data and results
based on computerized models and that there is a great deal of information that can never be verified. Some have maintained that the climate
variations in the 1900s have been caused by sunspots, others that human
emissions of greenhouse gases are too small to be able to influence the
climate system. If it had been a question of sunspots, then the temperature should have fallen over the last ten years instead of risen. On a yearly basis, human emissions are admittedly less than natural flows of, for
example, carbon dioxide, but over time they have meant that the con-

FACTS AND FIGURES:
Variations in solar radiation, so-called Milankovitch cycles, mean that different amounts of energy reach the Earth and that their distribution over its
surface changes, for example, due to the angle of the planet’s axis. The
cycles vary, with periods lasting about 20 000, 40 000 and 110 000 years.
Changes in the Earth’s albedo (Latin for whiteness) determine the proportion of incident sunlight that is reflected. A lighter planet becomes colder
and a darker one hotter. Cloud, snow, vegetation, land changes, volcanic
eruptions and air pollution all change the Earth’s albedo.
Greenhouse gases absorb and reradiate heat radiation. Water vapour, carbon
dioxide, methane, nitrous oxide, freons etc cause the average temperature of
the atmosphere to be +15 °C instead of –18 °C, its temperature if the greenhouse effect had not existed. It would have been –18 °C, if there had been
no greenhouse gases and the earth had had the same albedo as today. As the
absence of greenhouse gases would make the Earth colder it would also
mean that a larger proportion of the water would be frozen. This, in turn,
would create a higher albedo or lighter planet and lead to further reductions
in temperature. The compositions and concentrations of greenhouse gases
have always varied due to natural emissions and absorptions from and to, for
example, the sea and the biosphere. At present, forests and seas absorb about
half of all human emissions but, depending on how the climate changes, the
biosphere and seas could, instead, become a net source of greenhouse gases.
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A FEEDBACK DRIVEN
SYSTEM

But solar variations cannot, on their own, explain the extensive variations
in, for example, temperatures, precipitation or ocean currents. However,
it looks as though the majority of the prehistoric climate changes were
initiated by changes in solar radiation, how much of it reached Earth and
how the energy was distributed over the planet. These variations were
then propagated into the Earth’s climate system via feedback, domino effects and threshold effects. This meant, and still means, that climate
changes could take place rapidly when critical threshold values are
reached. Melting glaciers and sea ice accelerated climate changes by
changing the Earth’s albedo, its ability to reflect radiation. Increasingly
warmer oceans started to release more carbon dioxide than they absorbed. Changes in weather patterns drove the changes in vegetation.
Some feedback mechanisms brake and others speed up climate change.
The climate is a continuous dynamic process.
There are three basic ways in which the climate of a planet can be
changed:
1. By altering the degree of solar radiation.
2. By changing the planet’s albedo, i.e. its ability to reflect incoming energy (water, snow, forests and clouds all have different colours or reflectivities).
3. By changing the amounts of greenhouse gases.
Historical climate changes, such as ice ages that have come and gone,
were caused by variations in solar radiation being propagated into the climate system and, among other things, causing changes in albedo and the
amount of greenhouse gases. What we have done over the past hundred
years is to change the Earth’s albedo and presence of greenhouse gases.
These changes have been so large that there has been a shift in the climate balance and climate change will now take place until a new equilibrium has been reached. This new level will mean that it will be one – or
up to six – degrees Celsius warmer than today. This change in balance
will continue as long as the climate system is imbalanced, at best for another 50 to 100 years, at worst for hundreds or thousands of years.
GREENHOUSE EFFECT

Everyone has heard about it but how does it actually work? The expression itself is a bit misleading, as the earth’s atmosphere does not work in
the same way as a greenhouse. In a greenhouse, large amounts of solar
energy are transmitted through the panes of glass and heat up the sur-
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FIGURE 3. A greenhouse. Without the greenhouse effect, the Earth would, to a
great extent, be frozen and covered by glaciers. The greenhouse effect is essential
for life on Earth, although it is only partly similar to that in a real greenhouse.

faces inside the greenhouse. So far the analogy is correct. But the reason
why it is hotter in the greenhouse than outside (where the ground and
air are also heated by the sun) is that the glass prevents the heated air
from flowing anywhere else. The atmosphere and the glass in the greenhouse, however, have the same function, as both admit a large proportion of the incident short wave solar radiation but prevent the long wave
heat radiation from escaping.
The atmosphere is permeable to most of the incident solar energy.
The sunlight heats the ground, which, in turn, heats the air closest to the
ground by convection. This creates vertical winds caused by the differences in density of the air. The heated ground can also radiate energy out
into space. This radiation has different wavelengths to when it arrived.
The sun has a temperature of about 6000 °C and emits light in the 0.3
to 1μm wavebands, i.e. visible light. Within this range, the atmosphere
offers a window, i.e. it is permeable to radiation, see Figure 4. Short
wavelength light, UV radiation, is absorbed to a certain degree in the
ozone layer and some of the longer wavelengths are absorbed by water
vapour, but most of them reach the Earth’s surface.
The same amount of energy that reaches the Earth must also, in some
way, leave the planet. As a vacuum exists in space, radiation is the only
way in which energy can leave or reach the planet. As the surface of the
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Absorption
(% at ground level)

Black body radiation
(normalized)

Absorption of radiation

Energy to and from the Earth
Outgoing:
–18 °C

Incoming:

Sunlight passes through the atmosphere*,
30 % is reflected by clouds and land/oceans,
70 % heats the land/oceans.

Outgoing radiation of the same
amount of energy, but in the form
of heat, i.e. infrared radiation.
Infrared radiation is effectively
absorbed by greenhouse gases.

FIGURE 4. The high temperature of the sun allows it to radiate its energy at other
wavelengths than the Earth. Greenhouse gases are gases that can absorb and emit
radiation. Different gases are affected by different wavelengths of radiation. The
Earth’s atmosphere has a window through which the majority of the sun’s radiation is transmitted. On the other hand, radiation from the Earth is, to a great extent, absorbed by the greenhouse gases in the air.

FIGURE 5. Radiation is the only way in which energy can reach or leave the Earth.
The same amount of energy reaching the Earth also leaves it. Energy radiates into
space from an area that is four times greater than that which receives energy from
the sun. The average amount of radiated energy corresponds to a temperature of
– 18 °C or 255 Kelvin. The radiation comes from greenhouse gases about 5 km
up in the atmosphere; on the ground it is just over thirty degrees warmer.

Earth and its atmosphere maintain considerably lower temperatures than
the sun, they will radiate energy at longer wavelengths than the sun, see
Figure 4. The earth radiates energy in the infrared spectrum at wavelengths from 8 to 30 μm.
It is possible to calculate the temperature that the Earth should have
based on the amount of energy that reaches us from the sun. That fact
that about 30 % of the energy is reflected and the effect of the Earth’s
albedo must also be taken into account. The result is that we only receive
enough energy to sustain a temperature of about –18 °C! This coincides
well with the temperature that the Earth seems to have if it is observed
using an infrared camera from space. That the Earth appears to be at a
temperature of –18 °C, or about 255 Kelvin, is explained by the fact that
the visible part of the Earth is the atmosphere a couple of kilometres
above its surface. Infrared cameras only provide rather hazy pictures, as
only certain wavelengths manage to reach the camera from the surface.
Most of the radiation registered by infrared cameras comes from the
greenhouse gases in the atmosphere. The concentration of water vapour,
also a greenhouse gas, in the atmosphere varies considerably due to the

weather and the dryer it is the deeper into the atmosphere you can see.
The other greenhouse gases are relatively well mixed and haze the view
to about the same degree over the whole of the world. Note that this
haziness cannot be observed in the visible spectrum – this is where the
atmosphere has a window – but it is clearly visible in the infrared spectrum.
But isn’t it, on average, hotter than –18 °C? The difference is caused
by the greenhouse gases that absorb and reradiate energy, and the fact
that temperature falls the higher up in the atmosphere it is measured. It
is not the ground itself that radiates energy out into space. Most of the
heat energy that is radiated by the ground is absorbed by the greenhouse
gases in the atmosphere, which leads to the atmosphere having a temperature that is not solely dependent on its direct contact with the ground.
Most of the radiation that leaves the Earth derives from the atmosphere
at an altitude of a couple of kilometres.
The temperature of the atmosphere decreases with altitude above sea
level; it is colder on the top of a mountain than at its foot. The reduction in temperature is between 6 and 10 degrees per kilometre up to an
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altitude of between 10 and 15 kilometres. It is here, in the troposphere,
that the tropopause occurs, an area of constant temperature that blocks
a large proportion of the transportation of water vapour and particles etc
up into the stratosphere.
The effects that greenhouse gases in the air have on the air itself would
be experienced as haze – if our eyes were sensitive to heat radiation instead of visible light. The more greenhouse gases, the hazier it would be.
The effect on the Earth’s radiation balance is that the temperature at
which the Earth appears to radiate its energy into space comes from a
level in the atmosphere that corresponds to a temperature of –18 °C.
This level is about 5 km above sea level.

The Greenhouse Effect
The sun heats the ground to + 15°C.
The temperature decreases with altitude.

Altitude,
km

Outgoing radiation from an altitude of about
5 km.
Thanks to the greenhouse effect, the incoming
radiation is balanced by the temperature of the
atmosphere instead of the ground.
More greenhouse gases make the air hazier
(optically denser).

able to see deep into a lake with muddy water. At this altitude the atmosphere is colder, which means that the Earth radiates less energy than before. An imbalance occurs between the incoming amount of radiation
from the sun and the outgoing heat radiation from the Earth, i.e. not as
much energy is radiated from the planet as reaches it. This difference in
energy causes glaciers to melt, seas to become warmer and the temperature of the air to rise. This process will continue until the temperature
in the atmosphere has risen to such an extent that the amount of emitted
energy equals the incoming amount or until the Earth’s albedo is raised
so much that a larger proportion of the sunlight is reflected. (Melting
glaciers reduce the albedo in a similar way to the expansion of forests in
the most northerly latitudes. The expansion of deserts also raises the
albedo but this is hardly desirable.)
This leads to – or might lead to – consequences that affect the weather systems, glaciers, sea levels, ocean currents, ecosystems and many
other factors that make up the climate system. “Won’t the atmosphere
heat up quite quickly and a new equilibrium be reached?” The answer is
both yes and no. It has been seen that a significant proportion of the surplus energy is used to melt glaciers and raise ocean temperatures. These
are slow processes, from a human point of view, but they do form the
basis for permanent changes. Some of the changes feed back into the cli-

Radiation takes place at a higher altitude where
it is colder, i.e. the planet emits less energy.
The same amount of energy still reaches Earth.
The surplus melts glaciers and heats the oceans
and atmosphere.
This continues until the outgoing radiation
equals the incoming radiation.
, °C

FIGURE 6. Most of the incoming solar energy passes through the atmosphere and
heats the surface of the Earth. However, the greenhouse gases make the atmosphere hazy, when seen as heat radiation leaving the planet. The energy that leaves
the planet does not radiate from the ground surface directly but from the atmosphere about 5 km up, where it is about – 18 °C. More greenhouse gases will haze
the atmosphere even more and radiation will take place from an even higher level
where it is colder, i.e. less energy will leave the earth. This surplus energy can be
observed in the form of melting glaciers and rising sea and air temperatures.

What happens when more greenhouse gases are emitted into the atmosphere is that it becomes hazier in the infrared spectrum via which the
planet radiates energy. The radiated energy will then be emitted from a
higher level in the atmosphere than previously. It’s rather like not being
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FIGURE 7. Feedback created earlier climate changes. An initial change in the incoming amount of solar energy allowed the Earth to emerge from its last ice age
about 10 000 to 12 000 years ago. This change in amount of solar energy melted
glaciers, making more of the land and water surfaces visible and more solar energy
was absorbed, making it warmer, which led to… Similar processes occurred in the
oceans and when they became warmer there was a net emission of carbon dioxide,
which reinforced the greenhouse effect, which made it warmer… These processes
are still occurring today but the changes now have not been caused by changes in
solar energy but by the greenhouse effect, now enhanced as a result of human activities.
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mate system inasmuch as they create further climate changes. Similar
processes have occurred before, for example, when the planet emerged
from its last ice age.
Then, about 10 000 to 12 000 years ago, the Earth began to warm up,
due to changes in incoming solar energy and the angle of the Earth’s axis
etc. This resulted in a certain amount of snow, ice and glaciers melting.
In turn, this led to the planet becoming a little darker, as the surfaces
under glaciers and oceans are darker than snow and ice. The darker surfaces absorbed more of the solar energy and the climate became warmer.
And the system was reversed: the warmer climate caused more snow and
ice to melt and similar processes occurred in the oceans. They also became warmer but at a slower rate than the temperature rise in the air. As
the oceans became warmer they began to emit carbon dioxide. More carbon dioxide in the air increased the intensity of the greenhouse effect
(still 10 000 to 12 000 years ago). The enhanced greenhouse effect made
the climate warmer and the oceans became even warmer. Precisely the
same effects are taking place today. The difference is that the changes in
incoming solar radiation are small compared to the human effects on the
climate. We have started climate changes that could become self-perpetuating. For further explanations, see Basic Radiation Calculations at
Discovery of Global Warming by Spencer Weart [www.aip.org/history/
climate/radmath.htm].
NOT ONLY
CARBON DIOXIDE

Judging by the debate in the media it is easy to get the impression that
carbon dioxide emissions from oil, coal and gas are the main culprits and
that, for example, carbon dioxide from bio fuels (methanol, ethanol, etc)
is neutral or even beneficial to the climate, i.e. environmentally friendly.
Carbon dioxide is carbon dioxide; nature does not care where it comes
from. It is the sum of all emissions of carbon dioxide that causes changes
in the greenhouse effect. As long as there is a surplus of greenhouse gases
in the atmosphere it is in the interests of humanity to reduce all emissions, even natural ones from decay or combustion of biomass. This why
manufacturers of bio-fuels should take on greater responsibility and permanently store the carbon dioxide that is created as a bi-product of
ethanol and other bio-fuel manufacturing processes. Today, the carbon
dioxide created in these processes is released, the argument being that it
is natural. It would, however, be quite easy to compress and permanently store it while it is still in a concentrated form. However, not only
human emissions affect the climate; there are other greenhouse gases.
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The concentrations of methane and nitrous oxide have increased over
the last two hundred years. And we have also added new artificial substances that are also greenhouse gases, for example, freon and perfluoromethane. We must also remember that greenhouse gases are not
the only factors that affect the climate, we also affect it in other ways, for
example, by turning forest into open fields or generating pollutants such
as soot, sulphur compounds and other particles.
People contribute in many ways to all aspects of climate change. Extra
greenhouse gases heat up the atmosphere while emissions of particles of
soot, sulphur compounds etc, generally speaking, have a cooling effect.
To a certain extent, these can compensate for each other where the mean
temperature is concerned but they have other effects on the climate system that cannot be compensated for. For example, particles are nothing
but pollutants and higher concentrations of air pollutants can hardly be
regarded as a justifiable means of compensating for a rise in the mean
temperature.

More
Greenhouse gases
heat

More
Particles
cool

FIGURE 8. Man both heats and cools the climate. The heating effect, however, lasts
far longer than the cooling effect.

When we study the causes of climate change over the past 200 years
it can be seen that:
• Human effects are greater than natural causes, such as variations in
solar radiation.
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WE HEAT AND WE
COOL

• The climate is being heated as a result of the increased presence of
greenhouse gases. Changes in carbon dioxide concentrations are
mostly responsible.
• Part of the heating effect is, however, hidden, as we also emit other
pollutants than greenhouse gases, in the form of airborne particles,
into the atmosphere. More air pollution means a greater proportion
of the solar radiation is reflected away from the planet.
• Deforestation affects ecosystems, local weather conditions and global
climate as the ground surface becomes lighter (changed albedo).
• The air pollutants that have a cooling effect can remain in the atmosphere for days whereas greenhouse gases remain for hundreds and, in
some cases, thousands of years.
Man thus affects the Earth’s radiation balance and, thereby, its climate
in a number of ways. The change in carbon dioxide concentrations is the

Changes in the radiation balance

largest single factor. This, in combination with the fact that a great deal
of the emissions are derived from energy production, transportation, etc,
makes it the most important problematic area. Climate changes caused
by man are larger than those caused by nature, for example, those caused
by variations in solar radiation (the variations in solar radiation effects on
the climate have in no way been forgotten). Man also contributes further
via processes that both heat and cool. The margins of uncertainty are
large, especially with regard to the effects of particles. The net change is
in the magnitude of 2.5 W/m2. If we can clean the air (primarily over
parts of Asia) we will win on the health account but cause a greater heating effect, as part of the cooling effect will disappear as the particles disappear. The change in the radiation balance of about 2.5 W/m2 is to be
compared to the energy that is radiated from the Earth, which is about
240 W/m2. The radiation balance contributes towards heating the
oceans, melting glaciers and raising the temperature of the air.
During periods with small climate changes, the flows of carbon to and
from the atmosphere are approximately the same. Today, human activi-

The Carbon Cycle

Billion tons of carbon
Billion tons of carbon per year

SUM
ANTHROPOGENIC

Particles
directly

Cloudforming
particles

FIGURE 9. The change in radiation balance over the past 200 years. Human effects
on the climate have been greater than the natural effects (solar variations). The
black lines denote the margins of uncertainty. Note that the climate effects are not
only due to carbon dioxide, not even only to greenhouse gases. Man is also responsible for processes that cool the climate system, for example, deforestation
(changing the ground surface conditions) and air pollution (the bar ‘Cloud-forming particles’ represents the effects of particles that act as condensation nuclei for
forming clouds).
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FIGURE 10. The carbon cycle. Despite man’s emissions being relatively small compared to those in nature, they still affect the climate system. Nature releases and
absorbs carbon dioxide, man only releases it. And, slowly but surely, we have
changed the greenhouse effect and the climate system.
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THE CARBON CYCLE

ties, such as the burning coal, oil and natural gas, provide a net surplus
of carbon in the atmosphere. Before the industrial revolution, the atmosphere contained about 600 billion tons of carbon and now there are
about 760 billion tons and this is noticeable, among other things, as a
reinforced greenhouse effect. There are, however, other larger reservoirs
of carbon on the planet: biomass and soils contain just over 2000 billion
tons and in the bedrock there are a further 60 000 000 billion tons of
carbon. By extracting and combusting oil, coal and natural gas, mankind
has contributed to increased concentrations of carbon in the atmosphere.
And this is despite the fact that nature absorbs about half of the carbon
dioxide annually released by man into the air.
The annual flows of carbon to and from biomass sources and the
oceans is about 30 times greater than human emissions – just over 200
billion tons to man’s 6 billion tons. But, as man only adds but never removes carbon dioxide, these emissions have caused the concentrations of
carbon dioxide to change. The capacity of the oceans and the biosphere
to absorb carbon is also dependent on temperature, weather, ocean currents etc. Increasingly warmer oceans will release carbon while the cold
ocean surfaces that absorb carbon are diminishing in size. Expected results of climate change include forest fires that will release carbon into
the atmosphere and further reinforce the greenhouse effect. The system
could find itself in a situation where there is a net release of carbon dioxide to the atmosphere from the sea and biosphere instead of the situation
today, in which they absorb more than they release.
It is uncertain how large the reserves of carbon, in the form of oil, coal
and gas actually are. Probably there is not enough carbon to achieve the
worst case scenarios depicted by the IPCC (UN’s climate panel, the
Intergovernmental Panel on Climate Change). However, there is more
than enough to shift the climate system far from acceptable levels.
Shortages of oil, coal and gas are not large enough to prevent us from
creating enormous climate changes. Oil and gas are the resources estimated to run dry first (which in itself will create enormous problems in
western economies and societies). This will happen long before carbon
reserves begin to give out, as most of the fossil resources are in the form
of coal. From a climate perspective, the greatest problem connected with
fossil energy is the risk that we will continue to use coal as an energy
source for a long time (more than another ten years), without separating
and permanently storing the carbon dioxide. Coal is not estimated to be
in short supply this century.
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Nature has experienced numerous climate changes. Our modern societies have never been close to even the most modest climate changes that
we now fear. We assume that ecosystems (for example, vegetation), basic
ecosystem processes (for example, filtration processes that create drinking water) and weather patterns (such as storms and sea levels) will not
change to a greater degree than we, and nature, can adapt to. Risks of
conflicts between people increase when basic ecosystem processes change.
They change our infrastructures, economic systems, security policies, food
supplies, etc, and put stress on and undermine society values. Sluggishness in the system means that it will take hundreds, maybe thousands, of
years before a new climate stabilizes, as seen in sea levels, vegetation
zones etc. The climate is never stationary but can be relatively stable over
shorter or longer periods of time.
A significant proportion of the climate changes can be attributed to
human emissions of greenhouse gases and air pollutants, and to deforestation. To avoid catastrophic climate situations we must reduce our emissions by 50 to 85 % within the next few decades, according to estimates
made by the IPCC. The climate system will not become stable as long
as there are sub-systems, for example, mankind, that add more greenhouse gases than they remove. As long as we keep on adding more than
nature or we can absorb, it will shift the climate and ecosystem, for example, via changed pH values in the sea, away from earlier positions of
equilibrium. If we want to avoid this, net human emissions will have to
decrease by at least 100 % and finally reach a level at which there is a net
absorption of greenhouse gases instead of persistent generation, experienced up to now. The research community has not reached consensus
about the time limits within which we will have to reduce our net emissions to zero. Depending on what climate consequences are acceptable
and how quickly the reduction can take place, the conclusions drawn
vary, from having already passed the point in time when our emissions
should have been zero to having 10, 20, 50 or even 80 years to go.
There is a risk that seas, land areas and the biosphere will start to release
more greenhouse gases into the atmosphere than they absorb. If and
when this happens, man will have completely lost the initiative for opportunities to limit climate change. Nature itself will then drive the
changes instead of, as today, slowing them down by storing about half of
the human emissions.
Stopping the use of fossil resources is easier said than done. An essential part of our welfare has been created and is maintained by energy that
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comes from fossil resources. Nonetheless, it is important to avoid continued effects on the climate. Continued use of fossil resources is motivated by the argument that they are needed to keep the wheels turning,
that our social structures require them. The question, however, has not
been completely answered because, at the same time, we choose not to
see the enormous consequences that follow in its wake, partly due to the
physical shortage of oil that will occur as a result of supplies drying up
and partly due to the enormous strains on our societies that will arise as
a consequence of climate change. And these changes will not stop until
long after we have stopped affecting the climate.
Completely new market forces and incentives arise as knowledge
about our vulnerability due to climate change is spread among the general public, politicians, markets and investors. “Peak Oil” and “Peak
Coal” are two other large problems that emphasize the necessity for
making processes energy-efficient and reducing our dependency on fossil energy. Peak Oil and Peak Coal mean that the production/extraction
of these resources has reached their maximum rates. Supplies will then
decrease despite rising demand. The shortages of oil, coal and gas will
not solve the climate problem; on the contrary, they will increase instability in society. We have had plenty of time to make ourselves less dependent on fossil resources. To a certain extent we have been successful,
but to a certain extent we also continue to use and even create new infrastructures that assume the availability of fossil resources. The argument is often that we must have access to cheap energy or that alternatives are too expensive. What will happen then when the Peak Oil rate is
reached? Will the arguments for cheap energy still be valid? Will the alternatives then be cheap? The Peak Oil situation will occur; the question
is when. ASPO, the Association for the Study of Peak Oil and Gas, is
looking into these questions and at the time of writing, January 2008,
their scenarios suggest that the peak will be reached around 2010, see
www.peakoil.net.
However, there is no shortage of energy on Earth. There is 10 000
times as much renewable energy (instantaneous power) available than we
currently use. The fuel is free in the form of solar, wind and wave energy
and will never cease to be available. Hydropower is also renewable but
affects watercourses and ecosystems in an irreversible way, i.e. the change
can never be restored. Even bio-fuels are renewable but must be used
very carefully as supplies are limited and production processes affect
ecosystems and the climate. The production of bio-fuels is also carried
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out in competition with the production of foodstuffs. Ethical questions
arise around the morals of producing fuels rather than food.
In order to describe what can happen to the climate, computer models
of climate systems are created. These are complex, non-linear systems
with feedback loops that try to answer questions about how climate systems – the atmosphere, hydrosphere, cryosphere, geosphere and biosphere – will change over the coming years, based on different scenarios
about our behaviour and how sensitive the climate system is to changes,
feedback, etc.
All scenarios show that the climate will change more, the more greenhouse gases and particles we release into the atmosphere and the more
forest we chop down. Airborne particles, for example, those created by
combustion, can have a temperature damping effect. The net effect of
the particles, air pollutants, is that they damage health, affect farming
production negatively and hide a significant part of the heating effect
that the surplus of greenhouse gases entails. Particles can remain in the
air for a few days compared to greenhouse gases that can remain for hundreds or thousands of years. This means that to retain the cooling effect
we would have to continue to pollute the air, which, of course, is not acceptable. In addition, the particles cannot compensate for all the effects
of the extra greenhouse gases – they can only affect the mean temperature. This illustrates yet another dimension of the problem of global
warming, as different human effects on the climate, under certain conditions, cancel each other out but can still not provide complete compensation. This is worth bearing in mind when we, in the future, will
most probably discuss the possibilities of compensating for human climate effects via other human effects, so-called geo-engineering.
So far, we have mostly talked about change of temperature as a climate
parameter and, in particular, the mean temperature. There are, of course,
other climate parameters that are undergoing change, as well as secondary effects such as changes in the biosphere, i.e. in abilities of plants and
animals to adapt, or changes in the hydrosphere and cryosphere, i.e. in
water in both liquid and solid states.
An important consequence of temperature changes can be seen in
adaptations in the cryosphere, i.e. in the amounts of snow and ice.
Measurements verify the assumption that temperature rises, to a great
extent, cause land and sea glaciers to melt. At present, rises in sea levels
are in the order of 3 mm per year, of which 1 to 2 mm are a result of the
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increasingly warmer water expanding and 0.5 to 1 mm as a result of land
based glaciers melting. The IPCC, the UN climate panel, estimates that
the sea level in the next hundred years will rise by at least 0.2 to 0.6 m
above today’s level. The stabilization level, i.e. the level reached before
the sea level ceases to rise is estimated to be 0.4 to 3.7 m above today’s
level. This could take hundreds or thousands of years. But this is only the
rise in sea level due to the expansion of water due to increased temperature and the melting of glaciers from the Alps. The melting away of
other land based glaciers, especially in Antarctica, will contribute significantly to the rise in sea level but is so difficult to quantify that discussions
have been in qualitative rather than quantitative terms – the IPCC in
their 2007 report could not agree on any actual figures.
Even half-metre-higher sea levels will affect many of the planet’s large
coastal cities. And even if these cities will not be completely flooded,
there will be severe consequences with regard to the quality of drinking
water and risks of flooding in sewage systems, communication systems
(such as underground railways) and power distribution systems. The
costs of adapting to or fending off the consequences are difficult to
assess.
There are some researchers, however, who maintain that the IPCC estimates are far too low with regard to the rise in sea level. Prehistoric climate changes show examples of very large rises in sea levels over very
short spaces of time and they question why such rises should be excluded in the near future. 14 000 years ago the sea level rose by 20 m within the space of 400 years, i.e. at an average rate of 1 m every 20 years.
The creation of glaciers, and corresponding lowering of the sea level, is
a dry and slow process. Their melting away and the subsequent rise in
sea level is a wet and quick process. James E. Hansen, adjunct professor
at Columbia University and head of research at NASA, wrote about
“multi-metre sea level rise on the century time scale” in the “Business as
usual” scenarios. He also says that a 5 m higher sea level is most probably
a better estimate than the IPCC’s 0.2 to 0.6 m for 2100 [Hansen, 2007].
The IPCC’s compilations and quantifications should be regarded as
the smallest imaginable changes, not necessarily the most probable ones.
Above all, these are not the greatest changes that can occur. The IPCC
does not rule out that changes could be quicker or larger. This is precisely
what happened in the late summer and early autumn in 2007 when an
unexpectedly large area of the Arctic ice cap melted. Seasonal variations
mean that the ice cap normally has its smallest spread in the middle of
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September every year. It was known that the ice cap was gradually diminishing and it was estimated that the North Pole would be ice-free by the
summer of 2100. Satellite surveys, however, showed a situation in 2007
that had not been anticipated until 2040 [Carbon Equity: The Big Melt].
Glaciers are melting. This means that water flows in rivers are increasing, which initially will affect farming in a positive way. On the other
hand, as glaciers melt, the risk of landslides increases, both close to the
glaciers and along the river courses. Within a few decades, smaller volumes of water will be seen in rivers, as the water reservoirs in the form
of glaciers quite simply will have melted away and run out to sea.
Forest fires are occurring more often. As the climate changes, the conditions under which plants can survive, after having adapted themselves
for thousands of years to comparatively stable climates, also change. It is
not unusual for forest fires to start because of human actions, for example, due to sparks from a train or people setting them alight on purpose,
or for natural reasons, such as being struck by lightning. As the climate
changes quicker than most plants, and especially trees, can adapt, this will
most probably mean that the amount of dry biomass will increase in the
future. Climate models also show that certain areas, for example southern Europe, will experience more hot and dry summers in the future.
The number of forest fires will most probably rise and they will most
probably be more difficult to put out. In the summer of 2003 there was
an incredibly intense heat wave in southern Europe. Climate models
show that summers like these will probably be the norm within 10 years
or so from now. Many places will experience changes in weather patterns,
primarily with regard to the probability of experiencing, for example, unprecedented precipitation and temperatures. Note that this does not necessarily mean higher temperatures; changes could be in the form of sustained hot periods. Many climate models show that the probability of
heat waves will increase at the same time as extreme cold periods decrease. Furthermore, the paths of low pressure will be displaced while the
probability of heavier precipitation will increase.
The greenhouse effect was described by the French mathematician
Joseph Fourier [Fourier, 1824]. He also suggested that the temperature
of a planet depended on the relationship between the incoming and outgoing radiation, that the Earth received short-wave radiation from the
sun and re-emitted long-wave radiation. The Swedish chemist Svante
Arrhenius described in 1896 how a halving of the concentration of car-
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FOR SOME TIME

IT IS NOT THE
ELEVENTH HOUR

bon dioxide in the air could explain the colder climate that prevails during an ice age. His colleague Arvid Högbom carried out calculations on
the natural flow of carbon dioxide and together they realized that human
combustion of coal could change the climate. All that was required was
to burn enough coal for a sufficiently long period of time. Two American
oceanographers, Revelle and Suess, described in 1957 how “Human beings are now carrying out a large scale geophysical experiment of a kind
that could not have happened in the past nor be reproduced in the future,
due to the combustion of a significant amount of fossil carbon and are,
thereby, changing the chemical compositions of the atmosphere and
seas” [Revelle och Suess, 1957]. Over the past two hundred years, many
other researchers have contributed to the increase in knowledge about
our effects on our environment. For a long time, we have known that the
lives we are leading are neither sustainable nor responsible. However, researchers have not been very good at communicating this knowledge to
the general public, trade and industry and politicians. Nor has society
been interested in listening to and understanding the extent of this
knowledge. A great change has taken place in recent years with respect
to the attitudes to this knowledge and our ability and willingness to be
informed.

FIGURE 11. For ten thousand years our climate system has been relatively stable,
with only a few minor variations. It has now left its historical state and departed
on a journey into the unknown; the Earth’s climate systems are now undergoing
real changes. Hopefully, we can stop climate change relatively soon. We will, however, never be able to return to those of the 1900s.

There are many who would like to use the symbolic expression of
“eleventh hour” and say that we must now act forcefully to avoid climate
change. Unfortunately, it’s already past twelve o’clock – climate change
can no longer be avoided. On the other hand, as the climate is an ongoing dynamic process, we can influence the degree and speed of change
but only within certain limits.
Unfortunately, we might find ourselves in a situation in which nature
itself is the driving force behind climate change and we will be powerless
to stop it. Many researchers maintain that this limit will occur around a
temperature rise of three degrees. When we have reached this point the
oceans and biosphere will turn into sources of carbon dioxide instead of
being the carbon dioxide sinks they are today. In that case, a temperature
rise of more than four degrees Celsius will be inevitable. These are pure
speculations and are actually unnecessary, as all our efforts must be directed towards avoiding climate changes of 1 to 2 degrees. Even at this
level we will find ourselves at the limits of what we can expect our social
structures to be able to manage. The impact on basic functions such as
food production, clean water, existing infrastructure etc will be enor-

mous. Conflicts and even wars due to lack of basic human needs cannot
be ruled out. Besides the underlying social, ethnic and political reasons,
it has been pointed out by the UNDP (United Nations Environment
Programme) that the conflict in Darfur was partly caused by environmental changes due to erosion and partly caused by climate changes. The
desert has spread more than 100 kilometres in 40 years, 12 % of the forest in Sudan has disappeared in the last 15 years and precipitation has
been reduced by a third over the last 80 years in northern Darfur
[UNDP, www.unep.org]. These climate changes are estimated to reduce
farming productivity by a further 70 %. An important issue for the peacekeeping activities in Sudan is the extent to which a sustainable environment can be attained, primarily by limiting erosion of forest and farming
land. The tragedy in Sudan is an example of how man’s use of natural resources, such as fertile land and forests, in combination with climate
change can destabilize communities and even whole nations. The slow
processes innate in climate systems and societies mean that climate
changes must be reduced long before critical limits are reached. The consequences will otherwise escalate and become self-perpetuating.
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If we do not act forcefully to reduce climate change, the consequences
will be disastrous. An increase of only two degrees will mean that millions of people will risk being without fresh water, 20 to 30% of our
ecosystems will die out etc. Nobody knows how this will affect our social structures and the changes will not be easy to handle. Nicholas Stern,
former head of the World Bank wrote in his report The Economics of
Climate Change: The Stern Review [www.hm-treasury.gov.uk/] that the
consequences can be compared to the depression in the 1930s or to the
World Wars and that it could be very difficult to find a way out of the
crisis. “In order to stabilize the amount of greenhouse gases in the atmosphere, emissions must reach a peak and thereafter decline”, wrote the
IPCC in one of its reports in 2007 [IPCC Summary for Policymakers,
2007]. “The sooner the peak occurs and the greater the decline becomes, the smaller the climate changes will be.” It is of extreme importance that man’s effects on the climate are rapidly reduced. And when we
have reached this goal, when net emissions of greenhouse gases into the

Stabilization

In order to stabilize the amount of greenhouse
gases, GHGs, in the atmosphere, the emissions
must first peak and thereafter decrease.

FIGURE 12. The amount of carbon in the carbon dioxide emitted from human
sources per year. The black line shows the total emissions, the coloured lines to
the left in the diagram show the proportions for the respective regions: Green for
Europe, blue for USA. Emissions exploded after the 1950s. Two scenarios for reduced emissions and the consequences in the form of changed mean temperature
are shown. Note that the curve representing the greatest reduction falls below
zero before the year 2100.
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atmosphere are no longer created, the climate will continue to change
because of all the sluggishness in the system. But, the sooner we act, the
smaller the problems will be.
As significant proportions of the emissions are connected to our fundamental ways of creating welfare, these innately slow processes will have
to be taken into consideration: For example, it will take time to change
our transportation systems, now mainly driven by fossil fuels. The same
applies to the generation of electricity. We must, however, remember
that there is no lack of energy on the planet: our momentary power output is 13 TW (13 000 000 000 000 Watts). This is the power that we,
6.5 billion people, use to generate our welfare. At the same time, nature
can offer 120 000 TW in the form of solar energy, wind, wave energy,
biomass etc. This is the amount of energy that originates from the sun
and that is converted into different forms. Consequently, there is no
shortage of energy sources on the planet, but there is a shortage of
methods that we can use to harness them.
The first lesson we will have to learn is how to increase energy efficiency, from changing light bulbs to using waste energy from industrial processes for heating homes. At the same time we must question our own
ways of living. This becomes very obvious when we see how the western
world questions the ambitions of developing countries to create their
own welfare in similar ways to how we created ours.
We must, of course, increase the proportion of renewable energy
sources, for example, by harnessing wind and solar energy, and via a sustainable use of forest and farm produce. However, it is not enough only
to do what is right; we must also greatly reduce doing what is wrong.
Seen from a supply perspective, it might be more important to increase
our ability to use renewable energy but, from a climate perspective, it
might be more important to reduce fossil combustion and deforestation.
Naturally, these two processes must take place simultaneously: we must
reduce energy use, increase the proportion of renewable energy sources
and reduce the use of fossil energy sources. We should strive to carry this
out both in our own and other countries. We must adapt ourselves and
help others to adapt themselves to new climate situations.
We must also understand that it is not only a question of climate
change and energy. We have created a number of processes that change
ecosystems, the ability of plants and animals to reproduce (among other
things, we have created environmental toxins that can even be found in
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our own bloodstreams). However, the most clearly noticeable fact is,
perhaps, that man has not just been an observer: he has actually been a
player in the evolution of this planet by causing climate change.
Unfortunately, the learning curve about the climate has been unnecessarily long. Many wise scientists raised the question and threw light onto
it half a century ago. Ironically enough, man has, via his capacity for
reasoning, his sense of competition, curiosity, egoism etc, first created
welfare (and jealousy) but lacked the ability to realize in time the real
threats to this welfare. And we have now really fallen behind. Henceforth, it will be a question of reducing climate effects, as well as fending
off/adapting to climate change. If we had started earlier, it would, to a
great extent, have sufficed to reduce effects on the climate. And, strange
as it may seem, the solution in itself is neither threatening nor unwelcome. The solution lies in the use of renewable energy sources and refraining from using the limited, non-renewable sources. There is no
shortage of energy, ideas or willingness to do the right things. Most important of all, however, is not to do the wrong things.
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COMMENT

Never before has so much justifiable attention been paid to the outdoor environment. No matter whether the issues have concerned diminishing fossil
fuel resources or the effects of man on the outdoor environment and climate,
there is every reason why we should exert ourselves to the limit to reduce the
effects of these actions. This is probably the most profitable investment we can
make – not only for ourselves but also, and above all, for future generations.
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8IFOUIPTFPGVTXIPBSFOPSNBMMZFOHBHFEJOUIFTVCKFDUPGJOEPPSBJS
UVSOPVSBUUFOUJPOUPUIFJOEPPSFOWJSPONFOU XFPGUFOSFGFSFYDMVTJWFMZ
UPUIFUFNQFSBUVSF IVNJEJUZ TQFFE QVSJUZBOERVBMJUZPGUIFSPPNBJS 
BOEUPUIFSPPNhTBDPVTUJDT6OGPSUVOBUFMZ UIJTJTBSBUIFSOBSSPXXBZPG
MPPLJOHBUUIJOHT"OJOEPPSFOWJSPONFOUDPNQSJTFTTPNVDINPSF BTJU
BMTP EFQFOET PO UIF CVJMEJOHhT BSDIJUFDUVSF  MJHIU TPVSDFT  DPMPVS
TDIFNFT GVSOJTIJOHTFUD
8IFOEFTJHOJOHBCVJMEJOH JUJTUIFBSDIJUFDUhTKPCUPGVMGJMUIFDMJFOUhT
SFRVJSFNFOUT BOE JOUFOUJPOT XJUI SFTQFDU UP UIF GVODUJPOT PG UIF CVJME
JOH $POTFRVFOUMZ  UIF BSDIJUFDU IBT BO FOPSNPVT JOGMVFODF PO UIF BFT
UIFUJDBM BTQFDUT PG UIF CVJMEJOH  FYUFSJPSMZ BOE JOUFSJPSMZ  BT XFMM BT UIF
GVODUJPOJOHPGUIFCVJMEJOHBOEJUTFOFSHZQFSGPSNBODF%JGGFSFOUBSDIJ
UFDUVSBMBOETUSVDUVSBMTPMVUJPOTIBWFXJEFMZWBSZJOHFGGFDUTPOUIFDPN
QMFYJUZPGUIFJOTUBMMBUJPOTSFRVJSFEUPBDIJFWFUIFJOEPPSDMJNBUFTUJQV
MBUFEJOUIFSFRVJSFNFOUTTQFDJGJDBUJPO*UJT UIFSFGPSF WFSZJNQPSUBOUUP
NBJOUBJO BO PQFO BOE XPSLJOH EJBMPHVF CFUXFFO UIF BSDIJUFDU BOE UIF
FOHJOFFSJOH DPOTVMUBOUT 5IFJS DPNNPO BNCJUJPO NVTU CF UP DSFBUF B
CVJMEJOHUIBUXJMMXPSLBTBOJOUFHSBUFEXIPMF
8FEPOPUIBWFUPMPPLUPPGBSUPGJOEUIBUQFPQMFFYQFSJFODFUFNQFSB
UVSF JO WFSZ EJGGFSFOU XBZT 0OFhT PXO GBNJMZ XJMM TVGGJDF  TPNF NFN
CFST UIJOL UIBU JU JT UPP XBSN JOEPPST XIJMF PUIFST  NPTU QSPCBCMZ GF
NBMF UIJOLUIBUJUJTUPPDPME5IJTFWFSZEBZFYBNQMFJMMVTUSBUFTKVTUIPX
EJGGJDVMUJUDBOCFUPBHSFFPOXIBUJTSFHBSEFEBTBOBDDFQUBCMFUFNQFSB
UVSF"DPNQSPNJTFJTPGUFOSFBDIFE BOEOPPOFJTSFBMMZTBUJTGJFE.PTU
QFPQMF XPVME MJLF UP CF BCMF UP BEKVTU UIF SPPN UFNQFSBUVSF JO UIFJS
XPSLQMBDFBOEQSBDUJDBMTPMVUJPOTBSFOPXBWBJMBCMFUPEPKVTUUIJT*OTZT
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UFNT XJUI TPDBMMFE DMJNBUF NPEVMFT PS DIJMMFE CFBNT  TFQBSBUF TFUUJOHT
DBOCFNBEF FJUIFSGPSJOEJWJEVBMSPPNTPSHSPVQTPGSPPNT5IFTFBSF
FYBNQMFTPGQSPEVDUTUIBUBMMPXPGGJDFTUBGGUPFOKPZJOEJWJEVBMUFNQFSB
UVSFDPOUSPM XIJDIIBTBHSFBUFGGFDUPOUIFJSQSPEVDUJWJUZBOEXPSLFG
GJDJFODZ
"DDFQUBCMFTPVOEMFWFMTJOIPNFTBOEBUXPSLDPVMECFSFHBSEFEBT
CFJOH B OBUVSBM SJHIU 6OGPSUVOBUFMZ  UIJT JT OPU BMXBZT UIF DBTF &WFO
IFSF  UIF BSDIJUFDU QMBZT BO JNQPSUBOU SPMF  CFJOH SFTQPOTJCMF GPS UIF
PWFSBMMEFTJHOPGUIFCVJMEJOH UIFDIPJDFPGXJOEPXTBOECVJMEJOHNB
UFSJBMT FUD5IFTJSJOHPGUIFCVJMEJOHJTBMTPJNQPSUBOUJUJTPCWJPVTMZ
IBSEFSUPDSFBUFBHPPEBDPVTUJDFOWJSPONFOUJOBCVTZEPXOUPXOBSFB
UIBOJOUIFDPVOUSZTJEF

BOE XF PGUFO IBWF DPNQMFUFMZ EJGGFSFOU JEFBT BCPVU XIBU DPOTUJUVUFT B
HPPEJOEPPSDMJNBUF8JUIUIFXPSMEhTQSFTFOUGPDVTPOFOFSHZJTTVFT JUJT
FWFO NPSF VSHFOU UIBU BMM UIPTF FOHBHFE JO JOEPPS FOWJSPONFOU JTTVFT
NBJOUBJOBXPSLJOHEJBMPHVFBOEDPPQFSBUFUPUIFGVMM/PPOFDBOCFBO
FYQFSU BCPVU FWFSZUIJOH CVU  CZ XPSLJOH JO DMPTF DPPQFSBUJPO BOE XJUI
NVUVBM SFTQFDU  JU TIPVME CF QPTTJCMF UP NBLF JNQPSUBOU TUFQT UPXBSET
CFUUFSJOEPPSFOWJSPONFOUTBOENPSFFGGJDJFOUVTFPGFOFSHZ

"MMNFDIBOJDBMJOTUBMMBUJPOTJOBCVJMEJOHBGGFDUUIFBDPVTUJDFOWJSPO
NFOUUPTPNFFYUFOU'BOT QVNQTBOEMJGUTUPOBNFBGFXBSFPGUFO
TPVSDFTPGJSSJUBUJPO.PTUQFPQMFXIPXPSLJOPGGJDFFOWJSPONFOUTBOE
XIPFYQFSJFODFXIBUIBQQFOTXIFOUIFWFOUJMBUJPOTZTUFNTIVUTEPXOBU
UIF FOE PG UIF EBZ LOPX IPX UIF FOTVJOH TJMFODF QSPEVDFT B GFFMJOH PG
SFMJFG $POTUBOU FGGPSUT BSF CFJOH NBEF UP SFEVDF UIF BNPVOU PG FOFSHZ
VTFEGPSSVOOJOHGBOT XIJDINFBOTEFTJHOJOHGPSMPXFSBJSTQFFETJOUIF
WFOUJMBUJPO TZTUFN 'PSUVOBUFMZ  UIJT BMTP NFBOT MPXFS OPJTF MFWFMT  B
QFSGFDU FYBNQMF PG BO FOFSHZTBWJOH NFBTVSF HPJOH IBOEJOIBOE XJUI
JNQSPWFEDPNGPSU
5IFUJUMFPGUIJTCPPLJT"*3BOEUIFSFBEFSNJHIUXPOEFSIPXUIFBJS
UJHIUOFTTPGBCVJMEJOHDPNFTJOUPUIFQJDUVSF*O$IBQUFS"JSUJHIU
OFTTGPSFOFSHZFGGJDJFODZBOENPJTUVSFQSPUFDUJPO JUCFDPNFTQFSGFDUMZ
DMFBS"JSNVTUCFQSFWFOUFEGSPNGJOEJOHJUTXBZUISPVHIUIFCVJMEJOH
FOWFMPQF GPSUIFTBLFPGUIFPDDVQBOUTBOEUIFCVJMEJOHJUTFMG5IFBJS
UJHIUOFTT PG B CVJMEJOH BGGFDUT UIFSNBM DPNGPSU  BDPVTUJDT  NPJTUVSF
SFTJTUBODF WFOUJMBUJPO FOFSHZSFRVJSFNFOUT FUD BOEJTBLFZGBDUPSXJUI
SFHBSEUPIPXBCVJMEJOHJTFYQFSJFODFEBOEIPXJUBDUVBMMZGVODUJPOT
"OPUIFSLFZGBDUPSUIBUEFUFSNJOFTPVSFYQFSJFODFPGUIFJOEPPSFOWJ
SPONFOUJTUIFBWBJMBCJMJUZPGMJHIUBOEJO$IBQUFS1FPQMFBOECVJME
JOHTCPUIOFFEMJHIU JUDBOCFTFFOIPXJNQPSUBOUOBUVSBMEBZMJHIUJTUP
PVSIFBMUIBOEXFMMCFJOH4PMBSSBEJBUJPOBMTPDSFBUFTIFBUJOBSPPNBOE
UIJT PGUFO NFBOT UIBU XF OFFE FWFO NPSF DPPMJOH  XIJDI JT IJHIMZ
VOEFTJSBCMF BTXFXBOUUPSFEVDFPVSFOFSHZVTF'PSUVOBUFMZ JNQSPWFE
XJOEPX EFTJHOT BOE EJGGFSFOU UZQFT PG TVO TIBEJOH DBO IFMQ MJNJU UIF
BEWFSTFFGGFDUTPGTPMBSSBEJBUJPO
0VSFYQFSJFODFPGUIFJOEPPSFOWJSPONFOUJTBDPNQMJDBUFETVCKFDU
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Why is it that outdoor air almost always represents something heavenly,
while indoor air is described as having varying degrees of hellishness?
Even noticeably foul air is tolerated outdoors, while the same air indoors
is completely unacceptable. The smell of urban air is something for
which many are prepared to pay dearly, just as long as it remains outside
the dwelling. It is as if the actual stagnation, the fact that the volume of
air is at least perceived to be uniform, arouses our sense of nuances that
are not otherwise noticed.
These values do not remain the same over time. We are equipped with
an immeasurably acute sensitivity, which allows us to perceive changes in
that which pertains to our survival. In Torgny Lindgren’s novel Merabs
Skönhet, the well digger describes the nuances in the taste of the water
so critically that he is allowed to determine the location of the dwelling
site. Since the dawn of industrialisation, air quality has had a decisive influence on Europe’s urban planning. Where a westerly wind prevails, the
westernmost town quarters have always been preferred by those who
have been able to choose. East of the city, where factories and chimneys
discharged their waste into the air without a care, lived the workers.
Thus, the air itself contributed to a division of the built environment.
These motives persist, but take on new expression. When the chimneys are moved to Asia, it is the traffic that causes people to choose
where they wish or do not wish to live. Before the advent of elevators,
dwelling status sank with building height; later, the opposite relation
would apply. The free air of height is irresistible. The higher, the freer. It
is the uppermost floors that make the high-rise attractive. The high-rise
is the post-industrial chimney. Instead of sending up smoke, people take
the elevator to the freedom of heavenly heights.
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The changes in the atmosphere which are now affecting the climate
are not, as yet, something that can be directly perceived by people. The
distribution of the main constituents of air, oxygen and nitrogen, is essentially constant. Indoor air, on the other hand, has changed drastically. A description of the development of indoor climate is aided by British
engineering historian Bill Addis’s excellent book, Building: 3000 Years
of Design, Engineering and Construction, [Phaidon, 2007], which defines the present situation. The following history is based largely on his
presentation.
The earliest problems with ventilation as a means of creating reasonable
conditions for people were encountered when mines were sunk so far
into the ground that the air did not circulate on its own. The cool mine
air does not rise, which is why technical solutions for air exchange were
directly decisive for mine operation. The simplest method involved the
use of fire. With the warm air, oxygen-deficient, and sometimes poisonous, air was ventilated out and the negative pressure drew fresh air in
from the surface, sometimes via special shafts. Capacity was limited, however, and significant amounts of wood were consumed. In his tract, De
re Metallica from 1556, the father of mineralogy, Georg Agricola, described several alternatives involving different types of fan systems for
mines.
At the same time, the emergence of the new bourgeoisie society
brought about a need for secular meeting places. Earlier, churches had
provided social meeting places, but with the growth of urban prosperity,
the demand for public meeting spaces arose. The church structure’s
height, in combination with the church tower with its sound vents, was
ideally designed to accommodate huge crowds; but for the meetings of
political life, the church was not a suitable model. To utilize the same
chimney effect, the new assembly buildings, such as the assembly hall in
Bruges from 1534–37, or the town hall in Antwerp from 1561–65, were
equipped with roof-mounted ventilation outlets. That this first became
customary in northern, Protestant Europe is no accident. The need to
separate church and state was more acute than in Roman Catholic countries. By the 18th and 19th centuries, these ventilation chimneys adorned
innumerable public buildings throughout Europe.
In the 1600s, attitudes as to what constituted good and bad air were
not always the same as they are today. There was a widespread understanding that the poor outdoor air should be prevented from entering
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FIRE AND TOWERS

the buildings, where smoke from fires and candles would make the air
salubrious. Consider the smoke sauna, for example. It was not until scientists began to be interested in the composition of air and became
aware of the significance of oxygen that air exchange became an important consideration. In 1670, Robert Hooke demonstrated that the requirements for air for breathing and combustion were the same, and in
1713, the significance of fire for ventilation was reported in Mechanism
of Fire by Nicolas Gauger. Shortly thereafter, in 1744, John Theophilus
Desaguliers described a ventilation system that would evacuate “air that
has been fouled by the exhalation of many people and the vapours from
candles” in Christopher Wren’s newly built House of Commons.
During the Enlightenment, knowledge surrounding heat, humidity
and gases grew with the advent of new measurements instruments. At
the same time, urban density increased with the addition of many very
poor-standard dwellings. Consequently, in the mid-1700s, doctors, scientists, philosophers and reformists began to show an interest in issues
of public health and the underlying causes of contagion. A widespread
theory was that contagious disease spread via the air from rotting meat
or diseased humans and animals. It was an acknowledged fact that illness
flourished in enclosed environments such as ships, barracks, prisons and,
ironically, hospitals. Since it was believed that diseases were transmitted
via the air, attempts were made to ventilate buildings where disease was
known to occur or to isolate carriers of the disease. This, however, was
seldom practical.
In 1752, British scientist Stephen Hales convinced authorities at
London’s Newgate Prison to open ventilation ducts in the walls and install a large fan to force in fresh air. Mortality and diseased were radically reduced, and Hales’ principles won widespread acceptance and were
incorporated in the many new public buildings then being erected. As is
still the case today, the choice was between two principles: natural or mechanical ventilation.
The Royal Navy hospital at Stonehouse, Plymouth, was designed as a
number of narrow pavilions, whereby each ward could be ventilated with
a cross draught. Positive experiences of ventilation soon spread in both
England and France.
THE VENTILATOR
EVOLVES

Mechanical ventilation driven by heat or fans had long been applied in
mines. Even though heat-driven ventilation had been applied with a degree of success in the House of Commons in 1705, it was difficult to cre-
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ate sufficient draught with the principle. In an attempt to improve the
ventilation there, Desaguliers installed a hand-driven fan with a diameter
of more than two metres. Desaguliers thereby coined the term “ventilator”, but in this case, he was referring to the person who operated the
wooden apparatus.
At the same time, Hales was experimenting with bellows that would
force air into a granary and thus prevent the grain from rotting. The
principle was successfully applied on the navy’s large ships. As larger ships
were built and voyages grew longer, problems of ventilation became
more acute, especially since the use of fire onboard ships was discouraged. Hales likened the ship to a whale and the ventilator its lung and his
principles soon became popular. Hales’ system was installed on all Royal
Navy vessels. Hales’ version of the manually operated ventilation fan was
installed in Naples, St. Petersburg and Lapland. Since these devices so
dramatically improved the environment in prisons, hospitals and barracks
where they were installed, complaints about the work involved in operating them were minimal. In these institutions, the work of operating the
fan was part of daily routine, while in other contexts, mechanical ventilation remained a luxury. As late as the 1840s, for example, two people
were required to run the fan that supplied Queen Victoria’s opera box
with fresh air. Textile factories, which always stood near a source of water
power, were provided with water-propelled fan systems that extracted
the dust, thereby eliminating a fire hazard. Otherwise, mechanical ventilation did not become popular until the advent of the small steam engines in the mid-1800s.
By the 1810s, the quality of air was beginning to be defined and principles for determining the speed of throughput of air began to emerge.
During this period, in England, the Derbyshire General Infirmary was
erected. This hospital incorporated all the latest technology in heating
and sanitation. The driving force behind the project was a medical doctor, Erasmus Darwin, who, together with engineers William Strutt and
Charles Sylvester, created a structure with a ventilation system that
spread warm air in the winter and cool air in the summer. The air flow
was improved with the addition of rotating hoods on the tops of ventilation chimneys, which increased the draught in the ventilation ducts.
Air was brought in via a 70-metre-long, 1.2-metre-wide tunnel in which
the temperature remained relatively constant the year round. In winter,
air was heated in furnaces on each floor. The laundry was steam-heated
and equipped with a steam-driven laundry machine. The wet laundry
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was hung on racks that were rolled on rails out to a special drying room.
Strutt also developed flushing toilets that filled with water when the
user opened the door. Innovations also included new, adjustable beds, a
meat grill in the kitchen, and foot warmers. These successes made the
building and its designers famous and in demand all over Europe and
even in North and South America. Even ships that were designed for
Arctic exploration were heated and ventilated with Strutt & Sylvester’s
systems.
Desaguliers’ innovative House of Commons burned down in 1834,
and when parliament was temporarily moved to the House of Lords, this
building was equipped with a sophisticated system designed by the
Scottish chemist and engineer David Boswell Reid. One chamber was allocated to “moistening, drying, cooling and other alterations to the air,
besides those achieved by the hot water apparatus”. In warm weather,
the air was cooled by large blocks of ice placed in the ventilation ducts.
Even though the term did not yet exist, Reid’s device was a full-fledged
air conditioner. Soot was removed from the air with filters, after which it
was washed in both water and limewater, while acid was neutralised with
ammonia. Finally, the air was disinfected with chlorine. The vitiated air
was expelled via the ceiling, where glass plates concealed gas lamps which
aided the draught while at the same time providing lighting for the
room. The inclined glass plates also improved the acoustics.
Reid soon made further advancements with the installation of the
world’s first large-scale mechanical ventilation system in St. George’s Hall
in Liverpool. It was designed and built between 1841 and 1854. Three
fans, each three metres in diameter, drew in fresh air and also supplied
the large concert organ. Capacity could be varied from 100 to 5000
spectators, and the maximum ventilation capacity was 50 000 cubic feet
per minute. After filtering, heating or cooling and humidification, as required, the air was distributed along the walls via thousands of tiny holes
near the floor. The advanced system functioned for nearly 130 years.
FROM ICE TO
COOL AIR

Although heating and ventilation systems were well developed by the
mid-1800s, no effective means of cooling the air was devised until the
close of the century. The traditional method of cooling air was based on
the fact that heat is released when water evaporates. Ponds, and still better, fountains, cool the surrounding air. Ice was used to refrigerate food,
and trade in ice was a major industry in the 1800s.
The American “Ice King” Frederic Tudor sold ice from Boston not
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only throughout the USA, but also to Cuba, Central and South America,
to China, the Philippines, India and Australia. In the 1860s the ice industry reached a peak, with 200 000 tons of natural ice being exported
from the USA.
The principles of refrigeration in a closed process were first developed
by the American inventor and steam engineer, Oliver Evans, in 1805.
However, the first refrigeration machine to successfully produce cooled
air in large amounts was not built until nearly half a century later.
Competition from the ice trade, however, impeded development. Until
the latter half of the 19th century, water curtains or ice were still mainly
being used to cool inflowing air. By placing blocks of ice on wooden
stands in the air ducts, the air could be cooled by about 10 degrees. The
cooling capacity could be calculated. In the 1880s, for example, Madison
Square Theater in New York used four tons of ice every evening. The
great change came about when it became possible to cool air directly
with refrigeration machines. The need for theoretical models thereby increased, and in 1887 a heating and ventilation research institute was
founded in Berlin by Hermann Rietschel, the world’s first professor of
heating and ventilation technology. His manual for calculation and design of ventilation and heating systems is still in print. Another historic
figure is Richard Mollier, whose lucid Mollier diagram is still used to describe the relations governing air temperature, humidity and energy content. To be able to maintain a stable indoor climate it was essential to be
able to control humidity. Textile engineer Stuart Cramer was the first to
present a viable solution to this problem. It was he who coined the term
“air conditioning” to describe his devices for achieving the correct temperature and humidity in the spinning mills. Cotton fibres become brittle if exposed to air that is too dry (which is one of the reasons why the
textile industry emerged on Britain’s damp west coast), and trials with
water vapour caused the machines to rust.
In the 1920s, air conditioning systems became a standard feature in
American factories, hotels, theatres and, not least, cinemas. The fact that
cinemas could offer filmgoers a few hours of cool relief strongly influenced the growth of the American film industry. All the while, cooling
machines were being refined, and Electrolux presented the first system
that was driven by heat, a seemingly paradoxical method of running a refrigerator that later became well known to many caravan owners. The
first small single-room units were introduced in the 1930s. These were
the predecessors of the boxes that are now mounted on the walls of
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buildings the world over. However, it was not until the post-war years
that air conditioners became commonplace in American offices.
Everywhere, the process was the same. Once the proportion of offices
with air conditioning reached 20 percent, all other property owners were
soon compelled to follow suit in order to compete in the rental market.
The great change that has taken place in the past half century is the
realisation that buildings can and should conserve energy. Here, the
foremost technical innovation is the heat pump, a device that can be used
both to heat and cool a building. The principle was developed by
William Thomson, later Lord Kelvin, (the man behind the absolute temperature scale) in the 1850s, but the first heat pump was installed by engineer Thomas Graeme Nelson Haldane in his own home and office.
This uncommonly efficient principle, by which more than twice the energy input is returned, achieved a degree of success and was employed,
for both heating a cooling, in 1951 in the Royal Festival Hall on the
Thames. However, low oil prices impeded technical development.
As energy conservation has become an ever more important element
of architectural design, greater focus has been placed on building operation and use, whereas previously, more attention had been paid to the
form and construction of the building. Naturally, buildings in extreme
climates attract particular interest. As early as the 1950s, architect Ralph
Erskine’s ideas on sub-arctic construction engendered international interest, even though human wellbeing, rather than energy use, was what
interested Erskine most. Today, energy-efficient indoor climatization in
tropical climates, as exemplified by solutions by architects like Ken Yang
and Renzo Piano, are applied throughout the world. In a global perspective, cooling now accounts for greater energy use than heating.
ATMOSPHERE IS
MORE THAN AIR

The history of indoor air, as described here, is largely the history of the
triumphs of mechanical ventilation. At the same time, modern ecological building has brought about a renaissance for the technology of natural ventilation. That the British Houses of Parliament were at the forefront of technical development in a country that was the birthplace of industrialism is only logical. But even though the technology had been refined 150 years later, British architect Norman Foster chose a solution
based on natural ventilation for the new German parliament in Berlin.
From a user perspective, well-functioning natural ventilation is unsurpassed. No noise from fans, and stable systems that are always in operation. In Germany, offices are more often ventilated by opening windows
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than by mechanical ventilation systems. This is probably energy-efficient
in a country with a relatively mild climate. If energy use is to be reduced
in cold countries, there is no alternative to extracting heat from vitiated
air leaving the building in order to heat the inflowing air. Today, when
buildings are equipped with advanced fan systems, it is more for the sake
of humanity than for human wellbeing.
In a long-term perspective, our way of creating indoor climate seems
hopelessly primitive. Energy-efficient, complicated and with dubious
quality. In addition, we are not accustomed to buildings in which the
temperature is essentially constant year-round and at all hours of the day
and night. Furthermore, we are not accustomed to building them. In
times past, ventilation focused almost exclusively on getting rid of indoor
air vitiated by human activity. But air quality can also be compromised by
materials or by ventilation itself. The fatal components are often very
marginal compared to the total volume. Glue, paint, plaster and plastic
can give great cause for discomfort, even in there original state; but unlike wood, stone and metal, there is no telling what can happen when
they are exposed to heat and moisture. Good indoor air often begins
with sound building technology.
In the early 1990s, “sick houses” and the reasons for their ailments
became a major topic of discussion. At this time, Wingårdhs were commissioned to design a secondary school in Ale, north of Gothenburg.
There, we attempted to maximize use of the natural air dynamics in
order to make the indoor environment as good as possible. The air flows
in through long culverts under the building, so large particulate matter
falls to the floor and can be easily vacuumed up each week. From the culvert, the air rises through vertical shafts that open under each window.
Therefore, the windows are staggered on the façade, so that the shafts
are always perfectly straight and therefore easy to clean. In the classroom,
the air is heated by lamps and thirty warm pupils before flowing out
through the sound trap above the door in one opposite corner of the
room, and then continues up into lanterns of the atrium. There, a window can always be opened on the leeside, where the wind eventually
draws the air away. Thus, the building is in principle ventilated without
fans, but by making dual use of the fans that were installed for the chemistry lab fume hoods, the entire building can be kept under constant negative pressure. The principle is, above all, silent; however, to eliminate
pollen and other light particulate matter, the air must be pushed through
a filter or over a heat exchanger when it is coldest. When the
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Municipality of Ale subsequently compared figures, it was noted that the
school consumes considerably less energy than its other schools.
Expectations with respect to a completely stable indoor climate are
still characterized by novelty. Not long ago, this was a luxury enjoyed by
few. In addition, an indoor climate offers sensual qualities that can be allowed to vary: to be able to sleep in a cool room, or to be able to feel
the warmth of a fire. Actually, only long-term sitting requires an even
temperature and airflow. There is good reason to believe that technological development can open the way for variations in indoor climate over
time and space. This would be both energy-efficient and sensual.
Saving energy often means accepting nature. Scandinavians live in a
part of the planet that is favourable in many ways. It is seldom necessary
to cool the air. The student union building at Chalmers University is one
of the buildings that Wingårdhs has designed in which mechanical ventilation and natural airflow work hand-in-hand. If one can accept that it
will be a little warmer in the building during the few days of the year
when the temperature in Gothenburg exceeds 23 degrees Celsius, then
the savings, in terms of both building and usage, are considerable.
Ventilation solutions that take advantage of architecture are most easily
realized in structures in which the high, public spaces can draw the air
out of low ceilinged rooms. This is how both Ale and Chalmers work, as
do Universeum and the tall new office building at Astra Zeneca in
Mölndal. The air moves diagonally through the smaller rooms and out
into the atriums where it naturally finds its way towards the roof and out
into the open. The large room is not merely an architectural expression;
it contributes to good air quality and silent spaces at low cost.
The history of air has largely concerned the solution of problems
caused by the buildings themselves. Even though the choice of natural
or mechanical ventilation influences the architecture, technology is still
expected to fulfil the task, unnoticed, of supplying rooms with reasonably good air. We know that this in not always the case, but what is more
– the air can be transformed into a real, sensual quality – part of what we
call atmosphere. Just as the air by the seaside, in pine forests or in high
mountain areas has its own particular qualities, there is indoor air that
can be inhaled with pleasure. Greenhouses, cool stone churches and log
houses have an atmosphere that is directly related to our experience of
air. Scent is significant. Coffee roasteries, spice warehouses and root cellars can make nostrils flare inquisitively or noses turn up in repulsion. But
even if attempts are made to perfume indoor air, much more can be done
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with the room’s material, volume and structure – that which creates atmosphere. Air should always be light, while atmosphere can have any
density. Architecture, wrote the Austrian architect Adolf Loos in 1925,
is all about emotions. The architect’s task is to make these emotions
precise.
Building: 3000 years of Design Engineering and Construction,
Phaidon 2007.
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heat balance being at a suitable level, i.e. we are not inclined to sweat to
get rid of surplus heat or to get goose pimples to reduce heat losses from
the body.
The factors that affect a person’s heat balance and, consequently, their
perception of the thermal climate are:
• Their clothing
• Their level of activity
• The air temperature
• The temperature of surrounding surfaces
• The velocity of the air
• The humidity of the air

Indoor temperatures in modern buildings are often regulated within very
close limits. In fact, a number of the guiding principles in this field are
based on the insight that our perception of thermal climate becomes more
positive, the more constant the temperature is maintained. The main
challenge now, however, is how to deal with personal thermal comfort
preferences in an occupied room, when everyone is dressed differently
and has their own individual pattern of movement.
A number of different standards are available that provide guidelines
for acceptable thermal indoor climate. No matter which standard we
choose to follow, if we even make a choice, we are forced to realize that
when a number of people are subject to a particular climate some of
them will always prefer it to be warmer while others will prefer it to be
cooler. It’s a question of creating a climate that 90 % can be content with
or, conversely, only 10 % will be dissatisfied with.
In order to find the best thermal climate, there are two questions that
have to be answered:
1) What type of climate is required so that we feel neither too cold nor
too hot?
2) How do we avoid discomfort caused by draughts and thermal radiation?
It is quite possible to experience local discomfort, for instance, due to
a draught, while at the same time regarding the temperature, on the
whole, as being acceptable. Acceptable, in this sense, means our body’s
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Clothing, level of activity and temperature of the air and surrounding
surfaces are important factors, while the humidity of the air, in most
cases, is less important for a person’s heat balance. Factors that can cause
local discomfort include cold floors, chilled beams and cold downdraughts near windows. Rapid air movements, at low air temperatures,
are also perceived as draughts.
If there are any surfaces that are very cold, or very hot, then the proportion of thermal radiation can be significant. In such instances, it is not
sufficient to measure the temperature of the air alone, which is only a
measure of the amount of heat transferred by convection. A unit that
combines the effects of convection and radiation is called the operative
temperature.
If surfaces in a room have approximately the same temperature as the air,
it will suffice to determine the room temperature by measuring the temperature of the air itself. However, in many instances, for example in
buildings with large glass facades, the heat balance of an occupant will be
strongly influenced by the thermal radiation from or to surrounding surfaces. It will then be necessary to determine the thermal climate by also
taking into account the temperatures of these surfaces. These can, of
course, be measured and their effects on a person’s heat balance can then
be calculated. This is, however, a rather time-consuming process.
Instead, a special type of sensor can be used to measure the operative
temperature, which is a weighted average temperature of the air and the
surrounding surfaces, or, in other words, a unit of temperature that takes
into account thermal transfer via both convection and radiation.
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OPERATIVE
TEMPERATURE

PERCEPTION OF
THERMAL CLIMATE

The operative temperature is acceptable if the PMV index is close to
zero. The criterion that the PMV index should lie between – 0.5 and
+0.5 is often used. According to Professor Fanger, results within these
limits correspond to a 90 % acceptance rate by the people subject to the
climate in question. This can also be expressed as a dissatisfaction rate of
10%. According to the standard, this is denoted by the so-called PPD
index, Predicted Percentage Dissatisfied, which in this example would
have the value 10 %.
The relationship between the PPD index and the PMV index is shown
in Figure 1.
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In many situations, determination of the thermal climate is based on
Professor Fanger’s comfort equation developed in the 1970s [Fanger,
1970]. Fanger’s theories are fundamental to the international standard
that is still applicable in this area, ISO 7730. This standard has also been
adopted as a European standard and, in many other countries, as a national standard. The standard specifies a method based on the so-called
PMV index, determined by questionnaire replies or by carrying out calculations that take into account people’s clothing and activities as well as
the physical environment. PMV is an abbreviation of Predicted Mean
Vote and is simply a measure of the way a large group of test participants
would be expected to assess a particular thermal climate on a seven-point
scale from –3 to +3. The limit values on this scale correspond to what
people would regard as unacceptably cold or unacceptably hot conditions. The zero value means that they would not like it to be colder or
hotter.
In practice, a PMV index of zero means that some people will think
that it is a little too cold and some a little too hot. However, most of
them are, or are expected to be, satisfied and the average assessment is
that the climate is acceptable. The temperature of this particular climate
is called the optimal operative temperature. A PMV index that is determined by calculation is, of course, only valid in the specific conditions assumed regarding clothing and activities. The equation for the PMV
index as a function of clothing, activity, temperature, air speeds etc is
quite complicated and requires a time-consuming calculation process.
The equation is not given here, but can be found in the ISO 7730 standard.
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FIGURE 1. Relationship between the PPD index and PMV index according to ISO
7730.

Slapping your arms against your sides will help if you are cold, as will
putting on an extra jumper. How much these alternatives will help is described in two international standards, ISO 8996 and ISO 9920. The
level of a person’s activity can be measured in SI units and is given in
watts, W, or, as in Table 1, in watts per square metre body area. In order
to calculate the PMV index using Fanger’s comfort equation, the heat
developed by a body is given in mets, Met, as in metabolism. Examples
of values for different levels of activity are given in Table 1.
TABLE 1. Examples of body heat development and corresponding Met values for
different activities. Current standards assume a typical body area to be 1.8 m2.
Activity
At rest, lying down
Relaxed, sitting down
Office work, sitting down
Light activity, standing up
Household work or similar
Physical work, low intensity
Physical work, medium intensity

W/m2
46
58
70
93
116
220
350

Metabolism
Met value
0.8
1.0
1.2
1.6
2.0
3.7
6.0
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MEASURING LEVELS
OF ACTIVITY AND
THERMAL INSULATION
OF CLOTHING

Clothing
Naked
Tropical clothes
Light summer clothes
Light working clothes
Indoor clothing, in winter
Suit, waistcoat, shirt and light underwear

Clo value
0
0.3
0.5
0.7
1.0
1.7

The thermal resistance of clothing can also be measured in SI units
and is given in °C · m/W. In order to carry out thermal climate calculations using the PMV index, the unit Clo, as in clothing, is used. Table 2
shows thermal resistances for different types of clothing.
Typical Clo values for individual pieces of clothing are given in ISO
9920 and it is also possible to calculate their accumulative effect. For example, the difference between a shirt with long sleeves and one with
short sleeves is just less than 0.1 Clo. When carrying out office work, this
could mean a difference in desired temperature of about 0.5°C. Taking
off or putting on a jumper can change the desired temperature by between 1 and 2ºC. This means that there are significant opportunities for
us to influence our perception of temperature by changing our clothing.
And we can also note that the assumption regarding clothing can play a
significant role when it comes to requirements specified for a building, if
the requirements are based on PMV/PPD concepts, i.e. Professor
Fanger’s comfort equation. Similar reasoning can be applied to the level
of activity: If clothes corresponding to 0.7 Clo are worn, an increase in
activity level of 0.1 Met will have the same effect as an increase in operative temperature of 0.8ºC.
People have different metabolic rates and, to a certain extent, dress
differently and we can conclude that it is difficult to find a general temperature level to satisfy everyone. On the other hand, if there is a practical opportunity to regulate room temperatures according to personal
preferences, this is usually highly appreciated.
CHOICE OF SUITABLE
OPERATIVE
TEMPERATURE

As mentioned above, a normal criterion for good thermal climate is that
the PMV index lies in the interval – 0.5 to +0.5, which, in turn, coincides
with a PPD index of 10 %. To illustrate the corresponding operative temperature, depending on dress and level of activity, a diagram as shown in
Figure 2 can be drawn. If clothes corresponding to 0.5 Clo (typical sum-
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merwear) are worn and the level of activity corresponds to 1.2 Met (typical sedentary office work), the optimal operative temperature will be
about 24.5 °C. The diagram also shows that the temperature can vary by
about ±1.5 °C from this value without the PPD index exceeding 10 %.
Consequently, a temperature interval between 23 and 26 °C is often stipulated as the summertime operative temperature in, for example, offices.
Working at a higher level of activity means that the temperature ought
to be lowered and vice versa.
In winter, it is often assumed that clothes corresponding to 1.0 Clo
are worn. If the level of activity remains at 1.2 Met we can see from the
diagram that the room temperature in an office should be 22 °C ±2 °C.
Optimum operative temperature

3

10°C
Level of activity, Met

TABLE 2. Examples of thermal resistance of clothing (1 Clo = 0.155°C·m/W)

±5°C

12°C
14°C
16°C
18°C
20°C

2

22°C

±4°C

24°C
26°C
±3°C

1

28°C
±2.5°C
0.0

0.5
±1°C

1.0

±1.5°C

1.5
±2°C

Thermal resistance of clothing, Clo

FIGURE 2. The effect of clothing and level of activity on the optimal operative temperature, according to ISO 7730. The diagram also shows the maximum deviations that can be accepted if the PPD index is to be kept below 10 %. The
diagram is valid for a maximum air velocity of 0.1 m/s.

The diagram in Figure 2 is applicable, if it is assumed that the velocity of the air is less than 0.1 m/s. If the velocity of the air relative to an
occupant is closer to 0.2 m/s, then the optimal operative temperature
will increase by about 1°C with other factors remaining unchanged.
Sometimes a more restrictive criterion is specified, for example, that
the PPD index must not exceed 6 %. The corresponding operative tem-
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perature can be read from a diagram similar to that in Figure 2, plotted
for a PPD index of 6 %.
If clothing and level of activity then correspond to 1.0 Clo and 1.2
Met respectively, the PPD index of 6 % will indicate an operative temperature in the interval 21 to 23 °C. This more restrictive criterion means
that the temperature must be kept with ±1.0 °C instead of ±2.0 °C. It
does not necessarily follow, however, that this more precisely maintained
temperature will lead to any real improvement of thermal comfort. If
people exert themselves more than or less than 1.2 Met, a different temperature interval will be desired. And, correspondingly, people whose
clothes deviate from the assumed 1.0 Clo will also want a different interval.
Another way of providing a higher degree of satisfaction is to aim for
a PPD index of 10 % and, at the same time, offer the tenants the opportunity to make individual climate adjustments. This is suggested in the
guidelines for specifying indoor climates drawn up by the Swedish
Society of Heating and Air Conditioning Engineers [VVS Tekniska Föreningen, 2006]. Finally, it would be a great advantage if occupants of a
building realized that they could change their perception of the indoor
climate by wearing appropriate clothes.
LOCAL THERMAL
DISTURBANCES

STANDARDS

Thermal radiation towards a cold surface, or strong air movements in
combination with low temperatures, can cause local cooling of parts of
your body. Even if your body’s heat balance is not affected to any great
extent, and you therefore do not actually want the room temperature to
be warmer, this radiation can lead to discomfort in the form of draughts.
A corresponding problem can arise if the surface of a floor is too cold or
if a large temperature difference is experienced between floor and head
level. In this latter case, it is often said that the vertical temperature gradient is too large. Some examples of criteria, for avoiding local thermal
disturbances, are given in Table 3.
As mentioned above, Professor Fanger’s theories formulated in the
1970s are those on which the current international standard, ISO 7730,
are based. The standard is based on the PMV/PPD concept, generally
outlined above. The concept has received a wide degree of acceptance
and has been spread extensively since the standard was adopted as a
European standard and in many other countries as a national standard.
It was updated in 2006 and one of the new inclusions is the choice of
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three quality levels, A, B and C. Level A corresponds to a PPD index of
6 %, level B to an index of 10 % and level C to an index of 15 %. In earlier
editions of the standard, it was recommended to keep the PPD index
below 10 %. The standard also presents guidelines for the reduction of
risks of thermal disturbances.
TABLE 3. Examples of criteria (target values) in order to avoid local thermal climate
disturbances.
Factor
Vertical temperature
gradient, measured between
0.1 m and 1.1 m above
floor level
Radiation temperature
asymmetry
– from a warm ceiling
– towards a cold wall
– towards a cold ceiling
– from a warm wall
Floor temperature

Air velocity

Target value, °C

<3

Notes
The measured value should
reflect the temperature
difference between the
ankles and neck of
someone sitting down

<5
< 10
< 14
< 23

The figures show that we
are more sensitive to radiation from a warm ceiling
than from a warm wall
The level depends on
19 to 26
whether the room is meant
for children or not
The risk of experiencing
draughts increases as the
< 0.10 m/s at 20 ºC
velocity of the air increases
< 0.15 m/s at 26 ºC
and the temperature
decreases

In 2004, the American standard in this field [ASHRAE, 2004] was
updated and is now also based on the PMV/PPD index concept. Since
the 1980s, this standard has been based on at least 80 % of the tenants
being satisfied with the thermal climate, i.e. also accepting 20 % dissatisfaction. These figures, however, are the result of a summation of the effect of the body’s heat balance in general and the occurrence of local
thermal disturbances, such as draughts. As in ISO 7730, the ASHRAE
Standard 55 states that the PPD index should have a maximum value of
10 %. The remaining 10 % of the ‘accepted’ dissatisfaction is presumed to
be caused by local thermal disturbances.
Providing a technical solution, to avoid unacceptably low room temperatures in winter, is quite simple and is a question of designing the heating system correctly. The room temperature should not be allowed to fall
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WARMEST
SUMMER DAYS

below 20 ºC, except when it is extremely cold outdoors. In summer it is
often necessary to accept temperatures above those regarded as comfortable when the PMV/PPD index concept is applied.
When drawing up a requirements specification for thermal climate in
a building project it must be clearly stated, along with the desired temperature interval and target values for temperature gradients etc, to what
extent higher temperatures can be accepted on hot summer days. This
can be seen as a compromise between good thermal climate and the cost
of the technical solutions required to satisfy the tenants’ demands. At the
same time, the room temperatures should be allowed to rise slightly
when it is hot outdoors. If they are not allowed to do so, the contrast between the outdoor and indoor climates might be perceived as being too
uncomfortable. In buildings with comfort cooling, for example, a solution might entail keeping room temperatures about 3 ºC lower than the
outdoor temperature when it rises above the summer design temperature. In working spaces such as offices, it would be reasonable to allow
temperatures above the upper limit according to the PMV/PPD index
concept for, say, 80 working hours per year. It should be compulsory for
the HVAC design engineer to explain to the client how theses different
requirement levels affect the cost and complexity of the installations.
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This chapter discusses the properties of buildings that affect the indoor
acoustics. How sound is created and attenuated in HVAC installations is
discussed in Chapter 26/Sound and sound attenuation. This chapter
looks at the theory behind the creation and propagation of sound and vibrations and how sound can be dampened, and explains the terminology,
units and quantities that are common to both chapters.
SILENCE IS IN
SHORT SUPPLY

Silence is becoming an increasingly rare commodity. When an HVAC
system is designed and installed to provide a better thermal climate this
must not be done at the expense of a quiet environment. Plant that causes noise inside and outside buildings is justifiably criticised. Condenser
fans and heat pumps are typical culprits of the latter type.
These effects are completely unnecessary and must be prevented.
Equal attention must be paid to creating systems that are quiet as to
making systems that are functional and energy-efficient.
Levels of outdoor noise are also increasing – there is more traffic and
traffic noise, more infill development in towns and we find ourselves increasingly closer to external sources of noise.
One of the primary functions of a building is to shield against and
dampen external noise. The number and intensity of sources of noise are,
unfortunately, also multiplying indoors – we use an increasingly large
number of building services to create a good indoor climate, but the
price is often less silence.
Disturbing noise has a number of negative consequences – in homes
it can affect opportunities for rest, recovery and sleep. Noise can also
make it more difficult to carry on a conversation and we might even have
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to raise our voices; it can cause stress, reduce our sense of well-being and
increase risks of heart and vascular disorders. In extreme cases – when all
efforts to combat noise have failed – it could lead to hearing damage.
In residential buildings, bedrooms are located on the quiet sides of the
buildings to avoid, as much as possible, the higher levels of noise affecting the most exposed sides. In blocks of flats this can be sabotaged at a
later point in time if noisy pieces of equipment, such as extraction fans,
air-cooled condensers and heat pumps, are installed on the quiet side, for
example, when ground floor space is converted into business premises.
In all types of buildings – dwellings, office blocks, hospitals etc – efforts
must be made to locate noisy installations and equipment as far away as
possible from occupied rooms.
The prerequisites for having quiet building services installations are
created during the planning and design stages of a building. Discovering
noise problems at a later stage in the building process is both unfortunate and unprofessional. It is also considerably more difficult and expensive to be forced to carry out remedial measures that would have been
much simpler and cheaper had they been carried out from the beginning.
Noise attenuation measures can require a lot of space, space that at a
later stage might not be readily available. Fan and equipment rooms
should therefore not be located above or close to sound-sensitive spaces,
for example, bedrooms, meeting rooms and hotel rooms. Doors, walls
and floors with high sound reduction properties should be used to prevent noise from disturbing neighbouring rooms. Airborne sound can
easily pass through small gaps and cracks. Pipes, cables and ducting passing through sound-insulated walls must be fitted with adequate seals. All
these problems are easier to solve if noisy plant and equipment are located as far as possible from sound-sensitive rooms.

IT ALL STARTS AT THE

A popular definition of noise is “unwanted sound”. If a sound is to be
classed as noise, then it will depend on a subjective opinion, i.e. whether
hearing it creates pleasurable sensations or not. Parents and children
might have different opinions when it comes to classifying different types
of music. On the other hand, they will most probably agree that noise
from building services, for example, is annoying.
Physically, noise or, more strictly, sound is defined as the propagation
of pressure in an elastic medium, usually air, created by a sound source.
If the pressure change is to be regarded as sound, then there must be,

WHAT IS NOISE?
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PLANNING STAGE

besides the source and the medium, a listener who can sense the sound.
Sound is often a mixture of a number of different and more or less irregular vibrations. If the sound comprises a complete mix of all tones
that are equally strong, then this is called noise.

The propagation velocity c of sound in a given medium varies with the
elasticity and density of the medium. The following relationship, derived
by Laplace, describes how the velocity of sound varies in an ideal gas:
c=

PROPAGATION OF
SOUND IN GASEOUS,
LIQUID AND SOLID
MEDIA

Sound is the result of mechanical vibrations in an elastic medium. If the
medium is made to vibrate, the pressure variations will spread from the
source by transferring energy from one molecule of the medium to the
next.
This phenomenon is normally illustrated by the pattern created when
a stone is dropped onto a calm water surface and concentric waves spread
across the surface, at a certain speed, from the point of impact. Note that
it is not the particles comprising the medium that are transported away
from the source by the waves but energy from the sound source. The
particles only vibrate around their centres of equilibrium.
The distance that a wave travels during a complete wave cycle is its
wavelength  and this, in turn, is determined by its propagation velocity c
and frequency f. The equations for sound in air are:
=

c
and c = f · 
f

(1)

where:
 is the wavelength of a sound wave in m
c is the speed of sound in the medium, i.e. its propagation velocity,
in m/s
f is its frequency in Hz or s–1

冑pk
p·

(2)

where:
p is the static pressure of the gas in Pa
k is the ratio of the specific heat of the gas at constant pressure to
its specific heat at constant volume, i.e. cp/cv
p is the static density of the gas in kg/m3
For diatomic gases, of which air is mostly comprised, the expression
can be simplified to:
c = 20 · 앀옽
T옽

(3)

where:
T is the absolute temperature of the air in K
This means that at 0 °C (273 K), c ⬇331 m/s and at normal room
temperature, 20 °C (293 K), c ⬇340 m/s.
The same basic relationship applies to sound propagation in solid and
liquid media.
In liquids:
c=

冑p
K

(4)

where:
K is the coefficient of compressibility in Pa
p is the density of the liquid in kg/m3
In solids:
c=

FIGURE 1. The wavelength  of a pure tone.
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冑
p 
E (1–)
(1––2 2)

(5)

where:
E is Young’s modulus, the modulus of elasticity, in Pa
p is the density of the medium in kg/m3
 is Poisson’s ratio

D 187

 is often 0.2 which means that in Equation (5):

Sound intensity is measured in sound power per unit area and is proportional to the square of the locally dominant sound pressure. Neither
sound power nor sound intensity can be measured directly. They can
only be determined indirectly.

冑

1– = 1.05
1––22

The basic equation for sound intensity can be written as:
A good approximation is thus:

c=

P p2
I= =
S p·c

冑p
E

(6)

For liquids (with K in the region of 1 · 109 Pa and p in the region of
1 · 103 kg/m3) the velocity of sound will be approximately 1000 m/s:
TABLE 1. The speed of sound in different liquids.
Liquid
Water
Water
Water
Water
Salt water
Alcohol

Temperature, °C
0
10
20
30
15
20

Speed of sound, m/s
1 407
1 449
1 484
1 510
1 470
1 213

The speed of sound, derived from Equation (6), in a number of building materials is as follows.

where:
I is the
P is the
S is the
p is the
p is the
c is the

(7)

sound intensity in W/m2
sound power in W
area over which the sound is distributed in m2
sound pressure in Pa
density of the medium in kg/m3
speed of sound m/s

If a point source of sound, of power P, emits sound uniformly in all
directions (spherically), the intensity of sound I at a distance r from its
source will be:
I=

P
4 · r2

(8)

Spherical sound propagation assumes that the spherical sound source
is located at a large distance from objects that could otherwise hinder its
S

TABLE 2. The speed of sound in a number of solid materials used in building construction.
Material
Concrete
Brick
Glass
Steel
Aluminium
Lead
Rubber
Cork
Wood (pine) along the grain
Wood (pine) across the grain
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E
MPa
35 000
13 000
70 000
210 000
68 000
16 000
3.6
50
55
30

Density
g/m3
2200
1700
260
7800
2700
11 300
1450
200
470
470

Speed of sound
m/s
4000
2800
5200
5100
5000
1200
50
500
3400
2500

r
p

p
P
l

FIGURE 2. Spherical sound propagation from a point source.
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SOUND INTENSITY

AUDIBLE SOUNDS
AND FREQUENCIES

Young people and those who are not hard of hearing can hear sounds in
the frequency range of approximately 20 Hz to 20 000 Hz. The upper
frequency limit falls as people get older – and this can quickly deteriorate
if the person in question is subject to dangerously high noise levels.
Hearing damage often means having a greatly impaired upper frequency
limit – not being able to hear tones above 1000 Hz is not unusual.
Sound at lower frequencies than 20 Hz is called infrasound and sound
above 20 000 Hz is called ultrasound, see Figure 3.
We respond logarithmically and not linearly to changes in frequency
of a tone. Frequencies are therefore expressed using a logarithmic scale
that is divided up into octaves in which the ratio of the upper frequency
limit to the lower frequency limit is 2:1 (in a similar way to a piano keyboard). The values of the octave bands are defined in international standards and are denoted by their geometric centre frequencies: 31.5, 63,
125, 250, 500, 1000, 2000, 4000, 8000 and 16 000 Hz.
The relationship between the geometric centre frequency and the
limit frequencies is given by:
fcentre= 앀옽옽옽옽옽옽옽
flower· fupper = flower· 앀옽
2=

fupper
앀옽2

(9)

where:
flower is the lower frequency limit of the octave band in Hz
fupper is the upper frequency limit of the octave band, or 2 · flower ,
in Hz
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Infrasound

Ultrasound

Audible range

Log scale
50

100

200

500

1000 2 000

5 000 10 000 20 000 Hz

16

31,5

63

125

250
500 Hz 1
2
Geometric centre frequencies

11 300

5 640

2 820

1408

704

352

176

88

44

22

Limit frequencies for octave bands Hz

4

8

22 600

20

11

propagation. In practical circumstances sound sources are nearly always
more or less directionally dependent and sound propagation will vary depending on direction.
The weakest sound pressure p, known as the threshold of hearing, that
we can detect at a frequency of 1000 Hz is 20 Pa. The sound power P
that is required to achieve this pressure, in spherical propagation, at a distance that corresponds to a sphere with a surface area of 1 m2, i.e. at a
distance of 0.28 m, is 1 pW (1 picowatt) or 1 · 10–12 W. Both the sound
pressure and sound power are extremely small compared to what we are
normally used to. At the other end of the scale, we can hear sound at a
sound pressure of 20 Pa, i.e. at a sound pressure that is one million times
stronger, at a level known as the threshold of pain. These values, 20 Pa
for sound pressure and 1 pW for sound power are used as reference values when expressing sound values in decibels, see below.

16 kHz

FIGURE 3. Audible frequencies and geometric centre frequencies of different octave
bands.

Sometimes, for example in building acoustics, the frequency bands are
3
divided into one-third octave bands where fupper/flower= 앀옽
2/1. The onethird octave bands form the same series that is used for diameters of spiral tubes for ventilation ducting: 63, 80, 100, 125, 160, 200, 250, 315,
400, 500, 630, 800, 1000, 1250, 1600 etc. Every third one-third octave band will have the same middle frequency as the full octave bands,
shown in bold type.
Sound pressure within the audible range can vary within very wide limits – at a frequency of 1000 Hz it varies from its weakest, i.e. at the
threshold of hearing at about 20 Pa, to its strongest, i.e. at the threshold of pain at about 20 Pa, which corresponds to a ratio of about
1:1 · 106. In a similar way the sound power of a normally audible sound
can vary from 1 · 10–12 W to 1 · 105 W. Just like frequencies, we perceive
changes in sound intensity logarithmically.
This means that a conventional linear scale would be unsuitable and,
as in electronics, a scale with the unit decibel dB has been introduced. A
decibel is generally defined as: 10 · log10

()

X
where X is the measured
X0

value and X0 is a reference level expressed in the same units. In the following expressions and equations, for the sake of simplicity, log to base
10, i.e. log10(x) is written as log(x). In this way the scale is conveniently
compressed. The reference level X0 above which a certain unit is measured could be chosen arbitrarily but, in order to be able to compare val-
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WHAT IS A DECIBEL?

ues, it has been decided to standardize the reference levels for the units
used. In acoustics, the following levels (ISO) are used:
1 · 10–12 W = 1 pW (p, pico, is a prefix denoting the
factor 10–12)
Sound intensity 1 · 10–12 W/m2 = 1 pW/m2
Sound pressure 20 · 10–6 Pa = 20 Pa (, micro, is a prefix denoting
the factor 10–6)
Sound power

This means that instead of sound power the term sound power level Lw
is used and this is the logarithmic ratio of the measured sound power to
the reference power:
Lw = 10 · log

W
W
= 10 · log –12 dB(relative to 1 pW)
W0
10

(10)

whereW is the sound power in W.
In a similar way the sound intensity level LI is expressed as:
L I = 10 · log

I
I
= 10 · log –12 dB(relative to 1 pW/m2)
I0
10

(11)

However, for sound pressure levels the ratio between the sound pressures has to be squared to correspond to the power relationship. The expression for sound pressure level Lp will therefore be:

()

Lp = 10 · log

(

)

p
p
= 20 · log
dB(relative to 20 Pa)
p0
20 · 10–6

(12)

where p is the measured sound pressure in Pa.
To differentiate between different types of decibels, dB, the reference
level above which the unit is measured is given in brackets afterwards.
When sound power levels are mentioned verbally it is always assumed
that the dB level is measured above the reference level 1 pW.
The sound pressure level at the threshold of hearing, 20 Pa, will then
be:
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p0
= 0 dB(relative to 20 Pa)
p0

And, for the threshold of pain, 20 Pa, it will be:
Lp = 20 · log

20
= 120 dB(relative to 20 Pa)
20 · 10–6

The internationally recognized reference values for sound pressure
level, 20 Pa, and for sound power level, 1 pW, are explained in their
definition:
When there is spherical propagation from a point sound source with a
sound power of 1 pW the measured pressure at a radial distance corresponding to a sphere with a surface area of 1 m2 will be 20 μPa.
At this distance and under these conditions the sound pressure level
in dB(relative to 20 Pa) and the sound power level in dB(relative to
1 pW) will have the same numerical value. This can be shown by using
Equation (13), which is the basic equation for calculating the sound
pressure level at different radii r from a sound source with a sound power
level Lw. The equation is only applicable to spherical sound propagation:
Lp = Lw– 10 · log (4 · r2)

(13)

If the spherical area is 1 m2 (corresponding to a sphere with a radius
of 0.28 m) the following relationship can be derived:

where I is the measured sound intensity in W/m2.

2

Lp = 20 · log

Lp = Lw– 10 · log 1 = Lw
In the previous section we could see that we perceive changes in sound
levels logarithmically and not linearly.
When sound levels from different sources are added together this
must also be done logarithmically. If a number of sources emit sound
simultaneously, the increase in sound power level, compared to a single
sound source, is given by:
Ltot = L1+⌬L = L1+10 · log n
where:
Ltot is the
L1 is the
⌬L is the
n is the

(14)

sum of the sound levels in dB
sound power level of a single sound source in dB
increase in sound level in dB
number of similar sound sources
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ADDING SOUND FROM
DIFFERENT SOURCES

TABLE 3. Logarithmic addition of similar sound sources.
Number of sound sources n
⌬L in dB
SOUND PROPAGATION
IN A FREE FIELD

2
3

3
5

4
6

5
7

6
8

8
9

10
10

20
13

At other distances r and different locations of the sound source it is possible to calculate the sound pressure levels as shown below. Equation (13)
can first be simplified as follows and can also be illustrated graphically as
in Figure 4:
Lp–Lw = –10 · log (4 · r 2)
= –10 · log (4) – 20 · log r = –11–20 · log r

source with spherical propagation is the exhaust noise emitted from a
high chimney.
When sound is propagated semi-spherically the sound power is distributed across half the area and the intensity of the sound is therefore doubled. An example of a sound source with semi-spherical propagation is a
supply air terminal device located in the ceiling of a room. Here, at a distance of 1 m, Lp–Lw = –8 dB.
Q=8

(15)

At a distance of 1 m, ⌬L = Lp – Lw will be – 11 dB, i.e. the sound pressure level has a numerical value that is 11 dB units lower than the sound
power level.
From Equation (15) it can be seen, for example, that the sound pressure level will fall by 6 dB when the distance is doubled:
20 · log 2 = 20 · 0.3 = 6.
The reduction in sound pressure level in spherical propagation in a
free medium will then be as shown in Figure 4. An example of a sound

Q=4
Q=2
Q=1

Difference Lp–Lw, dB
+10

FIGURE 5. Directivity factor Q for sound propagation from sources at different
locations indoors and outdoors. Q = 1 for a spherical source and Q = 8 for a 1/8
spherical source.
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In a similar way, by gradually halving the area over which the sound is
distributed, it is possible to obtain values for 1/4 spherical propagation,
for example, when a supply air terminal device is placed on a wall next to
the ceiling: ⌬L = –5 dB, and for 1/8 spherical propagation, for example,
when a device is placed in a corner next to the ceiling: ⌬L = –2 dB at a
distance of 1 m. The sound pressure level will therefore vary depending
on the location of the source and a directivity factor, normally expressed
as Q, is used. Every time Q is doubled close to a sound source this will
result in a sound pressure level increase of 3 dB:

Distance from sound source, m

FIGURE 4. Sound propagation in a free field, Equation (15) shown diagrammatically. The difference between sound power level in dB(relative to 1 pW) and sound
pressure level in dB(relative to 20 Pa) is plotted against the distance from the
sound source. At a distance of 0.28 m the difference is 0 dB.
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⌬L = 10 · log Q

(16)

Q can be included in Equation (13) above:
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SOUND PROPAGATION
IN CLOSED ROOMS

Lp – Lw = –10 · log

4 · r2
Q
= 10 · log
Q
4· r2

where:
A is the total absorption of a room, also called the equivalent
sound absorption area of the room, in m2.
␣n is the absorption coefficient of an individual boundary surface.
Sn is the area of an individual boundary surface in m2.

(17)

Standard values of Q are given in Table 4.
TABLE 4. Directivity factor Q for different locations of a sound source.
Propagation, spherical fraction
Directivity factor, Q
⌬L at r = 1 m in dB

1/1
1
–11

1/2
2
–8

1/4
4
–5

1/8
8
–2

When sound is propagated in a room it will meet a number of obstacles, such as the boundaries of the room, i.e. the walls, floor and ceiling.
Depending on the properties of the surfaces, a large or small proportion
of the sound energy will be absorbed by them – the particle vibrations
are converted into frictional heat within the materials – while the rest of
the energy will be reflected into the room to become mixed with the
sound coming directly from the sound source.
The relationship between the absorbed sound intensity and the total
incident sound intensity of a material is called the sound absorption coefficient ␣:
␣=

Ii–Ir Ia
=
Ii
Ii

(18)

where:
␣ is the sound absorption coefficient of the material
Ii is the intensity of the incident sound in W/m2
Ir is the intensity of the reflected sound in W/m2
Ii–Ir = Ia the intensity of the absorbed sound in W/m2
Another expression that is used in indoor acoustics is the equivalent
sound absorption area of a room. This is an expression of the partial products of the room’s boundary areas and their respective absorption factors.
The absorption of a surface can be expressed as ␣· S, where ␣ is the
absorption coefficient of the material and S is its surface area in m2.
The total absorption of a room can be found by adding together the
surface absorptions, based on the respective areas and absorption coefficients:
n

A = ␣1 · S1+␣2 · S2+ … +␣n · Sn = ⌺1 ␣n · Sn
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(19)

All the boundary surfaces in the room are converted into one equivalent area with an absorption coefficient of 1 (equivalent sound absorption area), which means that at a given frequency and energy intensity it
will absorb sound energy as quickly as the actual surface elements in
question.
The mean absorption coefficient for the boundary surfaces in a room
can be expressed as:
n

–=
␣

⌺1 ␣n · Sn A
=
n
S
⌺1 Sn

(20)

where:
S = is the total boundary surface area in m2

– in difTypical approximations for the mean absorption coefficient ␣
ferent types of buildings are shown in Table 5.
– at a frequency of 500 Hz.
TABLE 5. Mean absorption factors ␣
Type of room/building
Radio studio, music room
TV studio, department store, reading room
House, office, hotel room, conference room, theatre
Classroom, nursing home, small church
Factory, indoor swimming pool, large church

Mean absorption
–
factor ␣
0.30–0.45
0.15–0.25
0.10–0.15
0.05–0.10
0.03–0.05

An alternative way of expressing the acoustic properties of a room is
to specify its reverberation time, see below.
Three different types of sound absorbers can be used to reduce the
sound level in a room:
• Porous absorbers. If a material is soft and porous, air molecules will
penetrate the material and their kinetic energy will be converted into
heat due to friction inside the material (in a similar way to a pressure
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SOUND ABSORBERS

drop in an air filter). Typical porous absorbers are mineral and fibreglass insulation boards, often installed in fan room ceilings, and
acoustic boards, curtains and carpets used in occupied rooms.
• Membrane absorbers, which comprise massive boards placed at a distance from a wall and which are made to vibrate by the incident sound
energy. This is then converted into heat energy, primarily in the edge
mountings but also in the material itself. The board becomes a vibrating mass and the contained volume of air acts as a spring. Maximum
absorption is achieved at the resonance frequency of the system which,
in air at a normal state, is given by:
60
f0 =
앀옽옽옽옽
m·d

(21)

where:
m is the mass of the board in kg
d is its distance from the wall in m
Typical membrane absorbers in a room are windows, thin wall and
ceiling boards, and raised floors.
• Cavity absorbers, also called Helmholz resonators, use a third principle for sound absorption. They can be described as bottles that are
built into a building element with their necks opening into a room.
They can be used in walls as well as ceilings. An incident sound wave
enters a bottle via its neck and causes the air in the neck to oscillate.
The air is compressed as it enters the bottle and is slowed down, and
when it leaves the bottle it is held back as the air in the bottle is
thinned out, creating an under-pressure.
Sound reduction in absorbers like these is selective, i.e. it is only effective within a limited frequency range. This is determined by the diameter of the neck of the bottle, the length of the neck and the volume
of air enclosed in the bottle. In more qualified circumstances cavity
absorbers can be made adjustable to suit advanced requirements for
different types of performances in concert halls or theatres. Perforated
ceiling boards can be regarded as a simple form of cavity absorber.
Sound absorption coefficients ␣ for a number of typical materials are
shown in Table 6.
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TABLE 6. Sound absorption coefficients ␣ for typical materials used in buildings.
Material
Ceilings, walls and floors
Concrete, unplastered
Marble, glazed tiles
10 mm soft carpet on concrete
Needle felt carpet on a hard floor
13 mm gypsum board on studs
c/c 400 mm
Raised wooden floor above large
air volume
Insulation etc
Rock wool board 25 mm thick
Rock wool board 50 mm thick
Rock wool board 100 mm thick
16 mm wood board on 40 mm battens
Window glass
Heavy curtains
Light curtains 25 % folded
Water surface in a swimming pool

Middle frequences of different
octabe bands in Hz
125 250 500 1 000 2 000 4 000
0.01
0.01
0.09
0.05

0.01
0.01
0.08
0.08

0.02
0.01
0.21
0.20

0.03
0.01
0.26
0.30

0.03
0.02
0.27
0.35

0.03
0.02
0.37
0.40

0.29 0.10 0.05 0.04 0.07 0.09
0.40 0.30 0.20 0.17 0.15 0.10
0.09
0.20
0.68
0.18
0.35
0.06
0.04
0.01

0.23
0.53
0.84
0.12
0.25
0.10
0.23
0.01

0.53
0.74
0.82
0.10
0.18
0.38
0.41
0.01

0.72
0.78
0.78
0.09
0.12
0.63
0.57
0.015

0.75
0.75
0.75
0.08
0.07
0.70
0.53
0.02

0.77
0.77
0.77
0.07
0.04
0.73
0.40
0.02

If the source of a sound in a room is suddenly switched off, the sound
will not disappear immediately. The direct sound will stop but reflected
sound will continue to reverberate in the room while it is reflected from
its boundary surfaces. The time taken for the sound to die out in a room
is called the reverberation time and depends on the size of the room (the
greater the distance between the reflecting surfaces, the fewer the number of reflections per unit of time) and on the absorption coefficients of
each of the surfaces: the higher the absorption factor, the more energy is
converted into heat per reflection and the faster the remaining sound
field in the room decreases.
The reverberation time T is the time, in seconds, it takes for the sound
intensity to fall to a one-millionth (1 · 10–6) of its original value. This is
equivalent to the echo effect that can be heard in a quiet room when a
strong sound source is switched off. This reduction in sound intensity is
equivalent to lowering the sound pressure level in the room by 60 dB:
⌬Lp = 10 · log(10–6) = – 60.
In normal, not heavily soundproofed rooms the reverberation time
can be calculated using Sabine’s reverberation equation:
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REVERBERATION TIME

T = 0.163

V
A

(22)

where:
V is the volume of the room in m3
A is the equivalent sound absorption area of the room in m2, from
Equation (19)

listener’s ears. When the distance to the sound source is increased, the
direct sound will eventually be drowned by the reflected sound, and the
subject will be in the reverberation field in the room.
If the two sounds, i.e. the direct sound that is dependent on the distance to the source and the reverberation sound that is independent of
the distance, are added together, it is possible to calculate the difference
between the sound pressure level and sound power level at an arbitrary
point in the room using Equation (23).

Reverberation time, s
10

The equivalent absorption
area of the room A, m2
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FIGURE 6. The reverberation time T in seconds varies with the size of the room
and the materials used in the walls, floor and ceiling. The diagram shows the approximate values for different types of rooms. A – offices and habitable rooms,
B – TV and film studios, C – classrooms, lecture theatres and cinemas, D – music
studios, E – churches.

NEAR FIELDS AND
REVERBERATION
FIELDS

When a sound source emits a sound in a room a receiver/listener in the
same room will be subject to two types of sound, direct sound and reflected sound from the boundary surfaces.
Direct sound decreases with increased distance from its source, see
Equation (17) and Figure 4, while reflected sound will have the same
value at all points in the room on condition that the absorption coefficients of the boundary surfaces are not too high.
Close to the sound source, the direct sound will dominate and the receiver/listener is said to be in the near field. It is here that the direction
of the sound source can be determined, even if the subject is blindfolded. When the sound is equally strong in both ears the sound source will
lie at a point along a line that is perpendicular to the line between the
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FIGURE 7. Equation (23) shown diagrammatically. The difference between the sound
pressure level and sound power level ⌬L, expressed in dB, is shown as a function
of distance in r in m, the directivity factor for the sound source Q, and the equivalent sound absorption area A of the room in m2.
EXAMPLE:
The distance between a sound source with a sound power level of 80 dB(relative
to 1 pW) and a listener is 5 m, the directivity factor Q = 4, and the absorption area
of the room A = 50 m2. From the diagram, the resulting sound pressure level will
be 80 –10 = 70 dB(relative to 20 mPa).
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Lp–Lw = 10 · log

(

Q
4
+
4· r2 A

)

(23)

where:
Lp is the sound pressure level at a distance r from the sound source
in dB(relative to 20 Pa)
Lw is the sound power level of the sound source in dB(relative to
1 pW)
Q is the directivity factor of the sound source
A is the equivalent sound absorption area of the room in m2
This relationship can be used to calculate how the sound pressure at a
point in the room varies with the power of the sound source, the distance
between the sound source and the receiver, the directivity factor of the
sound source (i.e. if it is not propagated spherically) and the effect of the
room caused by reflections.
THE PROPAGATION OF
SOUND IN BUILDINGS

AIRBORNE SOUND
INSULATION

Sound can be propagated in different ways in a building. Distinctions are
made between the following terms:
• Airborne sound – sound that is emitted from a sound source into the
surroundings via the air and that can be propagated further, for example, by walls that are made to vibrate and thereby create new airborne
sound on their far sides.
• Impact sound – sound that is created, for example, by walking across
a floor and that is transmitted through the building element to a point
on its far side where new airborne sound is created.
• Drum sound – sound that is created within a room, for example, when
walking across the floor.
• Structure-borne sound – sound that is created by vibrations in rotating
machinery fixed to the building structure and subsequently transmitted through the structure.
• Flanking transmission – sound that takes an indirect route, for example, via a floor, instead of taking the shortest path between two rooms.
When calculating and measuring the airborne sound insulation between
two rooms the following terms are used:
• Airborne sound insulation, which is a measure of the ability of a separating structure to reduce sound that reaches it via the air. The term
sound reduction index R, measured in dB, is used. The index is the difference in the sound pressure level between the source room and the
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receiving room. The value of the index is corrected with regard to the
sound absorption Am of the receiving room and the area of the separating structure S.
• The laboratory sound reduction index Rw measured in dB, is the value of
the airborne sound insulation in a building element when measured in
a laboratory. It is measured in one-third octave bands and is defined
by:
Rw= Ls–Lr–10 · log

Am
S

(24)

where:
Ls is the mean air pressure level in the source room in dB
Lr is the mean air pressure level in the receiving room in dB
Am is the equivalent sound absorption area of the receiving room
in m2
S is the area of the building element in m2
The resultant sound pressure level in the receiving room is often required and this can be calculated using the following equation:
Lr = Ls–R–10 · log

Am
S

(25)

Walls often comprise a number of flush parts, for example, doors or windows, and the total sound reduction index will be affected to a great extent by the part that has the poorer index.
The following sound reduction calculation can be made:

[ (

R = R0– 10 · log 1+
where:
R is the
R0 is the
R1 is the
S0 is the
S1 is the

S1
10
S0

R0–R1
10

–1

)]

(26)

sound reduction index of the complete wall in dB
sound reduction index of the wall only in dB
sound reduction index of the door, window etc in dB
total wall area including the window, door etc in m2
area of the window, door etc in m2

The calculation can also be performed graphically, see Figure 8.
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WALLS WITH
WINDOWS AND DOORS

If the sound reduction index is given as R´ then this is a value that has
been measured on site.
Differens R0 –R1 dB
R0 –R = 24
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FIGURE 8. Diagram for calculating sound reduction indices for walls with
windows and doors.

Example:
A 4 m⳯2.5 m wall has a 1 m2 window:
S0 = 10 m2 and S1= 1 m2
S0/S1 = 10/1 = 10
Sound reduction index:
R0 = 40 dB and R1 = 25 dB
R 0–R1 = 40–25 = 15 dB
From the diagram:
R0–R = 6 dB
giving R = R0–6 = 40–6 = 34 dB
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The extent to which a building should be airtight is an often-debated
subject, not least in connection with so-called ecological building. Good
airtightness is a key property of a building that is expected to fulfil very
high demands regarding thermal comfort, moisture protection and energy efficiency. Modern building techniques are often characterized by
optimization of the building structure, which means, for example, that
every sub-function in an external wall is only fulfilled by one layer of material. This, in turn, means that every layer of material must completely
fulfil the demands made on it. For example, there is often only one layer
of material in an external wall – usually plastic sheeting – that fulfils the
demands for airtightness. If there are any holes in the sheeting or if its
edges are not properly secured and sealed, the wall will not be airtight.
This can put the structural and functional integrity of a building element
at risk. The functions of modern design and buildings are often more
sensitive to adverse loads and put far greater demands on the construction process that at any time in the past.
The term ‘climate barrier’ can be used in a number of contexts, though
in building regulations the more specific term ‘building envelope’ is
used. The building envelope comprises the parts of a building that form
a boundary to the outdoor air. External walls, windows, doors and roofs
thus form parts of the building envelope. Basement floors, via the ground
beneath them, also function as a boundary to the outdoor air in the same
way as other building elements next to unheated spaces. The quality of
the building envelope in any particular climate will, to a large extent, determine how much energy is used in the building. Very well-insulated,
well-designed and constructed detail solutions as well as a high degree of
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airtightness are the most important cornerstones for achieving energy-efficient and sound buildings. This so-called passive building technique is
characterized by the fact that if a building is constructed properly from
the beginning, the solutions will be durable and very little maintenance
will be required during the lifetime of the building. It is therefore highly
desirable to have a long-term perspective when choosing the technical
solutions employed in the building envelope. Hopefully, the envelope
will continue to function for decades to come, without having to be rebuilt or modified. Only the exterior layers will, in certain cases, require
maintenance. Any other changes will, as always, be very expensive.
This chapter focuses on explaining how questions regarding airtightness can be dealt with during the building process. The reasons for having good airtightness are discussed as well as the consequences of poor
design and workmanship. There are also examples of technical solutions
to illustrate how much care must be taken when planning so that satisfactory final results can be achieved. The execution of functional inspections is discussed at the end of the chapter.
Airtightness is the property of a building that prevents air flows through
its structure or fabric, i.e. by infiltration – from the outside to the inside,
or by leakage – from the inside to the outside. Airtightness is sometimes
confused with wind protection: the purpose of wind protection is to prevent air movements within the fabric of a building, so that its thermal insulation properties can be retained even when subject to wind forces.
Wind protection is installed to ensure that the thermal insulation can
function properly. The demands made on wind protection depend on
the properties of the insulating materials used.
The most important reasons for making a building as airtight as possible are to reduce the use of energy in the form of heat, to provide comfort for the residents or users, to provide the right conditions for good
ventilation and to avoid moisture problems. Good airtightness also contributes to preventing outdoor air that might be polluted, for example,
by pollen or particles, from making its way into the building. Structural
elements between residential units should also be made airtight to reduce the risk of polluted air or smells spreading between them or into
other zones. Good airtightness between foundations and the ground underneath help prevent radon from entering other parts of the building.
Good airtightness also helps to reduce the transmission of airborne noise,
for example, traffic noise.
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WHY IS AIRTIGHTNESS
AN ISSUE?

Energy management
Uncontrolled infiltration means that a building will have a larger air exchange rate than required. This will lead to unnecessarily high heat losses, as the infiltrating air will have to be heated to room temperature.
The magnitude of the infiltration not only depends on the size of the
gaps and holes in the building envelope but also on the type of ventilation system used. In buildings with natural ventilation, or with balanced
mechanical supply and extract ventilation, the infiltration and heat losses will increase linearly with the lack of airtightness. In locations exposed
to wind, undesired infiltration might be significant and the extra heat

losses correspondingly high. A building with a mechanical supply and extract system should be built with a high level of airtightness to avoid unnecessary heat losses due to infiltration.
In buildings with mechanical extract ventilation only, the heat losses
due to infiltration caused by poor airtightness will not be as large as in
other cases. This is because the extract air fan will create a small underpressure in the building, which means that a proportion of the desired
amount of supply air will enter the building via holes in the building envelope. The sizes of the air flows are governed by regulating the speed of
the fan or by limiting the air flow in the extract air ducts. Up to a certain
point a poor level of airtightness will have little effect on heat losses but
in buildings with very inadequate levels the heat losses will be significant.
Figure 1 shows how infiltration can affect heat losses when different
ventilation systems are used.
If the ventilation system has a heat exchanger to recover heat from the
extract air, air infiltration will prevent full use of the heat recovery function. This is because the air that bypasses the ventilation system cannot
0.6
0.5
Temperature efficiency

An airtight building must have an efficient ventilation system to ensure that a good air quality level is always achieved, irrespective of the
weather situation. The simplest way to do this is to install mechanical
ventilation, i.e. a system with a fan. If so-called natural ventilation is
used, this presumes that either the building is not airtight or that more
or less extensive measures are taken to introduce air into the building so
that a sufficient air change rate can be achieved. In old buildings with
natural ventilation a large proportion of the air will enter the building via
gaps and holes in the building envelope. If special sealing measures are
taken in buildings like these, the air change rate will most probably be
insufficient and, in unfortunate circumstances, give rise to moisture
problems.

0.4
0.3
0.2

Energy losses

0.1
0

Natural ventilation
Mechanical extract
Mechanical supply
and extract
Infiltration though the building envelope

FIGURE 1. The diagram shows the principal relationships between energy losses and
infiltration through the building envelope for different types of ventilation systems.
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Air infiltration at a pressure difference of 50 Pa l/(s ·m2)

FIGURE 2. The diagram shows how the efficiency of a heat recovery unit with a
plate heat exchanger is reduced as the infiltration through the building envelope
increases (partly from Irving, 1994).

be heated by the heat exchanger. Buildings that have to fulfil very high
energy efficiency requirements might not be able to do so because of unwanted infiltration. An example of how the heat recovery efficiency is reduced as leakages increase is shown in Figure 2.
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Thermal comfort
It is quite often impossible to foresee where leakages, or infiltration, will
occur. It will depend on how well the planning work has been managed
and how well the construction work has been carried out. Typical risk
zones in structures are the junctions between different building components and poorly made penetrations through the airtight layer, for example, for power points or holes for cables and ducting. The effects of infiltrating outdoor air in winter on how thermal comfort is perceived depend on whether the air enters the building via occupied rooms. The
greatest discomfort is experienced when cold air enters a room at floor
level next to external walls or if someone is subject to concentrated infiltration close to their place of work or in a reading room. Annoying
draughts like these often result in requests to raise the air temperature in
the room.
When cold air infiltrates into a building the surfaces of the walls and
floors become colder and these cold surfaces, in turn, contribute to the
radiant heat exchange between the occupants and the surfaces. The operative temperature in a room will then fall. Cold surfaces also become
soiled more quickly, which means that they will have to be repainted at
shorter intervals.
Ventilation becomes sub-standard in leaky buildings
In an airtight building, the ventilation rate is determined solely by the
ventilation system. This means that it must be designed so that it can
provide the correct air flows and the desired air quality in all parts of the
building. On the other hand, in a leaky building, the combined effects
of the outdoor climate and the ventilation system will determine how
well the building will be ventilated and how the air will be distributed in
the building.
In buildings with natural ventilation some of the outdoor air is introduced via air intakes, but it is also presumed that some air will infiltrate
through gaps and holes to provide the necessary air change rate. It is almost impossible to foresee where infiltration will take place, though risks
are greatest where there are many complex structural junctions. This can,
in turn, mean that there will be more infiltration points in some parts of
a building than in other parts. Consequently, certain weather situations
might create undesirably large air exchange rates in some parts of a building and insufficient rates in others. The driving forces behind the air
flows are the temperature differences across the building envelope and
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the effects of the wind. Air flows through gaps and holes cannot be regulated but are determined by the prevailing weather, which means that
these air flows can vary in an uncontrollable way.
In a building with a mechanical extract air system it is assumed that
most of the supply air is introduced into the building via correctly designed and suitably located outdoor air intakes. If the building is not airtight, the air will find its way in via unknown routes and there is a risk
that the air exchange rates in some rooms will be too high due to infiltration while they could be too low in others because they are airtight.
All balancing and commissioning work is carried out based on measurements of air flows through the extract air terminal devices. Unfortunately, these measurements provide no information about how the air
entered the room. This can result in buildings having a correct average
air change rate at the same time as there are great variations in the flows
in individual rooms.
In buildings with mechanical supply and extract systems the system
must ensure that all rooms have sufficient air flows. The system should
be balanced so that the amount of extract air is somewhat larger than the
required amount of supply air, so that a small under-pressure can be created in the building. This will help to avoid moisture problems. Gaps and
holes can, on the other hand, cause disturbances in the form of undesir-

Indoor overpressure: Air is
pressed out

Indoor underpressure:
Air is sucked in

FIGURE 3. The wintertime pressure distribution in a building without mechanical
ventilation and not subject to wind. Gaps and holes in the building envelope are
assumed to be evenly distributed. Under-pressures are normal at floor level and
corresponding over-pressures at roof level.
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ably high air flows when it is cold and windy, making it is difficult to balance the system properly. Infiltration of outdoor air can lead to draughts
and this can be perceived as poor comfort. Effective, efficient and controllable ventilation can only be achieved if the building is airtight.
Moisture protection
Air leakage can lead to moisture damage as a result of moisture convection. When warm moist indoor air meets a cold surface the moisture will
either condense or create limited zones with very high relative humidities.
The wintertime pressure distribution in a building is often similar to
that shown in Figure 3. Under-pressures at floor level are quite common
and this means that cold air can enter via gaps and holes at the junctions
between floors and external walls. There is a risk of cold floors but there
will be no moisture problems within the structure or fabric of the building. Very low floor temperatures in winter can be lowered even more by
thermal bridges at floor/wall junctions. In unfavourable conditions the
drop in temperature might be so great that surface condensation occurs.
This risk is increased if the local air change rate is low and if there is excess moisture in the room.
At roof level there is often a small over-pressure, which means that air
from the building can leak into the loft space via gaps and holes.
Leakages like these often cause serious moisture damage. This damage is
often local and cannot be remedied by increasing the ventilation in the
loft. The most effective measure is to make sure that leakage cannot take
place at all, i.e. by making the building as airtight as possible. From a
moisture point of view, the upper parts of a building are the most important to keep airtight.
Mechanical extract ventilation in an airtight, low-rise building could
result in the building being subject to a small under-pressure for most of
the year. This means that air will infiltrate via small gaps and holes as well
as via the supply air terminal devices. The risk of air leaking out through
the gaps and holes is small and the risk of moisture problems caused by
moisture convection will be less. It is, however, almost impossible to
maintain a permanent under-pressure indoors and any gaps and holes
must be kept as small as possible. It is equally difficult to maintain a permanent under-pressure in a high-rise building.
Propagation of pollutants and sound
To prevent radon or odours caused by mould or rotting material that
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forms part of or has been left in the foundations from finding their way
into a building, it is important to ensure that slab foundations or suspended floors above voids are completely airtight.
The spread of odours and gases between dwelling units can be reduced if each unit or fire cell is airtight. It will also be more difficult for
particles in the outdoor air to find their way into a building if the building envelope is airtight. The transmission of noise, for example from traffic, will also more difficult if the envelope is airtight. The same applies to
noise between dwelling units. A fire cell must be airtight to reduce the
risk of gases and smoke spreading if there is a fire.
Good airtightness can be achieved in a number of different ways:
• By placing plastic sheeting immediately behind the internal cladding,
for example, gypsum plasterboard, or between the insulation layers.
• By using airtight gypsum wallboard.
• By using solid materials such as bricks or concrete.
No matter which technique is used, a well-thought out strategy will
be required to achieve complete airtightness in a whole building. Airtightness must be ensured at all junctions, around and in windows and
doors, and at all penetrations for building services. To achieve a good result, all the detail solutions must be considered very carefully, not only in
the planning stage but also with respect to how they can be completed
on site. It must also be taken into account that a number of different
contractors will have to be informed about the airtightness requirements
if they are to be fully met. Well-sealed junctions between external walls
and floors, external walls and internal walls, external walls and windows,
and penetrations for ducts and building services are often critical to good
airtightness. These zones require great precision when planning, choosing materials and designing details. Having to pay attention to special details often means that other parts of a building are also more carefully
built, which leads to better buildings in all respects. Different building
systems will mean that airtightness issues will have to be dealt with in different ways. An important principle to adopt to ensure good airtightness
is to make sure that there is a consistent strategy with respect to the function of the measures taken to ensure airtightness and how the sealing
work is to be performed and checked.
In buildings constructed using lightweight building techniques, plastic sheeting is normally used to achieve the required airtightness. The
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AIRTIGHTNESS:
GENERAL PRINCIPLES

sheeting is placed on the warm side of the thermal insulation or sometimes at a suitable depth within it. In the latter case it is possible to install wiring and power points without making holes in the sheeting. It
will also offer better protection against damage caused by picture hooks
or lighting fixtures. At junctions between different building elements the
solutions must be designed so that there are generous overlaps between
the different sheets and so that the work can be carried in a professional
way, as even small holes can lead to considerable leaks. When buildings
are constructed completely on site overlapping is relatively easy to
arrange but it still requires a systematic approach both at the planning
and construction stages. Sections of plastic sheeting should overlap well
with the sections being pressed tightly together, preferably using wooden
battens or stiff boards.
When prefabricated wall and floor elements are used great demands
are placed on the solutions employed for junctions and penetrations.
Junctions between different elements must be designed very carefully. It
can be difficult to handle the extra lengths of plastic sheeting that will be
used as overlaps and prevent them from being damaged during transportation and when the building element is put into place. The use of
jointing mastic and sealing strips of approved quality will increase airtightness. Experience shows that it can be quite difficult to find acceptable methods for achieving good airtightness in buildings made of prefabricated elements. On the other hand, the quality of factory-made elements is high and they display good airtightness properties.
Airtightness in lightweight constructions can be achieved by using
other materials than plastic sheeting. Different types of building boards
are often sufficiently airtight. The joints between the boards, however,
form weak points and these can be sealed by using special jointing tape.
Jointing mastic can also be used but the materials must be carefully chosen with regard to durability and emissions. The use of jointing mastic
might be necessary at junctions between floors and ceilings, and around
windows. If there is a risk of movements in a joint, it must be designed
so that the jointing mastic can withstand these movements without impairing its airtightness.
Solid elements, such as walls and floors of concrete or lightweight
concrete, and walls of plastered brickwork, are normally sufficiently airtight as long as they are free from cracks. An advantage of elements like
these is that electrical installations can be embedded in them without
their airtightness being affected. Penetrations and joints must be careful-
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ly designed to ensure good airtightness and special attention paid to
junctions between building elements. If large elements are used, tolerances and movements can be relatively large and this means that the
junctions must be able to accommodate these movements if they are to
remain airtight. It is therefore important that junctions are correctly designed and the correct sealing and thermal insulation materials are used.
If movements up to 5 mm can be expected, the junction must be at least
20 mm wide for the jointing mastic to retain its function. If a junction is
too narrow, the mastic will only be able to accommodate very small
movements.
This section gives examples of solutions that can be used to achieve good
airtightness.
When plastic sheeting is used to ensure airtightness there are different
ways in which it can be joined. On flat walls, joins can be made by overlapping but measures will also have to be taken to make sure that they
are airtight. The simplest way to do this is to press the sheeting together using a wooden batten or building board and fixing it to a stud. If
there is the slightest doubt that the stud is not perfectly straight or that
nailing/screwing will not be sufficient, the sheeting can be welded or
heat sealed, or a special jointing mastic can be applied between the sheets
before they are pressed together. A practical method that can be applied
when sealing horizontal surfaces is to use a U-shaped metal jointing
strip. The plastic sheeting is placed over the strip and a plastic tube is
used to press the sheeting into the strip, thus holding it in place and ensuring that the join is airtight, see Figure 4.

FIGURE 4. An example of how an airtight join between two sheets of plastic can be
achieved by placing the overlapping areas over a U-shaped metal jointing strip and
pressing the sheets together using plastic tubing.

Junctions between external walls and floors must be designed out so
that the airtight layer in the wall fully connects to the sealant. An example of this design solution used at the junction of an external timber wall
element and an intermediate concrete floor is shown in Figure 5. The
vapour barrier ensures airtightness in the wall element. A sealing strip of
EPDM rubber is placed on the upper side of the floor and, when the

D 215

ACHIEVING GOOD
AIRTIGHTNESS

strip is subject to a load, provides a continuous seal against the plastic
sheeting in the wall. Underneath the floor, jointing mastic is used to provide a seal against the plastic sheeting in the wall. The elastic jointing
mastic can accommodate movements between the wall and floor while
remaining airtight.
Vapour barrier
EPDM rubber
seal on plastic foil

Wind
protection

Jointing mastic
Retainer strip

FIGURE 5. Vertical section through
the junction of an external prefabricated timber wall element and an
intermediate concrete floor. A sealing strip of EPDM rubber is placed
on the upper side, and jointing
mastic and a retainer strip are used
underneath the concrete floor.

Fixing plastic sheeting to window frames is an especially difficult detail, see Figures 6 and 7.
Timber
frame

Sealant

A

A

Window
frame

Retainer strip
Jointing mastic
Plastic sheeting
Section A–A

FIGURE 6. The left-hand drawing shows a section through a timber frame and a
window frame. The plastic sheeting from the wall is folded into the reveal and
sealed in place using jointing mastic between the two frames. The right-hand
drawing shows how the plastic sheeting has been cut in one of the corners so that
it can be folded into the reveal. This leaves a small area unprotected. To prevent
any air leakage, extra strips of plastic sheeting are glued into the corners.
[Mattsson and Sandberg, 2005]
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Special attention is required when the plastic sheeting in a wall is not
in the same plane as that of the sealing between the window frame and
the wall. As seen in Figure 6, it is not sufficient to fold the sheeting into
the reveal, as it will not be sealed in the corners. An extra strip of plastic
film will be required here.
It is easier to achieve good airtightness if the plastic film in the wall is
allowed to extend over the window frame and then pressed against it
using a batten, see Figure 7. To ensure an even higher degree of airtightness a special sealing strip of EPDM rubber can be placed between the
plastic sheeting and the window frame, both of which are then pressed
together by the batten. There is also another advantage of positioning
the window in the wall in this way: the extra thermal losses due to the
thermal bridge in the join will be small.
Breather
membrane

Uncoated glass
fibre strip

Vapour barrier

Plastic coated strip
of mineral wool

FIGURE 7. A vertical section through an external timber frame wall in which the
plastic sheeting/vapour barrier has been placed within the wall. In this example
the window frame has been positioned so that the plastic sheeting can be extended over the window frame and secured using as special sealing batten. The plastic
sheeting between the window frame and the wall are then in the same plane which
means that difficult corner solutions can be avoided.

Penetrations for wires, pipes and ducts always increase the risk of leakages and the number of penetrations through the air barrier must be limited as far as possible. Electric wiring can, for instance, be placed entirely on the room side of the plastic sheeting in external walls, if the design
of the wall allows, see Figure 8. Special solutions will always be required
to ensure airtightness where ducts penetrate airtight barriers.
In solid structures, the main details that have to be designed to ensure
that airtightness, thermal insulation, and wind and rain protection requirements can be met are the junctions. Figure 9 shows a solution for
a vertical junction between sandwich elements of concrete. The actual
airtightness is achieved by using an internal jointing mastic and a retain-
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Wind
protection

Socket outlet

Vapour barrier

FIGURE 8. Horizontal section through a socket outlet in an external timber frame
wall. The plastic sheeting in the wall is positioned within the structure of the wall,
which makes it possible to locate wiring and socket outlets on the room side of the
plastic sheeting. This means that the sheeting can be placed continuously and the
airtightness requirements can be met. [Elmroth and Levin, 1983]

ing strip. Externally placed rain protection is in the form of a rubber strip
with an air gap behind, which ensures that there is no pressure difference
across the seal. Mineral wool is used for the thermal insulation in the
junction. The junctions between external walls, internal walls and floors
must be very carefully designed.
Rubber strip

Retainer strip
Mineral wool

Retainer strip
Jointing mastic

FIGURE 9. A vertical junction between two concrete elements. Jointing mastic is
used for internal sealing. The junction is thermally insulated using mineral wool.
There is an air gap behind the rubber rain protection strip.

MEASURING
AIRTIGHTNESS

At the planning stage it is difficult to determine how airtight a building
will be and to ensure how the requirements will be met. Consequently,
airtightness has to be tested when the building is complete or nearing
completion. A standardized method entails measuring the airtightness at
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a pressure difference of 50 Pa, the so-called pressure testing method according to SS-EN 13829. The method description assumes that the
whole building will be tested and this can be a complicated task in large
buildings. Instead, it might be more practical to test the airtightness in a
single fire cell, which in a residential building would be an individual
dwelling unit.
Before testing commences, the ventilation openings have to be well
sealed. A pressure difference between the indoors and outdoors of 50 Pa
is then created using a portable fan and this can be installed in the doorway to the unit. By subjecting the unit to a relatively large pressure difference, measurements can be made even if it is slightly windy outdoors.
The amount of air required to achieve the pressure difference, the air
permeability, is recorded and this is a measure of how much air can leaks
from, or infiltrate into, the unit. When using this method to measure airtightness, air can, of course, leak from or into neighbouring units and
stairwells and not only via the building envelope. Air leakage between
units is usually small for a number of reasons, as mentioned previously.
The measured air leakage and infiltration can be regarded as a good approximations of the airtightness of the building envelope and it should
be possible to use the result to estimate the airtightness properties of the
building as a whole. An air exchange rate that is determined in this way
and that is lower than about one air change per hour at a 50 Pa pressure
difference can be regarded as fulfilling reasonable demands for airtightness. However, a building can never be too airtight.
Airtightness testing using a pressure difference method will only provide quantitative data. What is also of great interest, however, is where
leakage or infiltration takes place. A simple way of investigating this is to
use smoke to detect points where leakages are suspected. An even better
way is to combine pressure testing and thermography.
Modern infrared cameras are lightweight and easy to handle and are
primarily used to detect surface temperature differences. If the dwelling
unit is subject to an under-pressure relative to the outdoors, outdoor air
will infiltrate through gaps and holes. If this air is a few degrees colder
than the room air, the point of entry will be easily detected by the camera. With the help of an experienced camera operator and a few simple
calculations it will be possible to estimate the magnitude of the infiltration. Some infrared cameras have computerized help functions to determine the temperature of the surfaces. It is recommended to carry out all
types of airtightness tests at an early stage as possible, especially in large
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developments or when new production methods are introduced, so that
airtightness solutions can be continually improved.
QUALITY ASSURANCE

A client must formulate quantitative requirements when stipulating the
airtightness of a building. The fulfilment of the requirements must then
be verified by testing. When planning a building there must be a wellthought out strategy that clearly sets out how airtightness is to be ensured. Specifications and technical solutions should be very clearly shown
on the construction drawings so that solutions will not have to be invented on site. This means that the design engineers must be well acquainted with the production process so that a correct airtightness strategy can
be adopted. It is hardly feasible to provide drawings of all the different
building details and this is why clear principles for creating solutions are
a necessity. When prefabricated building elements are used focus must be
on designing good sealing solutions. When on-site methods are used airtightness can be achieved, for example, by letting the air barriers attached
to each element overlap generously. Every junction is a potential leakage
point. The more corners and junctions, the more attention must be paid
to ensure that the building as a whole is airtight.
Penetrations for ducts and services installations always create leakage
risks. This is why the different contractors on site must make sure that
no extra holes are made and that existing holes are systematically sealed.
Plans for locating pipes, ducts and wiring must be carefully drawn up to
minimize the number of penetrations and to facilitate the work to make
them airtight. Electrical wiring should, as far as possible, be installed in
internal walls.
Regular checks should be made on the building site to ensure that
stipulated solutions are used. Temporary solutions using tape or unspecified jointing mastics should not be accepted. It must be remembered
that it is not possible to determine the airtightness of a building by carrying out a single inspection. As early as possible in the building process
airtightness testing of a fire unit/dwelling unit should be carried out to
get an idea of whether the technique chosen has provided the desired results. If the pressure testing method is combined with thermography,
leaks can be detected and the necessary changes made to the chosen design solutions. Tests should be repeated continually.
Good results can be achieved, if all those engaged in a project are
made aware of the requirements for good airtightness. Open cooperation between the different contractors is therefore very important.
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Claiming that ‘to see we need light’ is perhaps now regarded as somewhat self-evident: we are also aware that light is both useful and a necessity. However, it is not only needed to see by – light also plays an indispensable role in our very existence. ‘No life without light’ is a phrase in
which the word light can now be replaced by radiation and energy, as
forms of life have been found to exist in the absence of visible light but
in the presence of other energy sources, such as UV, ultraviolet, radiation
and IR, infrared, radiation.
We, as Homo Sapiens, have developed over millions of years in a daylight environment in which the variations of light intensity have controlled our existence and evolution.

our bodies. Our biological clocks, i.e. our sleep-wake cycles, are controlled by variations of light. The body’s capability to absorb vitamin D,
its metabolism and its immune defence are also controlled by light and
possibly by other, so far unestablished, factors.
What is light? In the eighteenth century, Dr. Samuel Johnson noted
that ‘we all know what light is; but it is not easy to tell what it is’. Today,
the recognized explanation says that perceptible light is visually experienced electromagnetic radiation, see Figure 1. It is important to include
the distinction ‘visually experienced’, as man in his natural environment
is subject to radiation from the whole of the electromagnetic spectrum.
The part of the sun’s radiation spectrum that reaches Earth comprises
about 50 % light radiation, about 45 % IR radiation and about 5 % UV radiation. These figures also indicate the relative proportions of the energy contents of these different types of radiation.
We experience different types of solar radiation in different ways. IR
radiation is absorbed by the skin, where cells or receptors register it as
heat. When the heat sensation becomes too great, our brain transmits
signals to regulate our body temperature by opening pores in the skin
and creating a sweat, resulting in a reduction of the sensation. As far as
we know, human beings do not have any receptors with which we can
experience UV radiation. On the other hand, the effect of an excessive
dose of UV radiation can be detected – our skin turns red and we might
experience a burning sensation and nausea. Light radiation is absorbed
ABSORPTION AND REFLECTION SPECTRA FOR PLANTS/CHLOROPHYLL

VISIBLE LIGHT
400 nm

Gamma
radiation

450 nm

500 nm

X-rays

550 nm

UV
light

600 nm

Infrared
radiation

Absorption spectrum
650 nm

Microwaves

700 nm

Radar/TV/
Radio waves

Alternating
current

VISIBLE LIGHT

FIGURE 1. The electromagnetic spectrum.

This is not only true with regard to our eyesight, the result of the
function and sensitivity of our eyes adapting to the daylight radiation
spectrum over millions of years, but also to other biological functions of
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Reflection spectrum

Absorption spectrum

750 nm

450 nm
UV

550 nm
LIGHT

650 nm
IR

FIGURE 2. A diagram showing the absorption and reflection spectra for chlorophyll. Radiation in the blue and red parts of the light spectrum are absorbed by
plants, while the radiation in the middle of the spectrum, the green area, is reflected. Artificial lighting for plants should therefore emit both short and long wave
light radiation, i.e. both blue and red light.
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less by the skin than both IR and UV radiation. All our light-sensitive
cells or receptors are situated in our eyes and these react in different
ways, depending on whether they have a biological or visual function.
Human beings, however, are not alone in experiencing and making
use of radiation for their existence. All forms of life depend, in some way,
on the radiation spectrum. Plants need light for photosynthesis, a process
by which the carbon dioxide in the air, light energy and water create cells
and release oxygen. On the other hand, not all parts of the spectrum can
be used or absorbed by plants, primarily only the blue and red parts. The
green part of the light spectrum is not used, but is reflected by chlorophyll, the substance in plants responsible for photosynthesis, see Figure
2. Consequently, we perceive plants as being green and, in the autumn,
when the chlorophyll has disappeared, leaves turn brown and straw turns
yellow.
As we have evolved in an environment dominated by vegetation, our
eyes are most sensitive to light in the green part of the spectrum.
Sensitivity then rapidly decreases towards both ends of the light spectrum, where light is seen as blue or red.
2.0

The biological effects of light radiation on human beings have only
been more fully understood thanks to progress made in research over the
past ten years or so. For instance, regarding the effect of light on the
body’s ability to absorb vitamin D and how this process works. Another
example is the effect of light on our immune defence system. How light
affects our biological clock has also been explained. What was unknown
until a few years ago was that our eyes have two different light-sensitive
receptor systems – one for visual processes and one for biological
processes. The biological receptor system that controls glandular activity, i.e. hormone production, is most sensitive to blue light, as seen in
blue skies. Sensitivity is reduced dramatically when it is subject to light
with longer wavelengths and the system is practically insensitive to green,
yellow and red light, see Figure 3. When blue light from the sky or light
with similar wavelengths is incident on or stimulates the biological receptors a signal is sent to the glands in the body, primarily to the pineal
gland, so that the production of cortisol increases and the production of
melatonin, the so-called sleep hormone, is inhibited. When blue light
ceases to stimulate the biological receptors, the production of cortisol is
stopped and melatonin is produced instead, and we become sleepy.

Energy intensity, W/m2/nm

1.5

Ground and vegetation reflection
Light spectrum from
standard fluorescent
lightning

1.0
Biological
absorption curve

0.5

RELATIVE SENSITIVITY

Daylight from a cloudy sky

V
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700

WAVELENGTH (nm)
0
300 nm

400 nm

500 nm
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FIGURE 3. The diagram shows different types of light spectra and absorption spectra for biological and visual receptors. The so-called V curve, showing the visual
sensitivity of the eye, correlates well with the curve for light reflected from vegetation. The biological absorption curve correlates well with the diffuse solar radiation spectrum, daylight from a cloudy sky, with a maximum around 460 nm,
where the energy content of the diffuse radiation spectrum is greatest.
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FIGURE 4. Schematic absorption curves (light sensitivity curves) for the visually active receptors. The blue, green and red curves represent the cones that provide us
with an experience of colour and detail vision in daylight conditions. The black
curve, the so-called  curve, represents the sum sensitivities of light stimuli of the
cones. The grey dashed line represents the rods, which are much more light sensitive than the cones, but which do not contribute to experiencing colour. The
rods function at low intensities of illumination, such as at dawn and dusk, and at
night.
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The human body assumes a state of rest as nerve signals become slower and reaction times are reduced. These changes normally take place as
part of the natural biological twenty-four-hour clock. However, if the
light from a blue sky or similar blue light is not experienced, glandular
production of melatonin will not cease and the body will remain in a
state of rest for longer periods than those dictated by its natural daily
rhythm. In winter, blue light is not visible in the northern and southern
parts of the globe and this means that daily rhythms for people living in
these regions will be disturbed. This results in an uninterrupted production of melatonin and a weakened immune defence. The effect on the
body is like trying to drive a car with the handbrake on and the wrong
oil in the engine. Many people become depressed, to different degrees,
during these periods.
Similar reactions also occur among people not living in these northerly and southerly regions, i.e. people who spend most of their working
hours indoors, in premises with little or no access to daylight. Before the
biological receptor was discovered, it was thought that artificial electric
light would be a sufficient substitute for daylight.
In the wake of these more recent discoveries, it has been shown that
both lighting levels and light quality, i.e. the spectral distribution of light,
are insufficient from a biological and health point of view. As mentioned
in the introduction to this chapter, we evolved in a daylight environment
in which the radiation intensity outdoors was, and is, far greater than
that indoors. Outdoors, the intensity of illumination during the day
varies between 500 lux on an overcast day and 100 000 lux on a clear
sunny summer day. Indoors, the intensity of illumination is usually between 200 lux and 500 lux. Compared to the conditions outdoors this
like very weak twilight. As nearly all light sources available today have
been developed to meet our visual requirements, the radiation spectrum
is mainly biased towards wavelengths where the visual light-sensitive receptors have maximum absorption, i.e. in the 500 to 700 nm range, see
Figure 4. The biologically active receptors have their absorption spectrum in the 430 to 500 nm range. However, the use of artificial sources,
such as fluorescent lighting or other discharge lamps, to create a level of
light radiation within the wavelength ranges that are acceptable from a
biological point of view would be very energy-demanding and would
also create excessively large amounts of heat.
The conclusion that can be drawn from these new findings is that the
amounts of daylight in buildings must be increased considerably. This
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will mean designing buildings differently, as those built today at best
only provide sufficient levels of daylight a few metres in from the facade
of the building. An architectural paradigmatic shift is needed, if buildings
are to provide good healthy environments in which daylight can function
both biologically and visually, while at the same time replacing electrically created light during daylight hours. The problem that has to be solved
is how to introduce a sufficient amount of daylight into buildings without having a heating effect that will call for a cooling solution – or how
to develop and use energy-efficient light sources that display spectra that
are effective both visually and biologically.
Light sources like these are available, for example, in the microwave
plasma lamp. On the other hand, this solution is difficult to install in
modern buildings and has therefore not been used to any great extent.
Another example of a source of light that could be developed along these
lines is the LED or light emitting diode. However, it must not be forgotten that genuine daylight also has another effect on the indoor climate: namely, its aseptic effect. This was previously made use of in
schools and hospitals to reduce the spread of bacteria and viruses, something that seems to have been completely forgotten today.
A well known example of these powers was observed by the English
nurse Florence Nightingale during the Crimean War in 1864. She discovered that the wounds of the soldiers who could not be cared for indoors, and who were forced to lie outdoors, healed much quicker than
those who were treated indoors. She concluded that daylight was instrumental in fighting harmful bacteria. This led to hospitals and schools
being opened up to admit health-bringing daylight. As a further consequence, the designs of residential and office buildings were influenced by
these findings, primarily seen in the functionalistic building styles that
dominated the first half of the twentieth century.
It was previously mentioned that light levels indoors are generally too
low from a biological point of view. Unfortunately, the same observation
can also be made about them regarding our visual system. The maximum
sensitivities of the eye were originally developed at outdoor daylight
levels, generally 10 to 200 times greater than levels indoors. Light levels,
however, are not the only factors that matter, the spectral distribution is
important too. Daylight has an even and continuous spectrum as opposed to the spectra of light sources normally used indoors. To understand why this is a problem, a short explanation of the function of the
eye and the visual process is necessary, see Figure 5.
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WE SEE WITH OUR BRAIN

The image is caught by the eye...

...and is converted by the brain

Light radiation is reflected by the flower and
transmitted to the eye. The radiation is refracted
by the lens to form an image that is vertically and
horizontally reversed. The light energy incident
on the visual cells in the retina is converted by
the rods and cones into electrical impulses that
are transmitted to the brain.

The impulses from the retina are sent to the
visual centre of the brain. The impulses are
then processed and interpreted by different
parts of the brain. The result is compared to
previous experiences and memories and a
picture of the flower appears.

FIGURE 5. The illustration shows a somewhat simplified picture of the visual experience, the act of seeing.

VITREOUS BODY
Optic nerve

Retina
Pupil
Lens

LIGHT

Iris

Macula lutea
RETINA

Incoming light

Light receptors
(rods and cones)

FIGURE 6. The structure of the eye and a detailed section of the retina.
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The eye can be described as a camera in which the act of seeing corresponds to images being projected onto a film, the retina, where an
electro-chemical process converts light energy into nerve signals to the
brain, where they are processed and interpreted. The visual process,
however, is not quite that simple. The optical system in the eye is far
more complicated than that in a camera. The sensitivity of the retina and
its ability to adapt to different levels of light greatly exceed the properties of the most advanced electronic cameras, see Figure 6.
The eye can adapt to light conditions that vary by a factor of up to
100 000. To span this enormous range, the retina is equipped with receptors that have different sensitivities to light, with a distinction being
made between scotopic and photopic adaptation. Scotopic adaptation
means that the eye adapts to dawn/dusk and night vision, i.e. low levels
of light. The extremely light-sensitive receptors that come into play for
these conditions are called rods. A special feature of these receptors is
that they register low-level light radiation, but not from which part of
the spectrum it originates. This results in everything being seen as grey
at low light levels – at night, all cats are grey. At higher levels of light,
daylight, the somewhat less light-sensitive receptors, called cones, are
brought into play. The eye is then said to be photoptically adapted.
There are three types of cones, each with different absorption spectra.
They each register light radiation from different parts of the spectrum
and have individual maximum sensitivities for red, green and blue light,
see Figure 4. In other words, this means that the cones form the basis for
colour vision. Strange as it may seem, if each of the three different types
of cones were subject to light with wavelengths within the blue, green
and red parts of the spectrum, this would create the sensation of white
light. By varying the radiation intensity of these combined colours, the
sensation of new colours can also be created. This technique is used in
colour TVs as well as in fluorescent lights and other light sources to create the impression of light of different colours. Our retinas cannot detect
that light from artificial sources has an uneven spectrum. Nor are we
aware of the effects of this, namely, that the colours are not always experienced correctly (metamerism), that visual acuity and contrast sensitivity are affected and that we can experience after-image effects that affect
our detail vision. Natural daylight has an even spectrum and therefore
provides a better balance between the registration, by the different
cones, of both the direct and reflected light radiation that meets the eye.
This means that visual impressions such as shape, colour, movement and
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contrast etc are roughly sorted out as soon as they reach the retina. As
the eye twitches with small, rapid movements, fixing an image for a few
microseconds before its next movement, a so-called saccadic movement,
its field of vision is recorded in steps on the retina. Each time the image
is fixed, the receptors in the retina send different streams of signals, containing information about the observed environment, to the brain. This
complex information is then processed by the brain to raise our level of
awareness of our surroundings.
The greatest amount of work performed by our brains is to reject all
the information that the brain regards as unnecessary or already known.
This is accomplished according to a complicated reference pattern, individually built up during our lifetime. It is estimated that if the brain receives about 100 megabytes of information per second, we only actually
become aware of about 30 to 40 bytes. The greatest load on the brain is
the work performed to reject visual information and this uses about 90
to 95 % of its capacity. The remaining capacity is used to process information from other senses and other bodily functions.
The way in which the retina and brain process the information received can be regarded as a genetically developed program. It was developed for our survival in the natural and dangerous environments in

which our forefathers lived and which were left only a few thousand years
ago.
Modern environments are characterized by features with long straight
lines, right angles, symmetrical patterns – such as glazed facades – and
saturated colours, which hardly exist at all in nature. In addition, objects
are often lit by a number of different light sources, creating contrasts and
shadows, also nonexistent in nature. The conditions under which we
now see things have been radically changed. The effects that they have
on our daily visual interpretation of our artificial environment must not
be underestimated. Thinking that we can see something does not necessarily mean that that we actually see it. Figures 7 to 12 show us how
visual information can be interpreted or misinterpreted.

FIGURE 9. Is this a spiral or a number of
circles?

FIGURE 7. The vertical pairs of coloured
squares between the horizontal lines are
indentical but are perceived as being different. The phenomenon is called chromatic
induction or metamerism. Its underlying
causes are still not fully understood.

FIGURE 8. What do these black
blobs represent?
A man cutting grass.
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FIGURE 10. Are these horizontal lines
parallel?

The ability of the eye and the brain to discern the essential part of the
visual information in our surrounding environment is sometimes subject
to extremely difficult challenges by artificial environments.
Over the past ten years or so we have increased our understanding of
what vision is all about and it is now possible for us to design visual environments so the conditions under which we observe our surroundings
can be greatly improved.
This new knowledge will almost certainly mean that present standards
and recommendations regarding lighting will be radically changed in
many respects.
In the future, more emphasis will most probably be placed on the
spectra from different sources of light and these will become more im-
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FIGURE 11.

FIGURE 12.

Look at the centre of the left-hand picture for 30 seconds and then look at the
right-hand picture – what happens to the black-and-white picture?

DAYLIGHT

portant when assessing the quality of the light and its source – not only
with respect to biological effects but also to visual functions. Demands
for glare-free environments and how light is distributed in them will also
be given more emphasis. This will be done partly to eliminate various
after-image effects and partly to improve visual acuity and contrast sensitivity. Where older generations are concerned, these demands are more
essential for safe vision than increasing lighting intensities.
A completely different aspect, that has nothing to do with the visual
experience, but, nevertheless, one which is essential for the survival of
man, is the use of energy: A large proportion of the energy that we use,
and considerably more than most people realize, is used to create light.
Lighting, for example, uses nearly 20 % of the global production of
electrical energy. This is more than all the electrical energy used in the
EU, see Figure 14.
Ventilation 31%
Other 80%

LIGHT BULB

Lightning 20%

400
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500 550 600
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Wavelength, nm

300 350 400 450 500 550 600 650 700 750
Wavelength, nm
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FIGURE 13. The colour spectra emitted by different sources of light vary considerably. For most visual purposes, the best results are obtained if the colour spectrum
of the light source corresponds, as far as possible, to that of daylight. Research has
shown that health and performance increase in environments with high quality
light. [U.S. Department of Energy. Vision 2020. March 2000.]
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FIGURE 14. The proportion of electrical energy produced for lighting
in a global perspective. [Light’s
Labour’s Lost, OECD/IEA, 2006]

Cooling
17%

Lightning 37%

Other 15%

FIGURE 15. The proportions of electrical
energy, according to usage, used in office
buildings in Sweden [Stil 1/Energimyndigheten].

Lighting also generates heat. In the Nordic countries this can sometimes be regarded as a contribution towards heating needs, but in most
cases it actually contributes to the need for cooling! This means that
lighting demands indirectly affect the energy use of other building services, such as cooling and ventilation.
Lighting is thus one of the greatest factors behind the production of
greenhouse gases. It gives rise to three times as much greenhouse gases
than all global air traffic. [OECD/IEA, Light’s Labour’s Lost, 2006]
A large proportion of this energy is used when outdated low-efficiency light sources convert electrical energy into light radiation. And these
energy-consuming light sources do not even provide a satisfactory visual
light spectrum.
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This means that when new standards and recommendations are produced the amount of energy used by lighting will be emphasized even
more than today. One of the factors that will be stressed is the greater
use of daylight as an alternative to electrical lighting. This is not only for
health reasons, as mentioned previously, but also for energy use reasons.
Daylight on a cloudy day will provide more than twice the amount of
light for every watt of heat load that the most efficient electrical light
source in a building can provide. An increased but more intelligent and
efficient use of daylight in modern buildings would also indirectly reduce
the energy needs for cooling and ventilation.
These multiple arguments for increasing the availability of daylight in
buildings – for health and energy purposes – provide even more reasons
why changes must be made in the design of buildings. They also emphasize why it is not only important to develop new energy-efficient light
sources but also new lighting solutions, so that demands for biologically
and visually satisfactory environments, as well as demands for lower energy uses than today, can be met.
The technology required is both known and available and, to a certain
extent, solutions have been tested and provided good results. What remains to be done is to introduce and implement these new solutions and
products on a broad front, so that ideal indoor environments can become a reality in future buildings.

The eye
Number of rods
Number of cones
“The third receptor”

5 million, used for colour vision
100 million, used for night vision
Used to control our biorhythm

Number of nerve paths from
the retina

1 to 2 million

Luminous efficacy is the ratio of luminous flux to the total electrical power input
to the source. Luminous efficacy is expressed in lumens per watt, lm/W.
Typical values of luminous efficacy:
Light bulbs, about 10 lm/W
Halogen lamps, about 20 lm/W
Compact fluorescent light strips, 50 to70 lm/W
Fluorescent lights*, 95 to 100 lm/W
LEDs, white light, 70 to 80 lm/W (Nov 2007)**
* with electronic high-frequency controls
** LEDs in laboratory tests, at present 130 lm/W
Present recommendations in Sweden state that the maximum installed lighting
power requirement should not to exceed 2 W/100 lux per square metre floor area.
Example: In a 10 m2 office with an illuminance requirement of 500 lux, the installed lighting power should not exceed 100 W or 10 W/m2.

Brainard, G. (2003), New Science
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Clear sunshine
Cloudy summer
day
Misty winter day
Cloudy winter day
Office, indoors
Clear moonlight
Starlight without
moonlight
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60 000 to 100 000 lux
20 000 lux
10 000 lux
3 000 lux
300 to 500 lux
1.0 lux
0.25 lux

Luminous flux is the measure of the perceived power of light. The unit of luminous flux is the lumen, lm.
Illuminance is the amount of light incident on a surface. Illuminance is measured in lux, where 1 lux = 1 lumen per square metre, 1 lm/m2.
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Luminance is the amount of light from a light source or illuminated area that
reaches our eyes. Luminance is measured in candelas per square metre, cd/m2.

IESNA (Illuminating Engineering Society of North America) (2000),
Lighting handbook, ISBN 978-0879951504

Eyes and light: facts and figures

Typical lighting levels

Luminous intensity is a measure of the power emitted by a light source in a particular direction. The unit of luminous intensity is the candela, cd.

Starby, L. (2006), En bok om belysning, Ljuskultur,
ISBN 91-631-3529-9
Valberg, A. (2003), Lys Syn Farge, Tapir Förlag, ISBN 82-519-1301-2
COMMENT

Every employer regards increased productivity and fewer days lost through
sickness as highly desirable factors, as they result in increased profitability.
As the indoor environment has an important effect on performance, efficiency, well-being and health, tenants are already demanding improved indoor climates and environments. Property owners who have understood and
accepted these needs find it easier to rent out their buildings and can also
demand higher rents than owners who have not understood or accepted the
connections.
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5IJTQBSUPGUIFCPPLUSBDFTUIFQBUIPGGSFTIBJSBTJUJTUSBOTQPSUFEGSPN
BO PVUEPPS UP BO JOEPPS FOWJSPONFOU WJB BO BJS IBOEMJOH TZTUFN
4PNFUIJOHIBQQFOTUPJUBUFWFSZTUBHFPGJUTKPVSOFZQSJNBSJMZUPNBLF
JUBTQMFBTBOUBOEBTTVJUBCMFBTQPTTJCMFGPSJUTJOUFOEFEQVSQPTFT4PNF
GBDUPST  IPXFWFS  DBO IBWF OFHBUJWF FGGFDUT  JG UIFZ BSF OPU UBLFO JOUP
BDDPVOUJOBTFSJPVTNBOOFS8FhMMCFUBLJOHBDMPTFSMPPLBUBJSJOUBLFT 
GJMUFST IFBUSFDPWFSZTZTUFNT IFBUJOHBOEDPPMJOHVOJUT IVNJEJGJDBUJPO
BOE EFIVNJEJGJDBUJPO  GBOT BOE TPVOE BCTPSCFST  EVDUJOH TZTUFNT 
BJSCPSOF BOE XBUFSCPSOF JOEPPS DMJNBUF TZTUFNT  DPOUSPM TZTUFNT 
CBMBODJOH BOE DPNNJTTJPOJOH  CVJMEJOH NBOBHFNFOU TZTUFNT BOE
RVBMJUZBTTVSFEJOEPPSDMJNBUFT BOEIPXUIFZBMMDBOIBWFBOFGGFDUPO
UIFJOEPPSFOWJSPONFOUJOBCVJMEJOH
8IFOJUDPNFTUPIBOEMJOHBJS BOEKVTUBTJONBOZPUIFSEJTDJQMJOFT JU
JTJNQPSUBOUUPFYQSFTTPOFTFMGDMFBSMZBOEDPODJTFMZXIFOVTJOHDFSUBJO
XPSET BOE FYQSFTTJPOT 6OFRVJWPDBM EFGJOJUJPOT BSF B NVTU UP BWPJE
NJTVOEFSTUBOEJOHT*OFBDIDIBQUFS SFMFWBOUEFGJOJUJPOTBSFJODMVEFEUP
IFMQDMBSJGZNFBOJOHTBOEGBDJMJUBUFVOEFSTUBOEJOH
3FBEFSTNJHIUDPNNFOUUIBUTPNFJNQPSUBOUBTQFDUTIBWFCFFOMFGU
PVU CPUIIFSFBOEJOPUIFSQBSUTPGUIFCPPL5IJTJTUSVFBOEJUXPVME 
PG DPVSTF  IBWF CFFO GBOUBTUJD  JG XF DPVME IBWF QVCMJTIFE B CPPL UIBU
DPWFSFE FWFSZ BTQFDU PG BMM SFMBUFE UFDIOPMPHJFT 'PS QSBDUJDBM SFBTPOT 
UIJTXPVMEIBWFCFFOBOJNQPTTJCMFUBTL OPUMFBTUGPSSFBTPOTPGTQBDF
5IJTNFBOTUIBUXFIBWFMFGUPVUFWFSZUIJOHUIBUIBTUPEPXJUIGJSFDFMMT
BOE IPX GJSF BOE DPNCVTUJPO HBTFT DBO CF TQSFBE CFUXFFO UIFN /PS
IBWF XF QSPWJEFE SFDPNNFOEBUJPOT BCPVU IPX NVDI WFOUJMBUJPO JT
SFRVJSFEJOEJGGFSFOUUZQFTPGCVJMEJOHTPSGPSUIFJSEJGGFSFOUVTFT5IJT
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CPPL JT BJNFE BU B OVNCFS PG JOUFSOBUJPOBM NBSLFUT JO XIJDI OBUJPOBM
WFOUJMBUJPO SFHVMBUJPOT BOE TUBOEBSET WBSZ DPOTJEFSBCMZ 'VSUIFSNPSF 
UIFSFJTBHSFBUEJWFSTJUZPGDMJNBUFDPOEJUJPOT CPUIXJUIJOBOECFUXFFO
EJGGFSFOU DPVOUSJFT  XIJDI BMTP NBLFT JU EJGGJDVMU UP GPSNVMBUF HFOFSBM
SFDPNNFOEBUJPOT0OUIFPUIFSIBOE UIFCPPLEPFTEJTDVTTUIFRVFTUJPO
PGUIFTJ[FPGIZHJFOJDBJSGMPXTJO$IBQUFS-FHJTMBUJPO TUBOEBSETBOE
FTUBCMJTIFEQSBDUJDF
    &BDI TZTUFN PS DPNQPOFOU EJTDVTTFE JO UIJT QBSU PG UIF CPPL IBT JUT
PXO TQFDJBM QVSQPTF 8F IBWF OPU UBLFO TJEFT GPS PS BHBJOTU BOZ QBSUJ
DVMBSTPMVUJPOPSUFDIOPMPHZ&WFSZTPMVUJPOJTBQQMJDBCMFJOJUTPXOSJHIU 
BMUIPVHIOPTPMVUJPOJTVOJWFSTBMFOPVHIUPXBSSBOUJUTVTFJOFWFSZDPO
DFJWBCMFTJUVBUJPO"MMTZTUFNTBOEDPNQPOFOUTBSF IPXFWFS FYQFDUFEUP
XPSLJOVOJTPO CVUBMMUPPPGUFOPOFDBUFHPSZPGGVOEBNFOUBMBTQFDUTJT
PWFSMPPLFEUIFEFNBOETQMBDFECZUIFDMJFOU*GXFBSFUPDSFBUFBHPPE
JOEPPS DMJNBUF  POF UIBU DPSSFTQPOET UP UIF DMJFOUhT SFRVJSFNFOUT BOE
OFFET  UIFO UIFTF NVTU CF WFSZ DMFBSMZ TUJQVMBUFE GSPN UIF WFSZ CFHJO
OJOH5IFEFTJHOBOETUSVDUVSFPGBCVJMEJOH BTXFMMBTJUTJOUFOEFEVTF 
BSFUXPNPSFDSVDJBMGBDUPSTUIBUXFNVTUDPNFUPUFSNTXJUI CFGPSFXF
TUBSU UP DPOTJEFS XIJDI TPMVUJPO XJMM CFTU NFFU UIF DMJFOUhT FYQFDUBUJPOT
'BSUPPPGUFOBQSPKFDUJTUBDLMFEGSPNUIFXSPOHFOEXJUIBQSPEVDUPS
UFDIOJDBMTPMVUJPOUIBUXFUIFOUSZUPBQQMZ BTTLJMGVMMZBTXFDBO UPGVMGJM
UIF SFRVJSFNFOUT *O UIF CFTU PG XPSMET  JU XJMM POMZ PGGFS B SFBTPOBCMZ
FGGJDJFOU DPNQSPNJTF $IPPTJOH UIF XSPOH TUBSUJOH QPJOU PGUFO MFBET UP
QPPSMZGVODUJPOJOHTZTUFNTOPNBUUFSIPXIJHIRVBMJUZUIFQSPEVDUTBSF
UIBU BSF JOTUBMMFE 5IF GJSTU DIBQUFS  BCPVU UIF DMJFOU BOE UIF CVJMEJOH
QSPDFTT  JT GVOEBNFOUBM UP UIF GPMMPXJOH EJTDVTTJPOT JO UIJT QBSU PGUIF
CPPL
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14 . T H E C L I E N T A N D T H E B U I L D I N G P R O C E S S

Professor Emeritus E N N O A B E L
CIT Energy Management AB, Gothenburg

BACKGROUND

Although the whole building process, from the moment a new building
is envisaged until it is completely finished, may be found interesting and
sometimes even exciting, it is always found to be very complicated. The
client starts the ball rolling and defines the conditions for the project: the
purpose of the building and its location, size and cost. Then more and
more parties become involved: local authorities, design engineers, contractors etc. When rebuilding, extending and renovating most of the
conditions that will affect the project will be dictated by the existing
building. However, if the changes are extensive, the initial conditions will
be similar to those for new buildings.
In small projects, for example, when building detached houses, there
is often only one client and a single contractor who oversees everything.
In large projects, such as blocks of flats, offices, schools, hospitals and industrial buildings, a great number of players are involved: architects, design engineers, project managers, tenant’s representatives, contractors etc.
In both small and large projects, the client is ultimately responsible
and must make all the final decisions during the building process. The
client is responsible for stipulating the physical and economical limits for
the project as well as the properties of the building.
All those involved in the project – the architect, the design engineer
and the contractors – are, in turn, responsible to the client for delivering
a building that functionally, aesthetically and technically displays the
properties that the client has stipulated. One of the conditions, therefore, that must be fulfilled is that these properties must be clearly defined
by the client so that all those involved fully understand them. This is
done by expressing them in a requirements specification. Those involved
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in the project must then design the building and choose, design and install the building services solutions so that the building fulfils these requirements.
The realms of responsibility between the client and others involved in
the project must be clearly defined and adhered to during the whole of
the building process. This is because it is important to draw a clear demarcation line between requirements and solutions. The client can, of
course, have an opinion about the choice of certain solutions and might
even demand special solutions, but this must only be done if they can actually fulfil all the requirements regarding properties and functions.
Otherwise, it could be difficult to point out who was responsible for fulfilling a particular requirement and this could cause problems if, for example, mistakes are made or faults occur.
Before the actual planning work starts and before any binding decisions are made, the client should have a good idea of the economical and
technical consequences of the different requirements. Similarly, the other
players involved in the project must be fully convinced that it will be possible, within reason, to fulfil the demands made by the client within the
technical and economical limits of the project. When planning a new
building, for example, at the preliminary architectural design stage, an
unbiased feasibility study should be carried out to determine whether the
client’s requirements can be fulfilled within the technical and economical limits of the project.
Requirements and requirements specifications, the difference between
requirements and technical solutions, and the importance of carrying out
consequence analyses at an early stage in a project are discussed in the
following pages of this chapter.
Above all, a building must be designed so that it is safe to use. Those
who live or work in the building must never risk being injured by a part
of the building collapsing on them or becoming ill because of a poor indoor climate. There are always a number of laws and official regulations
that must be followed when constructing a new building, or altering an
existing one, and these are primarily aimed at ensuring that it is designed
and dimensioned so that those using it will not risk being injured or
harmed in any way. Demands regarding energy efficiency and environmental impact are also being introduced to an increasingly greater extent.
Regulations often state basic performance levels that must be fulfilled.
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REQUIREMENTS

However, requirements for individual projects are often higher, if there
are advanced demands regarding the use of the building. This is especially true in non-residential buildings, where usage often requires stricter
limits than those stipulated in official regulations.
The reason why new buildings are built, or existing buildings are rebuilt or extended, is because they are needed for a specific purpose or
use.
There are always a number of basic usage requirements that must be
fulfilled if the building is to be used at all. There are specific requirements, for instance, concerning the layout of the building so that it can
be lived in or used for work. There are also functional requirements, for
instance, that the temperature of the room air must lie between certain
limits, that the air quality is good, that the lighting level is suitable for
the activities in the building, that there are no annoying noises or disturbing electrical fields, etc. All these requirements must be fulfilled, if
the building is to be used as intended.
However, these requirements must not just be fulfilled now, while the
building is new, but also for years to come. The building must be designed to last: it must be able to withstand moisture, it must not contain
individual materials or combinations of materials that might deteriorate
over time, and the building services installations must continue to function while remaining cost-efficient. Requirements like these are always
included in the specifications concerned with the usage of the building.
The specifications relating to the usage of the building are, on their
own, not enough to ensure that the building will be satisfactory from all
points of view. The building must also be architecturally attractive, only
require a reasonable amount of maintenance, use little energy, etc. These
properties, which are really an expression of the quality of a building, are
stipulated by the client in the form of a building requirements specification. Quite naturally, it is often these that are focused on when planning
work starts and even later on during the detailed planning work. The
usage requirements specifications, which are often more abstract, tend to
be disregarded. And this is where demands regarding the indoor climate
are to be found. The very idea behind dividing the requirements specifications into two categories – building and usage – is to emphasize the
importance and relevance of the usage requirements.
There is no difference in value between the two different categories
and this is why focus on the building requirements must never mean that
the usage requirements will not be fulfilled.
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There are, then, three different types of requirements and all of them
must be fulfilled in the finished building:
• Official requirements
• Usage requirements
• Building requirements
Building regulations often indicate a basic level for performance requirements in residential buildings, both concerning the structure of the
building as well as installations to provide a suitable indoor climate.
However, it is sometimes motivated to draw up a separate requirements
specification as a complement the formal regulations if, for example, the
building has been designed in such a way that the indoor climate will be
subject to large loads. This could be necessary, for example, when there
are large window areas without extensive solar protection.
When it comes to large buildings, and especially non-residential buildings, it is very important that a well-prepared requirements specification
is drawn up. Renovation work, if carried out to a reasonably large extent,
also falls into this category. And, although the client is responsible for
drawing up a requirements specification, consultants can, of course, be
engaged but the final responsibility still lies with the client.
Official regulations cannot be questioned whereas the two other categories can be discussed further.
There are two types of usage requirements, both of which must be fulfilled so that the building can be used for its intended purpose:
• Those which relate to the building itself, i.e. those which specify sizes,
areas and numbers of elements etc. These requirements are used to
describe the building and quantify design parameters.
• Those which relate to the indoor climate, i.e. those which are specified in terms of physical units such as temperature, highest allowable
concentrations of pollutants, illuminance etc.
The usage requirements can normally be expressed in figures and can,
therefore, be used as a basis for planning. They can be easily followed up
during the planning process and checked in the finished building. The
building requirements should also be expressed, as far as possible, as specific quantities. As shown in the example below, a number of the building requirements can only be expressed qualitatively.
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USAGE
REQUIREMENTS
AND BUILDING
REQUIREMENTS

Examples of performance requirements
Usage requirements

Building requirements

Relating to the building
• Number of rooms
• Areas of rooms
• Types of rooms
• Communication routes

Requirements formulated to ensure:
• Aesthetic solutions
• Efficient use of space and numerical
values for assessment
• Floor space coordination
• Insulation and airtightness of the
building envelope
• Quality, durability and ease of
maintenance, including assessment
criteria
• General applicability and flexibility,
including assessment criteria
• Ecological solutions and recycling
• Technically and economically
optimal solutions, and criteria for
optimisation
• Minimized life cycle costs with
criteria for assessment
• Energy efficiency and criteria for
assessment

Relating to the indoor climate
Desired functions
• Admission of daylight
• Thermal climate
• Air quality
• Lighting quality
• Acoustics
• Barriers to prevent the spread of
particles and gases (laboratories,
hospitals)
• Hygienic design
Relating to nuisances
• Draughts
• Noise
• Electrical fields
• Dazzle/glare
Relating to durability
• Moisture protection
• Operating reliability

In the remainder of the chapter, when requirements and requirements
specifications are discussed, focus will be on the indoor climate and the
use of energy.
THE TERM
‘REQUIREMENTS’

If a requirements specification is to be justified at all and the document
is to be regarded as a fundamental ingredient, essential to the project,
then all those who are engaged in the building process must be fully
aware that the requirements:
• are absolute, i.e. they must be fulfilled completely within stipulated
limits.
• must be verifiable and measurable when the building has been completed and put into use.
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• must be well founded, i.e. there must be indisputable grounds for every
requirement.
• must be used as a basis for planning and that they must be possible to
fulfil, taking into account the conditions under which the project is
carried out.
These points must be strictly adhered to, not least when it comes to
the requirements that specify the indoor climate.
Requirements are absolute
If a requirement is absolute, it means that it must be fulfilled completely.
The word requirement is itself absolute and it is therefore used together
with the verb ‘must’. It is quite unacceptable to stipulate requirements
and then express them using the verb ‘should’, which is, unfortunately,
often the case.
A prerequisite for achieving the desired indoor climate and expected
energy efficiency in a building project is that there must be no ambiguities in the formal communication between the client and those involved
in the building process. This means that it must be fully understood that
every requirement must be fulfilled completely.
If, for example, it is stipulated in a requirements specification that the
temperature in a room must be +22 °C ±2 °C, this means that the room
temperature must never exceed +24 °C. This will require a very expensive and advanced indoor climate system, especially if the requirement is
to be fulfilled in outer rooms. However, if it can be accepted that the
room temperature is higher than specified for short periods, the requirement can be fulfilled using considerably simpler plant. In this case, the
temperature requirement must be expressed quite differently, for example, as follows:
Example 1
The room temperature must be +22 °C ±2 °C, but higher temperatures
can be accepted when the outdoor temperature is higher than the design
outdoor temperature.
Example 2
The room temperature must be +22 °C ±2 °C, but higher temperatures
can be accepted for 80 hours per year.
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Example 3
During working hours, the room temperature must always be kept below
an upper limit, defined by a duration diagram, and above a stipulated
lower limit.
Temperature
o
30 C

The figure shows how the requirements stipulated in Example 3 can
be defined.
Upper limit for the
room temperature

o
25 C

Lower limit
o
20 C
0

100

200

300

400

500

Working hours per year

The climate system must be
designed so that:
• The room temperature does not
exceed +25 °C for more than 80
working hours per year.
• The room temperature must always be kept above +21 °C.

Working hours

The requirements stipulated in Example 3 mean that the climate system must also be designed so that the temperature can be kept at around
+22 °C, if desired. A common problem that occurs in modern office
buildings is that it is seldom possible to lower room temperatures much
below the maximum allowable level, even in winter.
The importance of being aware of the fact that requirements are absolute can be illustrated by the following: The highest concentrations of,
for example, nitrogen monoxide, nitrogen dioxide, sulphur dioxide,
ozone, etc, in the indoor air are sometimes stipulated in the requirements specifications. In cases like these, it is important that the stipulated limit values are not lower than those in the outdoor air. Otherwise,
the requirement will mean that these gases will have to be removed from
the supply air and this will be prohibitively expensive.
It is the sole responsibility of the client to formulate and compile the
requirements to be fulfilled by all the parties involved in the project. As
mentioned previously, the client can consult specialists when drawing up
the requirements specification, but they will still remain the client’s responsibility.
Requirements must be verifiable and measurable
Requirements are only meaningful if fulfilment can verified. And there
must be no doubt about how this is to be done. If the measuring method
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to be used is not perfectly obvious, then it should be described in an appendix to the requirements specification.
It must be assumed that each and every requirement will be checked
to ascertain whether it has been fulfilled. This work must be possible to
complete by taking a reasonable number of measurements in the finished
building. Although checks are not always necessary, it must still be possible to carry them out.
This is one of the reasons why parameters such as the PPD Index (the
percentage dissatisfied with the thermal climate) and the DR Index (percentage dissatisfied with the level of draughts), [EN ISO 7726] and [EN
ISO 7730], should not be included in a requirements specification.
Measuring the percentage of dissatisfied users with acceptable accuracy
requires a great deal of work, with questionnaires that have to be filled
in and analysed. This takes so much time and is so costly that it is, in
practice, impossible for the client to demand amendments if the requirements are not fulfilled.
The same situation will arise if demands are made regarding the air
change efficiency and the ventilation efficiency, [Mundt et al., 2004].
Checks based on measurements in these cases are so complicated that requirements tend to be meaningless, except in special cases, such as in
high rooms, large halls and residential buildings with airborne heating
systems.
Requirements must be well-founded
As requirements are absolute and must be fulfilled completely it is important that they reflect actual needs. It is essential that the client is wellinformed about the technical and economical implications of every individual requirement. This is discussed below in the section on consequence analysis.
Requirements must be used as a basis for planning
It must be possible to propose solutions that are based on the stipulated
requirements. This means that the requirements must be defined using
standard physical units that can be expressed quantitatively. The PPD
Index and the DR Index are, however, not suitable for use in a requirements specification, as mentioned above. On the other hand, they are
useful indicators to the client when drawing up the requirements specification and choosing limit levels. Thermal climates must be defined
using units such as temperature in °C, air speeds in m/s, etc.
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EXAMPLES OF
REQUIREMENTS
SPECIFICATIONS

The first example refers to usage requirements related to the indoor climate in offices. The second example refers to building requirements related to energy usage.
Every country has its own basic requirements for residential buildings.
In Sweden, there are also well-defined requirements regarding indoor
climates in office buildings, [Ekberg, 2007] and there are a number of
other sources with similar recommendations, for example, [EN 15251,
2007], [CEN CR 1752, 1998], [ASHRAE Standard 55, 2004] and
[ISIAQ-CIB, Report 292, 2004].
For other types of non-residential buildings there might also be detailed requirements that must be fulfilled and these are stipulated in the
relevant publications for each building type.
To provide an idea of how a requirements specification can be drawn
up, an example is given for an office building, see Table 1. The limit
values shown here have been adopted by a large number of Swedish
property companies.
The example shows which parameters should be included when addressing different climate factors. The requirements specification should
include the following:

TABLE 1. An example of a requirements specification for conference rooms.
Climate factor
Carbon
dioxide CO2

Radon
Formaldehyde
0.5h mean value
Temperature

Requirement/
Limit value
< 1 000ppm

The limit values in Table 1 are recommendations. It might be necessary to have stricter limits regarding noise, for example, 5dB(A) and
5dB(C) lower than the values given. It is, of course, up to the client to
specify other limit values than those in the recommendation.
Today, requirements regarding energy efficiency are some of the most
important requirements with respect to the performance of a building.
And they will, most probably, become even more important. The following list shows some of the present requirements for office buildings stipulated by Akademiska Hus, a major Swedish property company, which
owns and manages most of the university buildings in the country. The
requirements are given as limit values with respect to the size of the
building or the indoor climate system. The size of the building in this
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Follow up

Current standard
Applicable
or recommendation control method,
for example,
according to
ISO 8760:1990
Workplace
atmospheres
< 200 Bq/m3
Current standard
Applicable
or recommendation control method
3
< 0.05 mg/m
Current standard
Applicable
or recommendation control method
One of the levels in the
Kontrollmetod
diagram below
30°C

26°C
25°C
24°C

Upper limit
Lower limit

20°C

• Climate factors
• Limit values
• References that either state why the specific limit value has been chosen or a source reference
• Follow up methods that state how to check that the requirements
have been fulfilled

Reference

Air speed in the
occupied zone
Wintertime
Summertime
Noise from
building services
Individual office
Large room
Lighting
Dazzle/glare
Luminance
Intensity of
illumination
Contrast reduction
Colour
reproduction
Colour
temperature
Flicker-free
lighting
EMF

0

100

200 300 400 500
Working hours per year
Working hours

Current standard
Applicable
or recommendation control method
< 0.18 m/s
< 0.22 m/s
Current standard
Applicable
or recommendation control method
35 dB(A)/55 dB(C)
40 dB(A)/55 dB(C)
Shaded lighting
max 1000/
2000 cd/m2

Current standard
Applicable
or recommendation control method

500 lux
max 15 %
Ra index ≥ 80
2700 to 4000 K
HF fitting
< 0,2 T,
< 10 V/m

Current standard
Applicable
or recommendation control method
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context is defined as the GFA, the gross floor area of the building enclosed by the exterior walls.
The limit values for the following key indicators must not be exceeded
when the building is in use:
Indoor climate system
Electrical power/design air flow (SFP)
Electrical power/design cooling power
Heating power/design air flow
Cooling power/gross floor area

1.5 kW/(m3/s)
0.3 kWel/kWcool
10 kWheat/(m3/s)
40 Wcool/m2GFA

Lighting system
Electrical power/gross floor area

6 Wel/m2GFA

Whole building, annual usage
Electrical energy in buildings with
own cooling system
Electrical energy in buildings with
district cooling
Cooling energy in buildings with
district cooling
Heat energy (excluding domestic
hot water)
Heat energy (including domestic
hot water)

60 kWhel/m2GFA
50 kWhel/m2GFA
30 kWhcool/m2GFA
30 kWhheat/m2GFA
35 kWhheat/m2GFA

Continual efforts are being made to lower the limit values of these key
energy indicators, for example, specific fan power, SFP, ratings. In ventilation systems installed in the 1980s, or earlier, the limit SFP rating was
around 4 kW/(m3/s). It was relatively simple to reduce this to just over
2 kW/(m3/s), now specified for new systems. For a number of years it
was thought that this was the lowest realistic value that could be used, if
space requirements and costs for air handling equipment were also taken
into account.
There have also been some positive side effects of the demands for
lower SFPs. Among other things, noise from ventilation systems has
been almost totally eliminated thanks to lower fan speeds and lower pressure drops. It can also be seen that a 1.5 kW/(m3/s) limit is also possible, if systems are carefully planned. And even lower limits are being discussed.
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The step from a requirements specification to a fully functioning building is accomplished via applying technical solutions. Technical solutions
comprise system solutions and technical principles as well as detail design. If the design and planning work is to be carried out efficiently, it is
essential that system solutions are chosen, and design criteria and technical principles are stipulated, before detail design work is commenced. In
large building projects it is often required to draw up documents for the
client that describe the proposed system solutions and include a cost estimate. Detail design is only begun when the client has given his approval.
There are always a number of technical solutions that can be adopted
so that the usage requirements for a building can be met. The solutions
that are chosen, however, must also meet the requirements regarding the
building with respect to its architectural design, efficient use of space and
minimized life cycle costs. Good planning, therefore, entails close cooperation when deciding on architectural design, structural solutions and
building services solutions. The architectural design can have far reaching consequences with respect to the structural design and building services. It determines which solutions are feasible and how complex they
have to be to fulfil all the requirements. The design also influences the
construction and operating costs. This means that the consequences of a
particular building design must be analysed at an early stage in the planning process.
Structural components often have two distinct functions, one that is
practical, i.e. the forming of a barrier between the indoors and outdoors,
and one that is physical, i.e. the prevention of heat flow through the
building envelope. If, for example, the correct technical solution is used
for a facade of a building, which is then built correctly, both its practical
and physical functions will be fulfilled. An experienced design engineer
will be able to discern whether a particular design solution will fulfil requirements regarding thermal insulation, moisture protection, airtightness, durability, etc.
There are two main types of building services installations – those that
determine the indoor climate, the HVAC systems, and those that serve
the activities in the building. Heating systems, ventilation systems and
cooling systems determine the indoor climate. Domestic hot water and
drain systems, and power, telephone and computer networks serve the
activities in the building.
No matter whether the installations form part of the HVAC system or
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TECHNICAL
SOLUTIONS

serve other purposes, as listed above, they all have a physical function.
The HVAC systems are installed to keep room air clean and room temperatures within desired limits. They can be designed in different ways to
achieve these functions but, most importantly, they must provide the
room temperatures and air qualities that have been specified.
This is why it is essential to consider functionality first and then
choose, design and size the solutions that best fulfil both the usage requirements and the building requirements. It is not justifiable to base
choices purely on different technical solutions and then, as sometimes
happens, amend the functional requirements to suit a particular solution.
Examples of technical solutions
System solutions

Detail design

Building
• Types of frames and floors
• Sizing and detail design
• Thermal storage capacities of the
frame and facades
• Choice of U-values for walls and
ceilings/roofs
• Choice of U-values for windows
• Airtightness of the building envelope
• Choice of window sizes
• Type of sun shading
• Acoustic design and sound insulation

Building
• Design and detail solutions for
frames and floors
Structural strengths
Moisture protection
Durability
• Detail solutions for facades
Structural strengths
Avoidance of thermal bridges
Moisture protection
Durability
• Choice of cladding, flooring, etc.

Climate controlling installations
• System solutions for:
Ventilation and air treatment
Heating
Cooling
Control and monitoring
Lighting
Daylight admission
Water and sanitary installations
• Choice of air flows in individual
rooms
• Choice of heating power in
individual rooms
• Choice of cooling power in
individual rooms
Operation and control
Regulation of air flows
Regulation of heating power
Regulation of cooling power

Climate controlling installations
• Design and detail solutions for
building services installations
• Location in the building of
Plant and equipment rooms
Vertical and horizontal ducting
zones
• Choice of plant/equipment and
components
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It is often much easier to discuss technical solutions than explain functional requirements. It is also easier for a design/project engineer to
vouch for the features offered by the proposed solutions than to see that
they fulfil their functions in the finished building. Both the discussions
with the client and the work within the planning group, comprising the
architect and the design/project engineers, often become focused on
technology whereas the requirements, what the services are installed to
fulfil, are relegated to second place.
Quite often, more or less complete technical solutions are presented
and chosen without first investigating whether they can fulfil the usage
and building requirements. These requirements are sometimes not even
properly specified before choices of building services systems are made.
Building techniques and building construction are all about hard facts
and it is easier to look at detailed technical solutions instead of engaging
in more abstract reasoning about functions.
This is where cause and effect get mixed up and become difficult to
understand, with confused reasoning as a result. However, what is really
serious is that:
• the building might be given other properties than those that are really important to the future tenant, and that these new properties might
not have been investigated thoroughly enough.
• the result might be a solution that cannot fulfil the requirements, as
these were not stipulated until after the building process had begun.
• no unbiased comparisons of different technical solutions were made
and the best solution is therefore not guaranteed, i.e. the building will
not function as well as it should and will be less cost-effective than it
would have been with a functionally and economically optimal solution.
• technical development stagnates and follows the wrong paths, which
could cause problems rather than solve them.
• if there are no clear requirements regarding function, it is difficult to
hold someone responsible and to demand amends if the building does
not function properly.
A consequence analysis is an important part of the planning process
When the causes of problems in finished buildings are analysed, especially in non-residential buildings, it is often found that the demands made
on the building services solutions have been reduced during planning.
One reason for this is that the client might not have been fully aware of
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ANALYSIS

the consequences of not fulfilling some of the requirements. Another
reason could have been that the architect had not fully appreciated what
effect the design of the building would have on the solutions and the
possibilities of fulfilling all the client’s requirements. The reason could
also be, quite simply, that the project group was too late in realizing,
given the chosen design of the building, that the requirements could not
be fulfilled within the cost limits.
The result in each of the above cases could be a poorer building than
one in which the functional requirements, design, structural solutions
and building services solutions had been harmonized from the beginning.
By carrying out a consequence analysis at the beginning of the project, with regard to the decisions and technical choices that have been
made, the risk of emergency solutions late in the planning process can be
avoided.
In practice, the design engineers, and especially those engaged in
planning the HVAC systems, are the ones who must initiate and carry
out a consequence analysis and make the consequences clear to both the
client and the architect.
Consequence analysis of requirements
Requirements are basically absolute and serious planning work must assume that the requirements stipulated by the client must be completely
fulfilled in the finished building. At the same time, the client must be
fully aware of the resources needed, so that the requirements can be fulfilled.
When special requirements are specified, their consequences must be
thoroughly investigated. For example, when there are demands regarding room temperatures that imply that cooling will be required, the
client should be made aware that this should be unnecessary in residential buildings in northern Europe. Another requirement could be the
stipulation of highest allowable levels of gaseous pollutants, such as NOx
and SOx, in the room air. If the levels specified are lower than those that
can be normally expected in outdoor air, then gases will have to be removed from the air and this is both complicated and costly.
In non-residential buildings the list can be extensive. The project
group must, at an early stage, bring it to the client’s attention if some of
the requirements will have significant economical consequences, if the
requirements are contradictory, or if they cannot be met using reason-
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able solutions. An analysis and a report concerning the consequences of
the stipulated requirements should be a normal ingredient of the initial
phase of the planning work. The client must be given a clear and comprehensible account of these consequences and should also be made
aware of any requirement that has been overlooked.
An example of what should always be brought to the client’s attention
is the requirement that states that the humidity of the air must not fall
below a given level. Such a requirement would demand special solutions
for the building envelope and these can be expensive. It could also mean
a considerable increase in energy demands and running costs. If there is
a legitimate reason for maintaining a high level of humidity, then this
must be taken into account in the design work, but the client must, at
an early stage, be informed of the consequences and accept them.
Another example is the requirement, mentioned previously, that stipulates that the room temperature must not exceed a certain level. Such a
requirement can mean the installation of an HVAC system that is both
expensive and requires a great deal of space, especially if the upper permissible temperature limit is relatively low and large windows are also desired. If, on the other hand, the requirements stipulate that the room
temperature must be kept under a certain upper limit, but this can be exceeded for a few hours, say 80 hours per year, then the HVAC plant required will be considerably simpler and less costly.
The design engineers, especially those engaged in the building services, but also the structural engineers, should, before the planning work is
begun, explain any particular consequences of the requirements to the
client and show what effects any simplifications of them would have. The
client can then decide whether any of the requirements can be changed.
However, the client must always be made aware of the consequences at
an early stage and accept them or make the necessary changes. If the consequences cannot be accepted and the requirements cannot be changed,
then the building may have to be redesigned.
The requirements stipulated by the client must always be taken into
account when choosing HVAC solutions. Sometimes design engineers
try to introduce special solutions that cannot meet the client’s requirements and suggest that some of the requirements should be changed or
deleted, so that the solution can be used. This is ethically and technically inexcusable. The role of the design engineer is to design the best
building possible, from all points of view and one that fulfils the client’s
requirements within the given economical limits. The design engineer’s
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role is not to implement special technical solutions by convincing the
client to lower his standards or delete functional requirements.
Consequence analysis at the initial stage of the planning process
An architect is normally engaged at the start of the planning process for
a new building. To avoid costly design solutions, the architect, before designing the building in any detail, must have an ongoing dialogue with
building engineers and building services engineers. In practice, the architect often finalizes the design without giving sufficient consideration to
the consequences that it will have, for example, on energy demands,
thermal comfort and the scope of the HVAC installations. The client
should always demand that the architect take into consideration such
consequences from the very start.
BV2arch [www.belok.se] is a simulation program that has been developed for architects so that they can quickly and easily see how different
design features in a building, such as facades, windows, sun shades etc,
affect its heating and cooling needs. Such an analysis, at the beginning
of an architect’s initial work, increases the probability that the basic design of the building will have a good chance of providing an overall costeffective and energy-efficient solution. When the client commissions an
architect, he should demand that such an analysis be carried out. This requirement should also be included in design competitions and taken into
account when judging the entries.
A normal, basic requirement is that a building must have an efficient
layout and spatial solution. From the initial project planning stage onwards, the architect should be able to quantify key data for the planned
building. This can be done using ratios such as sales floor area/gross
floor area, gross floor area/work station, gross volume/work station or
similar. The ratios to be used, and the limits within which they must lie,
should be included in the client’s requirements specification.
A structural engineer is normally consulted if the architect is unsure
about the structural design. The engineer can often indicate possible
structural solutions and how they will affect costs. This also applies to the
structural design of the building envelope. An experienced structural engineer normally knows how a functional building envelope should be designed and how it should not be designed. Unfortunately, and far too
often, shortcomings occur during the actual construction process, causing problems in the finished building. Know-how concerning the design
and construction of building envelopes, so that they will function prop-
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erly during the lifetime of the building, is available and it is imperative
that we make use of this competence.
When it comes to a building’s climate and energy functions a consequence analysis can be more difficult to carry out, especially in non-residential buildings. The following discussion is therefore primarily applicable to the design of non-residential buildings. As previously mentioned, the design engineers, and especially the building services engineers, are responsible for carrying out the analysis. This must be made
clear in the conditions for the planning assignment.
The intended design of a building and the loads due to its usage determine the function and capacity of the building services, so that the
usage requirements can be met. As soon as the basic plan of the building
and a description of its use, together with the architect’s design sketches, general floor layouts and facade designs have been presented, a preliminary system solution for the HVAC plant can be proposed. It is then
possible to examine the consequences of the building design and the
stipulated requirements with respect to the HVAC system, the indoor
climate and the energy demands.
On the basis of the climate demands and the proposed architectural
solution, it is possible, with the help of simulation programs, to calculate
preliminary design air flows, ratings for the heating and cooling plant,
and power demands so that the climate requirements can be met. From
these design figures it is relatively simple to estimate the cost of each
building service based on experience data (€/kWcooling, €/(m3/s)air,
€/kWel). At the same time, the energy demands (kWhheat/year,
kWhcooling/year, kWel/year), can be calculated and their corresponding energy costs.
Numerous simulation programs are available for calculations like
these. Nonetheless, it is important to stress that when dealing with nonresidential buildings, only programs that have been designed for this specific purpose must be used. There are numerous programs for residential
buildings and especially detached houses. However, these cannot normally be used for simulation of non-residential buildings, as they mainly
deal with heat losses from a building and not with the systems that are
used to remove the heat surplus. In non-residential buildings, the latter
often determines the cost of the plant and the energy requirements.
It is important to emphasize that the person carrying out the calculations must be reasonably familiar with how the simulation program
works and how the choices of initial conditions affect the results. There
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must also be a genuine awareness of how a building and the proposed
building services work in practice. A simulation program must not be
used as a ‘black box’.
Once the basic details about a building and how it is going to be used
have been fed into a simulation program, it is normally quite simple to
change window sizes, type of sun shading, lighting levels, lighting system
settings etc. The simulation should therefore include sensitivity analysis
functions, at least regarding variations of window sizes, sun shading and
lighting levels. This will provide important data when discussing how to
improve the building with regard to climate and energy use.
Summing up, a consequence analysis must include the following points:
• An assessment of the design of the HVAC system and its required capacity.
• An assessment of space needs and costs. These are determined primarily by the design heating and cooling loads, and the design air flows.
Based on these, the space required can be calculated using experience
data. Costs can be estimated by using standard rates, such as €/kWheat,
€/kWcooling, €/(m3/s)air, etc. Current rates and space requirements
should be second nature to the building services design engineer.
• A sensitivity analysis with regard to the design of the building, to assess how this affects the design loads and, consequently, the plant
costs and space requirements for the HVAC system as well as the total
energy requirements for the building.
• Information to the client and project engineers, i.e. the architect and
the structural engineer, about needs regarding space and costs, so that
the stipulated requirements for the proposed building solution can be
fulfilled.
• The information must be clear and presented in such a way that all
parties concerned are fully aware of all consequences.
In order to proceed, the client and all the engineers engaged in the
project must agree to accept the consequences of the stipulated requirements and building design, and thereby also accept the consequences regarding space and costs for the HVAC systems. If agreement cannot be
reached, the design of the building must be changed and/or the usage
requirements considered again and, if necessary, changed.
Only the client can decide to change the requirements and any
changes made are the client’s sole responsibility. However, when the
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consequences of the new requirements are made clear, the client might
want to reassess any excessive requirements and adjust them accordingly.
Changes in the design of a building are basically a question for the architect. If a consequence analysis shows that the intended design will entail cost, energy or space demands that will be unacceptable to the client,
then the architect must be instructed to change the design.
It is very important that all consequences are brought to light at an
early stage, before the labour-intensive detail design work is commenced.
ASHRAE Standard 55-2004: Thermal Environmental Conditions for
Human Occupancy.
BV2arch www.belok.se
CEN CR 1752 (1998): Ventilation for buildings – Design criteria for
the indoor environment. CEN.
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ISIAQ-CIB Task Group TG 42 (2004): Performance Criteria of
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Air quality is a term used to describe the degree of cleanliness of a particular volume of air and how pollutants in the air can affect both people
and matter. Clean outdoor air is comprised of nitrogen (78 %), oxygen
(21 %), argon (0.9 %), carbon dioxide (0.04 %) and low concentrations of
a number of other gases, as well as water vapour. Although carbon dioxide is a natural ingredient in clean outdoor air, human combustion of
fossil fuels is clearly causing a steady rise in its concentration.
Measurements carried out at the end of the 1950s showed that the background level then was lower than 320 ppm [Keeling and Whorf, 2005].
Today, the concentration has risen to over 380 ppm. The unit ppm denotes parts per million, i.e. millionth parts of a given volume. A carbon
dioxide concentration of 400 ppm means that there are 400 litres of carbon dioxide dispersed in one million litres, or 1000 cubic metres, of air.
AIR QUALITY AND
AIR PURITY

Air always contains a number of other substances than those shown
above, irrespective of whether it is indoor air or outdoor air. These substances originate from exhaust gases from vehicles, industrial emissions,
fires and volcanic eruptions, gases and particles from people and animals,
indoor processes, etc.
It is far from fully understood how and to what extent these substances, individually or collectively, affect the quality of the air. What we
do know is that pollutants in general can significantly affect health and
comfort. Some substances are allergens, others irritate mucous membranes and some of them affect us because of their odours, both pleasant and unpleasant.
Many of the substances that are handled industrially have relatively
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well known health effects and their allowable presence is regulated by industrial hygiene limits, quite often expressed as ppm levels. In non-industrial environments, a large number of substances normally occur in
concentrations that are far smaller. Here, relevant concentrations are at
ppb levels, parts per billion, i.e. billionth parts of a given volume. 1000
ppb is therefore the same as 1 ppm.
The health effects of a limited number of pollutants, present in the air
in houses, schools and other public buildings, are regarded as being sufficiently well known to be covered by either official restrictions or target
levels that have been stipulated by other, unofficial, bodies. These substances include radon, carbon monoxide, formaldehyde, nitrogen dioxide and ozone. The health risks of most substances, however, are not so
well known and there are no clear limit levels.
The concentration of carbon dioxide is often used as an indicator for
pollutants emanating from people. In ventilated rooms, however, it is
not the carbon dioxide itself that causes the air quality to be regarded as
poor. This is due to other pollutants, often unpleasant gases and particulate substances. Nonetheless, carbon dioxide is used as an indicator for
these substances, quite simply because its concentration is easy and cheap
to measure: if the concentration of carbon dioxide is high, the concentrations of other pollutants created by people and their activities will also
be high. A common target level for carbon dioxide is 1000 ppm. Concentrations above this will often mean that the air flow, in relation to the
number of occupants, is too low. As seen in Figure 1, a concentration of
1000 ppm corresponds to a supply air flow of 10 l/s per person. Carbon
dioxide can, therefore, be used as a tracer gas to determine whether supply air flows are sufficiently large.
It is relatively simple to measure the concentration of carbon dioxide
and it is quite easy to interpret the results and compare them to stipulated target levels. However, most other air pollutants require elaborate and
expensive measuring techniques. Even if it is possible to measure concentrations of volatile organic compounds, VOCs, emitted from building
materials and furnishings, or concentrations of airborne dust, problems
still arise when the measurements are to be interpreted, especially as
many reference levels are poorly defined or unknown, i.e. there are seldom unequivocal target levels that define what good air quality actually
is. This is due to the fact, mentioned previously, that the health effects of
the majority of these substances are, to a large extent, unknown.
As mentioned initially, target levels for some substances have been
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A number of important air pollutants, their sources and their effects
on health and well-being are summarized in the following sub-sections.
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FIGURE 1. The relationship between the concentration of carbon dioxide (CO2) in
a room and the supply air flow. Every occupant is assumed to exhale 18 litres of
CO2 per hour and the concentration of the gas in the outdoor air is assumed to be
400 ppm.

published, for example, by the World Health Organization [WHO,
2000], and other international organizations, such as the International
Society for Indoor Air Quality and Health [ISIAQ-CIB, 2004], see Table
1. In many countries, guidelines issued by HVAC industry organizations
refer to more or less universally accepted recommended values
[ANSI/ASHRAE, 2007; FiSIAQ, 2000; VVS-Tekniska Föreningen,
2006].
TABLE 1. Examples of limit values for the highest acceptable concentrations of a
number of pollutants in indoor air, [VVS Tekniska Föreningen, 2006].
Pollutant
Radon
Carbon monoxide
Ozone

Rn
CO
O3

Highest
concentration
100 Bq/m3
2 mg/m3
50 μg/m3

Nitrogen dioxide

NO2

40 μg/m3

Formaldehyde
Airborne particles
< 10 μm
Airborne particles
< 2,5 μm
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Symbol/unit

3

Information
source
FiSIAQ (2001)
FiSIAQ (2001)
FiSIAQ (2001)
ISIAQ-CIB (2004),
WHO (2000)
FiSIAQ (2001)

HCHO

50 μg/m

PM10

40 μg/m3

FiSIAQ (2001)

PM2.5

15 μg/m3

FiSIAQ (2001),
ISIAQ-CIB (2004)

Radon
Rock containing high concentrations of uranium is the principal source of
naturally occurring radon. Concentrations of radon in the ground vary
substantially from one place to another. In some locations they might
cause indoor contamination levels to become even higher. These levels are
greatly dependent on the design of the building’s foundations and their
degree of airtightness. In some areas, the water in drilled wells can be a
significant source of radon. Building materials, made using uranium-contaminated substances, and especially a type of concrete known in Sweden
as blue concrete, can also contribute to high radon levels indoors.
When a radioactive element decays radioactive radiation is emitted and
new elements are formed. These newly formed elements then start to
decay themselves and more radioactive radiation is emitted. The decay
chain for uranium finally ends with lead, a stable and non-radioactive element. During this decay chain, radon is formed. This is an inert gas
which, when it starts to decay, creates so-called radon daughters. The
majority of these radon daughters then attach themselves to small airborne particles. As particles tend to lodge in our respiratory organs,
while gases do not, the radon daughters are regarded as more dangerous
to health than radon gas. Radon can be measured using different methods, though it is more complicated to measure the concentration of
radon daughters than of radon itself.
Radon and radon daughters have a health effect as they increase the
risk of contracting lung cancer. It has been shown that cancer risks
among people subject to radon increase dramatically if they are also subject to tobacco smoke. Limits for highest allowable levels are normally
given for concentrations of radon gas, not radon daughters. In most
countries, official limit levels are around 200 Bq/m3 (1 Bq – Bequerel –
is equivalent to a decay rate of one radioactive atom per second).
Carbon monoxide
Carbon monoxide is the product of incomplete combustion, for example, in petrol or diesel engines. The gas is also formed by smoking tobacco. Consequently, the largest source of carbon monoxide indoors is often
created by traffic outdoors. The concentration of carbon monoxide in
the outdoor air and, thereby, in the supply air is usually much lower than
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official health limit levels. In urban areas in Sweden, for example, concentrations can become as high as 1 ppm during periods when the quality of the outdoor air is deemed poor, especially during temperature inversions. Normally, concentrations are much lower than 0.5 ppm.
However, the concentration of carbon monoxide in the outdoor air will
vary with the pollution load, for example, close to an air intake on the
side of a building it will vary with the intensity of the traffic on nearby
roads. Carbon monoxide is relatively simple and inexpensive to measure
and can be used as a general indicator for traffic-related air pollution.
Ozone
Ozone in the air close to the ground is formed when volatile organic
compounds in vehicle exhaust gases are subject to strong sunlight. The
concentration of ozone in the outdoor air will, therefore, vary during the
year, with periods of high concentration when there is a lot of sunshine.
Laser printers and copiers can also generate ozone. Air purifiers that rely
on the ionisation of the air can also create ozone and this is not beneficial to the quality of the air. Consequently, the indoor environment can
be affected both by ozone that is introduced from outdoors and by
ozone that is formed indoors.
Ozone is a gas that readily reacts chemically with other substances and
can cause irritation of the mucous membranes. A proposed limit level for
the concentration of ozone in indoor air is given in Table 1. When ozone
reacts chemically new substances can be formed, for example, nitrogen
dioxide.
Nitrogen dioxide
Nitrogen dioxide is formed by a chemical reaction between nitrogen
monoxide and ozone. This is unfortunate, as nitrogen dioxide has extremely negative health effects, while nitrogen monoxide is practically
harmless. Like ozone, nitrogen dioxide affects our respiratory system and
mucous membranes. Nitrogen dioxide can, for example, cause problems
for asthmatics or people who suffer from pollen allergies. Nitrogen dioxide is one of those pollutants whose concentrations often reach or exceed
the stipulated limit level for good air quality. A proposed limit level for
the concentration of nitrogen dioxide in indoor air is given in Table 1.
Volatile organic compounds
Volatile organic compounds, or VOCs, are chemical substances in the
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form of thinners and solvents. Benzene, toluene and xylene are typical
traffic-related volatile organic compounds. Toluene is one of a number
of types of solvents that can be found in building materials and other
products that are used indoors. Other, often unpleasant, VOCs can be
formed by chemical reactions when building materials are subject to
moisture. Microorganisms also create VOCs, often with their own characteristic smells, due to their own metabolism.
A great deal of research has been carried out since the 1980s to study
the sources of VOCs and their health effects. It has been established that
a large number of these substances have different forms of negative
health effects and effects on well-being, but in a great number of cases
there are no criteria for defining limit or target levels. This is one of the
reasons why it is seldom possible to use measured levels of VOCs to draw
reliable conclusions when investigating indoor environments. Thanks to
research in this field, most building materials now contain and emit far
smaller amounts of VOCs than 10 or 15 years ago. Nonetheless, building materials should always be handled correctly and kept away from
moisture. As a result, the risks associated with this group of air pollutants
have been reduced over the years.
Airborne particles
There are numerous sources of airborne particles both indoors and outdoors. The concentration of particles in a building’s air intake is determined partly by sources close to the building, for example, road traffic,
and partly by particles transported through the air from distant sources.
The particle concentration in an air intake can vary rapidly, for example,
if there is a change in wind direction. The concentration of particles in
the outdoor air is generally higher in large towns than in small towns and
country environments. It is quite easy to remove particles from the ventilation air before it is introduced into a building and this is dealt with in
Chapter 20, which discusses air filters and air filtration.
Other examples of air pollutants that are particulate, or are bound to
other airborne particles, are pollens and their allergens, allergens from
domestic pets, bacteria and mould spores.
Among the most prolific sources of airborne particles in indoor air are
the occupants themselves: the more active the occupants are, the larger
the number of skin flakes and textile fibres released into the air.
A common measure of the particle concentration in air is the mass of
all the particles up to 10 μm in size. 1 μm, or 1 micrometre, is equal to
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1 thousandth of a millimetre. The measure is called the PM10 value and
is expressed using the unit μg/m3. PM stands for ‘particulate matter’.
Another common measure is PM2.5, which includes all particles up to
2.5 μm in size. This measure is regarded as more relevant from a health
point of view, as it reflects the occurrence of much smaller particles,
which can more easily reach deeper down into our respiratory system
than larger particles. Limit levels, with respect to good air quality, are
available for airborne particles. See Table 1 for proposed limits expressed
both as PM2.5 and PM10 levels.
In recent years, many researchers have turned their attention to even
smaller particles, so-called ultrafine particles or nanoparticles. These particles are, by definition, less than a ten-thousandth of a millimetre, i.e.
one tenth of a micrometre or 0.1 μm, in size. The lower limit lies somewhere around a few millionths of a millimetre, that is, around a few
nanometres – the size of a molecule. These particles are so small that
they are thought to be able to penetrate lung tissue and cause ill-health
in other organs, such as the heart [Nemmar A. et al., 2002]. As yet, there
are no limit values for concentrations of nanoparticles.
Carbon dioxide
Carbon dioxide is a product of our metabolism and is emitted from our
bodies in exhaled air. As mentioned previously, carbon dioxide itself is
not dangerous to health in the concentrations that occur in ventilated
rooms. It is, however, a good indicator of other substances, for example,
unpleasant gases and particles emitted due to human activity. A person
sitting down will exhale 18 to 20 litres of carbon dioxide per hour and
during moderate physical activity (at an activity level corresponding to
about 3 Met, see Chapter 10/Thermal climate) around 50 litres per
hour will be exhaled. At very high levels of physical activity, around 10
Met, a gymnast, for example, could exhale up to 170 litres of carbon
dioxide per hour.
HYGIENIC AIR FLOWS

Most of the guidelines and standards relating to air quality assume that
it can be guaranteed by limiting the indoor production of pollutants and
by ventilating with suitable air flows. Since the 1990s, different quality
systems have evolved, aimed at limiting emissions from building materials.
Examples of such systems can be found in Finland [RTS, 2007], in
Denmark (Danish Indoor Climate Labelling) and in Sweden (Swedish
Flooring Trade Association). These systems require material manufac-
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turers to provide information about the effects that their products will
have on the quality of the indoor air. Information about an increasing
number of building materials is now available and data should be consulted when choosing and purchasing materials.
There is a general consensus regarding how large air flows should be
with respect hygiene when established practices, now current in numerous countries, are compared. Typical limit levels are 7 to 10 l/s per person. Discussions among researchers, however, indicate a possible future
need of increased flows, for reasons of hygiene, of up to 20 or 30 l/s per
person.
The concentration of pollutants in indoor air depends on the concentration of pollutants in the supply air, the generation of pollutants in the
room in question and the supply air flow rate to the room. The following equation can be used for steady state conditions:
Croom = Csup + G.
V
where:
Croom is the
Csup is the
G is the
.
V is the

concentration of pollutants in the room air in μg/m3
concentration of pollutants in the supply air in μg/m3
rate of generation of pollutants in the room in μg/h
supply air flow rate in m3/h

ANSI/ASHRAE (2007), Ventilation for Acceptable Indoor Air
Quality, ANSI/ASHRAE Standard 62.1-2007, American Society of
Heating, Refrigerating and Air-Conditioning Engineers, Inc., Atlanta,
USA.
CEN (1998), Ventilation for buildings – design criteria for the indoor
environment, CEN Report, CEN CR 1752:1998, European
Committee for Standardization.
FiSIAQ (2001), Classification of indoor climate 2000, Finnish Society
of Indoor Air Quality and Climate – FiSIAQ, Buildings Information
Foundation, Espoo, Finland.
ISIAQ-CIB (2004), Performance Criteria of buildings for health and
comfort, CIB Report Number 292, ISIAQ-CIB Task Group TG 42.
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16 . A I R C H A N G E A N D A I R F L O W

Air flow, l/s
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perature to create the intended
30
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60
air flow, i.e. the full ventilation of
the whole of the occupied zone.
50
It is also assumed that there are
internal sources of heat in the
40
room, which, in turn, means that
the air flow will only be correct
30
when all the apparatuses in the
room are in use and/or when the
20
room is occupied. Even if meas10
urements in a room that is not in
use indicate that the air flow is
0
not sufficient, the room can still
0
1
2
3
4
5
l/(s · m )
have an acceptable air flow when
it is in use. If air flow measure0
ments are required, they must be
1
carried out under conditions that
2
are similar to the normal condi3
tions in the room, i.e. carried out
when the room is actually in use
4
or in conditions when the heat
5
loads are simulated, for example,
4
6
by using light bulbs.
7
If some of the supply air is not
3
directed through the occupied
8
zone in a room, and is more or
9
less directly removed with the ex10
tract air, this is called short-cir2
Ceiling height, m
cuiting. A consequence of shortcircuiting is that some parts of a FIGURE 1. The relationships between
some of the units used for measuring air
room will be ventilated by an air flows.
flow that is smaller than the supply air flow. In turn, this means that some parts of the occupied zone will
have higher degrees of contamination than others. These parts are called
stagnation zones. If these conditions exist when the room is used as intended, the ventilation will be compromised and the air flow process will
not be able to provide complete mixing or displacement of the room air.
In rooms that are not very large or that have high ceilings, there are
seldom any practical problems with unevenly distributed air flows.

AIR FLOW IN A ROOM

The flow of the air through a room, i.e. the path taken by the air, depends on the types of supply air terminal devices and their locations, the
locations of the extract air terminal devices, the temperature of the supply air in relation to that of the room air and the activities in the room.
The supply air temperature often has to be lower than the room air tem-
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2

Air change rate, room volumes per h

The term air change refers to the process whereby the air in a ventilated
room is replaced by outdoor air. This is also what we mean by the term
ventilation, which is therefore synonymous with air change. If the supplied replacement air does not come from outdoors but, instead, from
the same room from which it was removed, this is called circulated air.
If the air introduced into a room comes partly from another room, this
is known as recirculated or return air.
The size of the air change, i.e. the size of the supply air flow, can be
standardized in relation to the net volume of a room, i.e. excluding the
volume of the furnishings, and expressed as a specific air flow, often called
the air change rate. The specific air flow is defined as the number of net
room volumes of air that are ventilated per unit of time (air changes per
hour). The time taken to ventilate a room with a volume corresponding
to the net room volume is the time it takes for one air change. This time
is often called the time constant of the ventilation system.
The relationships between some of the different ways in which the size
of an air flow can be expressed are shown in Figure 1. For example, an
air flow of 45 l/s into a room with a floor area of 20 m2 corresponds to
2.25 l/s per m2 floor area. If the height of the room is 3 m, the air change
rate will be 2.7 room volumes per hour (i.e. 2.7 air changes per hour).
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Stagnation zones and short-circuiting effects primarily occur when both
the supply air and extract air terminal devices are located at ceiling level,
where air speeds are low, or if the temperature of the supply air is higher than that of the room air. This latter case, however, is not very common, at least in non-residential buildings, even if heating functions are
sometimes integrated into chilled beams and so-called comfort units. In
residential buildings, airborne heating systems are sometimes installed
and the air is supplied at an over temperature. Here, it would be advisable to carry out measurements to check the air flows.
MIXING VENTILATION

Mixing ventilation systems are characterized by the supply air being introduced into a room at high speed. This means that a large proportion
of the room air is set in motion by the supply air jet and subsequently
mixed with it. The principle for mixing ventilation is shown in Figure 2.
The air jet should be able to reach across the whole room, i.e. must have
a sufficient throw. Air movements are created in the room, resulting in a
mixing effect, and airborne contaminants become evenly distributed
throughout the whole room. Even the temperature distribution becomes
relatively even. The supply air is normally introduced at ceiling level, so
that the occupants are not subjected to draughts caused by the high air
speeds. The supply air is normally colder than the room air, to avoid temperature stratification with a warm cushion of air at ceiling level. If there
are large cooling requirements, these can be met by letting the supply air
have a temperature of 8 to 10 ºC. On condition that the supply air terminal devices are suitably designed and located, air as cold as this can be
introduced without causing problems with draughts. If the room is to be
heated by the ventilation air, the supply air must be warmer than the
room air. In this case, it is especially important that the speed of the air
jet is high.

internal heat sources and subsequently rises towards the ceiling. The extract air is removed at ceiling level. The principle for displacement ventilation is shown in Figure 2. Both a temperature gradient and a contaminant concentration gradient will exist in the room, with a higher temperature and a higher concentration of contaminants at ceiling level than
at floor level. If the displacement ventilation functions correctly, the concentration of contaminants in the occupied zone will be lower than the
average level in the room, which results in a high value of the air change
efficiency, discussed in more detail below. To avoid draught problems,
the supply air must not be allowed to be more than a few degrees colder
than the room air. On the other hand, there is always a great risk of experiencing draughts close to the terminal devices used for displacement
ventilation, which limits the extent of the occupied zone, i.e. the useful
part of the room.
There is also a form of thermally controlled ventilation in which the
room air is mixed with the supply air inside the terminal device or close
to it. As in normal displacement ventilation, cool supply air is introduced
at low speed. The extract air is removed at ceiling level but, unlike in disMIXING VENTILATION
The room air is mixed
by being drawn into a
high-speed air jet. The
air jet reaches all the way
across the room.

DISPLACEMENT
DISPLACEMENT
VENTILATION

Displacement ventilation systems are characterized by cool supply air
being introduced into a room at low speed. In this case, the thermal
forces will dominate over the dynamic forces, i.e. this is a form of thermally controlled ventilation. The air flows in the room are determined by
the difference in density between the supply air and the room air and by
the locations of the supply and extract air terminal devices. If the supply
air is introduced at floor level, so that there is hardly any mixing of the
supply air with the room air, this is called displacement ventilation. In this
case, the relatively cool supply air spreads across the floor, is heated by
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VENTILATION

Cooled supply air is
introduced at floor level.
The cooled air spreads
across the floor, gains
heat from apparatuses
and people, and rises
towards the ceiling.

FIGURE 2. Air flow principles: mixing and displacement ventilation.
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placement ventilation, the supply air terminal devices can also be located
close to the ceiling. This method is called equalizing ventilation, as an
equal temperature distribution is sought, primarily in the occupied area.
PISTON FLOW

CHECKING THE
BEHAVIOUR OF THE
AIR FLOWS

Piston flow ventilation is a method that is only used where there are very
high demands on air quality, in so-called clean rooms. The method entails distributing the supply air evenly, for example, over the ceiling area
and in such a way that there is only one direction of flow, namely, in this
case, downwards. The air is said to pass through the room as though it
were pushed by a piston. In this case, the extract air terminals are located at floor level. If this method is to function properly, relatively high air
speeds, up to 0.35 to 0.40 m/s, will be required to ensure stable piston
flow through the room. Because of these high flow speeds, piston flow
is never used in connection with comfort ventilation, as this would cause
draught problems.
Demands are placed on the behaviour of air flows to ensure that the
whole comfort zone is properly ventilated, i.e. that there are no shortcircuiting effects. Air flows in ventilated rooms can be assessed by measuring one of the following:
• The air change efficiency
• The contaminant removal effectiveness
• The local air change index
• The local air quality index
Determining the air exchange efficiency is the most complicated,
time-consuming and expensive way of verifying air flows and measurements require specialist competency. In practical applications, for example, when inspecting installation work, it should always be possible to
verify air flow requirements using a reasonable amount of effort and at a
reasonable cost. This is not the case if this has to be done by measuring
the air change efficiency. The ventilation efficiency and the local air
change index are also time-consuming to measure and complicated to
verify. On the other hand, it is relatively easy to determine the local air
quality index.

AIR CHANGE
EFFICIENCY

This is a measure of how well the supply air is distributed throughout a
room. High air change efficiency implies that there are no stagnation
zones. The air change efficiency is a mean value for a particular room. A

274 E

high air change efficiency indicates, but does not prove, that there are no
stagnation zones.
The air change efficiency is defined as the ratio of the nominal time constant of the ventilation system to twice the mean age of the room air.
The mean age of the room air can be measured using tracer gas methods, in which, for example, sulphur hexafluoride or nitrous oxide (laughing gas) are used as tracers. The methods are based on analyses of natural dilution process measurements, i.e. the process that takes place without the room air being mixed by table fans or similar. However, before
measurements of the dilution process can begin, the room air must be
thoroughly mixed. Measurements and analyses are then carried out according to the NT VVS 047 Nordtest method [Nordtest, 1985]. The
nominal time constant is determined either from the dilution process
measurements, when the room air is continuously mixed using mixer
fans, or by dividing the net volume of the room by the measured supply
air flow. This means that two tracer measurements might have to be carried out: one to measure the mean age of the room air and one to determine the nominal time constant.
Air change efficiency is defined as follows: its value is 1.0 in the case
of piston flow, is between 0.5 and 1.0 when displacement ventilation is
used and is 0.5 when there is complete mixing.
Determining air change efficiency is time-consuming and includes
measurements on site and a following analysis. For example, it normally
takes about 3 hours for a qualified technician to carry out measurements
in a single room with a specific air flow of 0.5 room volumes per hour.
The time required for analysing the measurements must then be added.
According to NT VVS 047, this method is primarily suitable for mechanically ventilated buildings.
Ventilation efficiency is defined as the steady state concentration of a
tracer gas in the extract air divided by the average concentration of the
gas in the room air. Even this measure provides an average for the whole
room and a high ventilation efficiency is therefore an indication, but not
proof, that there are no stagnation zones. The method is impractical as
the average concentration in a room is very difficult to measure. In a
handbook published by REHVA, the European HVAC organization,
[Mundt et al., 2004] a method is described in which the ventilation is
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VENTILATION
EFFICIENCY

switched off after introducing the tracer gas into the room. The air is
then mixed by using mixing fans and the concentrations measured. It is
obvious that this is a difficult method to apply in many buildings, and
impossible in others, and is therefore not discussed further.
LOCAL AIR
CHANGE INDEX

LOCAL AIR
QUALITY INDEX

The local air change index is defined as the nominal time constant, i.e.
the time required for one change of air divided by the local average age
of the room air at a specified measuring point. The method used for
measurement and analysis is similar to that used for determining the air
change efficiency. The local average age of the room air can be determined by using the NT VVS 019 Nordtest method [Nordtest, 1988].
The local air change index is relevant only for one particular measuring
point and it might be necessary to repeat the time-consuming procedure
at a number of points in the room. Determining the local air change
index is, consequently, at least as time-consuming as determining the air
change efficiency. The method is not discussed further.
This is a measure of how effectively contaminants in the air can be removed from a room. It can be based on measurements of the concentration of carbon dioxide in the supply air, in the room air and in the
extract air, according to the NT VVS 114 Nordtest method [Nordtest,
1997]. In Nordtest publications, the index is called the local ventilation
index, but the definition is still the same:
Local air quality index = Cext– Csup
Croom– Csup
where:
Cext is the concentration of tracer gas in the extract air
Csup is the concentration of tracer gas in the supply air
Croom is the concentration of tracer gas at a point in the room
The measurements are carried out when the concentrations have
reached a steady state and relevant criteria are given in the Nordtest instructions. It might be necessary to carry out measurements at a number
of points in the room. The number of points chosen depends on the size
of the room, its layout, the location of the supply air terminal devices etc.
The method is relatively simple and quick, even if measurements have to
be made at a number of points.
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A local ventilation index close to or above 1.0 shows that the air flow
in a room is satisfactory, i.e. that there are no stagnation zones or shortcircuiting effects. If there is complete mixing, the ventilation index will
be 1.0 precisely. Values under 0.9 indicate short-circuiting, i.e. that a
considerable amount of the supply air is being extracted directly. In a report from the European Committee for Standardization [CEN, 1988],
the interval 0.9 to 1.0 is given as typical for mixing ventilation systems
with cooled supply air, while a well-functioning displacement ventilation
system can have values between 1.2 and 1.4.
Buildings often contain different types of rooms and a large number of
measurements would have to be carried out if air flow requirements were
needed to be checked, for example, when carrying out an inspection on
completing an installation contract. In situations like these, it is much
more expedient if a relatively simple and quick method can be used.
Furthermore, measurements might have to be carried out while work is
still in progress and it should therefore be possible to choose a method
that causes as few disruptions as possible. In addition, the method that is
chosen should be standardized and quality assured.
Measurements should be simple and quick to carry out
Measurements of air change efficiency and contaminant removal effectiveness are very time-consuming and, therefore, expensive. In practice,
only researchers and possibly a few specialist consultants can carry out
measurements like these. Measurements of local air quality are relatively
simple and ought to be able to fulfil the criteria for simplicity and quickness.
Measurements should be carried out using a standardized method
When requirements are stipulated regarding air flows the method to verify them must also be stated. The simplest way of doing this is to refer to
a standardized method. As seen above, Nordtest instructions have been
published for a number of the methods that can be used, even for determining the local air quality index.
Measurements should not interrupt ongoing activities
Measurements to determine air change efficiency require the release of a
tracer gas and the room air to be mixed using separate mixing fans.
Measurements also need to be carried out over a long period of time
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CRITERIA FOR A
SUITABLE METHOD

(hours), with a sampling tube connected to each supply air terminal device. Measurements of the local air quality index can, on the other hand,
be carried out with far fewer disturbances, as the measurements require
shorter time and the room air does not have to be mixed. Furthermore,
the natural content of carbon dioxide in the air can be used as a tracer
gas, as long as the room air has a much higher concentration than the
outdoor air. The method is therefore suitable for rooms that are in use.
DESIGNING FOR
ACCEPTABLE AIR
FLOWS
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INTRODUCTION

What is demand-controlled ventilation? There are a number of answers
to this question but, basically, it means that air flows are controlled by
the demand for fresh air and depend on the number of people occupying a room or space at a given time. Demand-controlled ventilation is
normally denoted by the initials DCV.
The term DCV has been used since the end of the 1980s, when serious consideration was first given to the design of ventilation systems with
the aim of improving air quality in both residential and non-residential
buildings.
Previously, the term VAV, which stands for variable air volume, was
used when referring to systems with variable air flows. This expression
was derived from the ventilation systems originating from USA in the
1960s. VAV systems were also a form of demand-controlled ventilation,
though the purpose of the system in this case was to supply air depending on the prevailing cooling needs.
Today, however, it ought to be possible to use the term DCV as a general term for systems designed to control the air flows that are required
to maintain a good indoor climate.
The two main reasons why demand controlled ventilation is used
today are to ensure a sufficiently large flow of fresh air and to maintain a
low level of energy use.
Considering the problems encountered with air quality that were very
common in the 1970s and 1980s, it is not surprising that there has been
increased focus on improved air quality.
Looking back at how we have previously dealt with the subject of ventilation, it can be seen that attention was often turned to the creation of
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good thermal comfort, neglecting the other important function of the
ventilation system, namely, the creation of good indoor air quality.
When we talk about comfort ventilation, the scope of this chapter, it
must be emphasized that the primary purpose of a ventilation system is
to create good air quality. A secondary, but nonetheless important, purpose is to create a good thermal climate.
One of the most important features of a demand-controlled ventilation system is that it is not necessary to transport more air through the
system than is momentarily needed. This feature is important, as it allows
systems offering good air quality and good indoor climate to be combined with systems that use a minimum amount of energy.
Today, in Sweden, buildings account for about 40 % of all energy use
and a great deal of this is used to provide heating and cooling. This is
why it is extremely important that future development work in this field
is aimed at implementing technologies that favour low energy usage.
In this chapter it is argued why we must focus on system design and
develop it in such a way that we will be able to talk about the creation of
a new ventilation technology. This is because system solutions must be
created that both satisfy our needs for good comfort while reducing energy usage to the lowest possible level. An important ingredient in this
new ventilation technology will be demand-controlled ventilation.
The task of the ventilation industry is to create system solutions that satisfy people’s needs for good air quality and good thermal comfort. It is
therefore essential that the industry actively participate in research projects at university level, so that they can use new findings in their own development projects. A significant increase in investments in such research
has been seen over the last ten years and a report, with a compilation of
the research results from projects conducted during the period
1996–2002 in the Nordic countries, has been published [Svensson,
2003]. The report supports industry consensus that there is a large need
for improvements in system design to ensure that proposed functional
demands can be met in practice. It also concludes that important research projects have been carried out and that a number of general conclusions can be drawn. These include:
• The importance of being able to make continual adjustments, i.e.
being able to change air flows according to prevailing needs.
• The need for great attention to be paid to the design of systems to ensure low noise levels.
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WHAT DO
RESEARCHERS SAY?

• The need for increased flexibility within the systems to facilitate compliance to different activities
• The importance of designing systems with low energy needs.
Bearing these factors in mind, there ought to be an increase in the use
of DCV systems in the future.
One of the most recent research reports on DCV systems was presented as a licentiate dissertation [Maripuu, 2006] at Chalmers University of
Technology, Gothenburg. The report emphasizes the importance of producing simple system solutions that can be implemented both when upgrading existing systems and when installing new ones. Great emphasis
is placed on the flow patterns from supply air terminal devices being stable and independent of the supply air flow, and the risk of cold downward draughts in the occupied zone being prevented when air flows are
low. The report also mentions the need for better insulation of ducting
systems to reduce transmission losses.
Research aimed at improving the functions of demand-controlled ventilation has, however, been carried out for a long time. An important year
in this respect was 1974, when the IEA, International Energy Agency,
was formed within the OECD. The purpose of the IEA was to implement a new international energy research programme with emphasis on
developing methods to reduce the use of energy. An important part of
this work was to initiate research and development in the field of energy
use in buildings.
A number of different research teams (Annex Teams) were established
and one of these was Annex 18, working on demand-controlled ventilation systems. Sweden was designated the so-called operating agent for
this team, comprising researchers from Belgium, Canada, Denmark,
Finland, Germany, the Netherlands, Norway and Switzerland. A large
number of the team’s reports have been published and the team’s work
has been summarized in a report [Månsson et al., 1997].
Although the report confirms that DCV systems offer clear energy
savings, no general figures for savings are given, as these are greatly dependent on the type and location of the plant, though savings of up to
60 % are mentioned.
One report [ASHRAE Journal, 2003] gives an account of the situation in USA. Here, the average repayment time for DCV systems is given
as 2 to 3 years, which makes the system an attractive alternative for many
applications. Somewhat better results were obtained in a research project

282 E

in California [PIER Buildings Program], in which repayment times of 2
years or less were achieved.
Another report [Svensson, 2003] reveals that, according to IEA
Annex 35, the requirements specification must be adapted to the ventilation system that is chosen. The Annex maintains that expectations
placed on a project cannot be the same in simple cases as in more complicated cases. It is also maintains that the degrees of fulfilment of the
aims, for energy use and comfort, cannot be the same.
It ought to be quite obvious that a requirements specification must
not be dictated by the choice of ventilation system. The only justifiable
approach is to first formulate the requirements and then choose the system solution that can best fulfil them.
In a number of the research projects that were analysed, the ventilation systems were designed for air flows of 5 l/s per person instead of the
normally prescribed 8 l/s. Unfortunately, this seems to be part of a deliberate strategy to achieve a minimum possible use of energy.
The trends today, towards design for the lowest possible air flows to
achieve low energy use, can be seen as a new opportunity for DCV systems to gain a larger market share. With DCV systems it is possible to
combine the desire for good air quality with requirements for low energy use. Using DCV systems, there is no need to compromise on these
wishes.
When planning a ventilation system it is important that a sufficiently
good indoor climate can be achieved in a controllable way for many years
to come. There are extensive rules and regulations that the design engineers must take into account.
On the other hand, there are a number of requirements/desires that
are not so easily understood. Among other things, there are often requirements that are implied or taken for granted.
Functional safety is also important and this can be improved by designing the system so that shortcomings, inherent in any system, are also
accepted and dealt with by the system.
It is therefore quite reasonable to use the term wide-tolerance ventilation systems to denote systems that accept and deal with a number of
common operational disturbances or obstacles.
Some of the requirements/desires that should be expressed by the different parties engaged in a building project, so that they will be satisfied
with the indoor climate system, can be summarized as follows:
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• The users would like a system that does not cause draughts or noise
and provides acceptable air quality.
• The proprietor would like low costs and a guarantee that the system
will function well.
• The operating and maintenance staff would like to see a simple design
configuration.
• Both the contractor and the operating and maintenance staff would
like the commissioning work to be as simple as possible. Sometimes
the plant does not even fulfil elementary requirements so that it can
be correctly commissioned. It is not surprising, however, that problems occur when setting air flows, as working within the small allowable tolerances is an extremely difficult task for the commissioning engineers. Clients should therefore demand better and more commissioning-friendly tolerances when procuring system design.
• The property manager would like to see systems with low energy demands and functional durability, as well as flexibility when premises
have to be adapted to new tenants. Flexibility is a key concept in the
building industry and this means:
– Being able to control air flows according to demand and change
levels of demand during operation.
– Being able to easily extend or add to the plant.
– Being able to change the distribution patterns in individual rooms
to suit how they are used.
– The users being able, to a certain extent, to adjust the air flows and
room temperatures, [Hult, 2002].
If these desires and requirements are to be met to a reasonable extent,
the focus of the design engineers’ attention must be on the users and
their needs for sufficiently good indoor climate. This means that the design engineers, besides planning an indoor climate without noise or
draughts, must also focus on a simple and reliable system design to
achieve long-term functional stability.
Other requirements that have been expressed, in order to reach these
goals, include, in the first stage of the building process, i.e. before the
shape, size and structural principles have been finalized, being able to assess the consequences of the design and properties of the indoor climate
system. This makes it possible to stipulate realistic demands for the indoor climate and to make sure that sufficient space is reserved for the
plant room etc.
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The tendering procedure for the indoor climate system is also important, if satisfactory results are to be obtained. The areas of responsibility
for the system must be made quite clear from the very start, so that it is
not apportioned to too many hands. The HVAC consultant must take
on overall responsibility for the plant functioning according to the
client’s requirements.
The need for good air quality
Requirements regarding lowest allowable air flows are normally stipulated in official regulations. However, it should be noted that more recent
research [Wargocki et al., 2000] and [Indoor Air, 2000] has shown that
the number of days lost through sickness can be reduced, if air flows are
increased above minimum levels.
A great advantage of DCV systems is that they can be designed for the
highest required air flows without having to compromise on total energy use. The highest flows are normally only required for short periods of
time after which they are reduced as the demands on the system are reduced, promoting, in turn, lower energy use.
In the Nordic countries, there are normally no problems when supplying air at the lowest rates. In countries where the use of return air is
allowed, problems have been observed when trying to supply sufficiently high air flows during periods of low demand. This is primarily a problem in USA, Canada and the UK.
The indicator that is most often used as the determining parameter in
DCV plant is the concentration of carbon dioxide, CO2. Concentrations
of individual or total volatile organic compounds, VOCs or TVOCs, can
also be used but the use of CO2 is recommended, as this is a reliable indicator in premises where people are the primary source of pollutants.
The need for suitable flow patterns to avoid draughts
If a DCV system is chosen, air flows will vary according to need. This
means that great demands must be placed on the properties of the
supply air terminal devices. To avoid problems with draughts, it is important to maintain suitable distribution patterns that are independent
of whether the flows are large or small. It is therefore advantageous if
the same type of distribution pattern can be achieved, irrespective of air
flow.
A common problem encountered with earlier VAV systems was that
the supply air, at low flow rates and at under temperatures, would flow
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down into the occupied zone and cause cold downdraughts. This downflow must be avoided by creating sufficiently high supply discharge
speeds from the air terminal devices.

FIGURE 1. If supply air flow speeds are too low in traditional air terminal devices,
correct distribution patterns cannot be maintained. The risk of draught problems
is obvious when air is supplied slowly at under temperatures.

If air is supplied at over temperatures in a DCV system, it is also important to maintain a suitable distribution pattern. A problem that can
occur at low air flow rates is that stagnant zones can be created, if sufficiently high air speeds cannot be maintained at the outflow from the
supply air terminal device.
Minimizing noise levels
High noise levels over long periods of time have been one of the most
common problems caused by ventilation plant. They are completely unnecessary and steps must be taken to avoid them. It is, therefore, of the
greatest importance that design engineers and system solutions address
this question seriously.
One cause of high noise levels is pressure drops across some of the system components, such as supply air and extract air terminal devices.
There are, therefore, strong reasons why systems should be designed to
create the lowest possible pressure rises, so that the risk of noise problems can be eliminated. In DCV systems, in which air flows vary, pressure control devices are required in certain parts of the system to limit
pressure build-up. It is worth mentioning that early VAV systems from
USA did not sell well in Europe, among other things, because of the
high pressure drops and, consequently, high noise levels.
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Flexible systems – systems that are easy to adjust or add to
One of the reasons why many ventilation installations in Sweden have
not been approved, after compulsory ventilation inspections, was their
limited flexibility [Engdahl, 2002]. Inspections often showed that it
would not be possible to upgrade the plant, if the use of a building was
changed.
Flexibility, in this respect, means being able to make minor changes in
the sizes of flows to individual rooms as well as being able to change the
room layout, and size and shape of the rooms, without making extensive
changes to the ventilation system.
A simple method for achieving the desired flexibility in a ventilation
or indoor climate system and, at the same time, for fulfilling the demands
and requirements for low energy use and low noise levels, can be found
in [Engdahl, 2002] and [Maripuu, 2006] for mechanical ventilation systems.

The components, besides the actual fan unit, that might be used in connection with demand-controlled systems include:
1. Variable flow units/supply air terminal devices
a. Pressure-dependent
This means that the air flow through the unit varies with the static
pressure before the unit. Special care must be taken to check that
flow variations are kept within the stipulated limits.
b. Pressure-independent
This means that the air flow through the unit is constant and independent of the pressure variation before the unit. Consequently,
the unit includes a device for measuring the air flow, so that the
damper can be adjusted to maintain the desired air flow.
It should be noted that pressure-independent units could cause operational disturbances, if the flow measurements are carried out
using sensors that react to static pressure differences. Experience
shows that flow sensors require careful and regular service if they
are to function properly.
2. Supply air terminal devices – pressure-dependent
a. Passive
These air terminal devices are the traditional ones in which the setting, the outlet area of the device, is independent of the air flow.
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COMPONENTS IN
VAV/DCV SYSTEMS

The flow can be regulated by manually adjusting a damper in the
device intake or by employing a motorised damper in the ducting
immediately before the device.
b. Active
These are devices in which the outflow is regulated (variable outlet
area). This means that the outflow speed is independent of the outlet area, provided that the static pressure of the air before the device is kept constant. No special flow measurements are required if
the pressure remains constant, as the flow is determined by the size
of the opening (the outlet area) and the operating pressure.
Stepper motor

Supply air

FIGURE 2. A schematic of an active pressure-dependent supply air terminal device.

3. Extract air terminal devices – pressure-dependent
a. Passive
These air terminal devices are the traditional ones in which the setting, the inlet area, is independent of the air flow. The flow is regulated by employing a motorised damper in the ducting immediately adjacent to the device.
b. Active
These are devices in which the flow is regulated at the intake (variable inlet area). The device requires a constant pressure in the
branch duct so that the flow can be controlled and so that noise
generation is kept to a minimum.
4. Central control units
These are programmed on site or in the factory before delivery.
5. Air quality sensors
As the purpose of a DVC system is to control the air flows in a building or room according to prevailing needs for good air quality, it is
quite natural that there is some form of air quality sensor. There are a
number of types of sensor that react to different types of pollutants.
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The most common are CO2 sensors, i.e. sensors that react to the concentration of carbon dioxide in a room. As these CO2 sensors are now
used to a far greater extent, it has been possible to reduce their price.
Over the last ten years, the price has been halved.
The advantages and disadvantages of different types of sensors are as follows:
a. CO2 sensors have been shown to be reliable. Long-term stability has
increased and measurement accuracy is normally between ± 30 ppm
for measurements under 1000 ppm. If these sensors are used, the occupants should be the dominating source of pollution. Previously,
sensors like these had to be recalibrated every year. Many of today’s
CO2 sensors do not require recalibration during their operational lifetime (10–15 years).
b. Presence sensors are cheap and are suitable for use in office modules.
Provided that a presence sensor can determine the number of people
in a room, it can also be used to control the air flow according to actual demand. Otherwise, CO2 sensors are a better choice.
c. Humidity sensors should only be used under very special circumstances. Fibre sensors are less reliable than electrical impedance sensors.
d. Mixed gas sensors can be used when the occupants are not the major
source of pollution. They can be used to identify a number of gases
and particles such as tobacco smoke, hydrogen, carbon monoxide,
ethanol and ammonia. It is not possible to determine which gas is predominant when using a mixed gas sensor.
e. Time-controlled flows might be required in certain circumstances but
this solution should not be used when people use a room on an irregular basis.
f. Sensors in which a CO2 sensor and a temperature sensor are combined
in the same unit are available on the market and can be recommended as an economical alternative.
When planning a demand-controlled system, it is necessary to include
some form of pressure control in the system. This is because pressure
drops must be avoided, as the flows are variable. Where these pressurecontrolling units are placed in the system depends on the properties of
the supply air terminal devices and the overall ambition to economize on
energy.
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DIFFERENT TYPES OF
VAV/DCV SYSTEMS

Examples of system design:
A. Pressure-independent variable flow units installed before passive supply air terminal devices in combination with a pressure control unit in the
main duct.
CU

SP

placed between the last two supply air terminals in each branch. The
pressure in the branch ducts is determined by the properties of the supply air terminal devices.
A pressure sensor is installed in the main duct to limit the pressure
after the fan by controlling its speed via a frequency converter. This sensor does not have to be placed immediately after the fan as shown in
Figure 3. A more even pressure distribution between the branch ducts
can be obtained by placing the sensor further along the main duct, see
Figure 4.
CU

Pressure-independent variable flow
units and passive supply air terminals

SP

PR

SP

PR

FIGURE 3. A supply air system – type A – with pressure-independent variable flow
units connected to passive supply air terminal devices.
CU – Control unit for regulating fan speed using a frequency converter.
SP – Static pressure sensor

When passive supply air terminal devices are used large air flow variations are not normally permissible, if the spray nozzles are required to
provide acceptable distribution patterns over the whole range of flow.
However, some of the latest terminal devices with advanced nozzle design can operate satisfactorily over large ranges of flow. The devices can
be set to provide acceptable distribution patterns even at low flow rates.
To minimize both noise generation and energy use, the pressure in the
main duct is limited by regulating the speed of the fan.
The use of this type of demand-controlled system was previously restricted because, among other things, problems caused by noise and
draughts were quite common.
B. Pressure-dependent active supply air terminal devices in combination
with pressure control units in the main and branch ducts.
The pressures in the branch ducts are kept constant by a regulator installed at the beginning of every branch. The pressure sensor can be
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Damper
Active pressure dependent
supply air terminals

SP

FIGURE 4. A supply air system – type B – with pressure-dependent active terminal
devices, in combination with constant pressures in the branch ducts. A pressure
regulator regulates the speed of the fan.
CU – Control unit for regulating fan speed using a frequency converter.
SP – Static pressure sensor
PR – Pressure regulator

In normal circumstances, a pressure of 30 to 40 Pa should be sufficient to manage the largest and smallest air flows. To obtain the best possible distribution of air to the terminal devices in each branch duct, the
air speed in these ducts should be limited to 3 m/s.
Bearing in mind demands for flexibility and future adjustments, it is
recommended to let the branch duct system have the same dimensions
along the whole of its length.
A great advantage this type of constant pressure regulation is that passive terminal devices, designed to supply continual and constant air
flows, can also be installed in this type of supply air system.
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FIGURE 5. The diagram
shows one of the
advantages of constant
pressure technology.
Reduced flow, i.e.
restricting flow with a
constant pressure drop
through a device,
generates less noise.

speed and pressure rise and, thereby, minimizes the use of energy and the
risk of disturbing noise.
D. Pressure-independent active devices in combination with fan speed
regulation via a pressure sensor in the main duct.
CU

SP

C. Pressure-dependent active devices in combination with pressure regulation in branch ducts and fan speed control via a regulator to optimise
operational data.
CU

SP

SP

Active pressure-dependent
supply air terminals

PR

PR

PR

Damper

FIGURE 6. Supply air
systems – type C – with
pressure-dependent
active terminal devices,
in combination with
pressure regulated
branch ducts and fan
speed control
CU – Control unit for
regulating fan speed
using a frequency
converter
SP – Static pressure
sensor
PR – Pressure regulator

The same type of supply air terminal devices (active and pressure-dependent) as in type B can be used. A regulator, PR, communicates with
the branch duct dampers and fan units. This means that the opening angles of the branch duct dampers are monitored allowing the fan speed
and, consequently, the pressure rise across the fan, to be reduced. This
version is a good example of a system solution that minimizes the fan
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Pressure-independent variable flow units in
combination with active supply air terminals

FIGURE 7. A supply air system – type D – with pressure-independent variable flow
units, in combination with active devices and fan speed regulation via a pressure
sensor in the main duct.
CU – Control unit for regulating fan speed using a frequency converter
SP – Static pressure sensor

In this case, the pressure regulators, PR, and the damper in type C
have been replaced by active and pressure-independent supply air terminal devices. This means that a pressure sensor has to be installed in the
main duct to regulate the fan speed via a frequency converter. This version is more prone to noise problems, as the pressure drops across the
devices are considerably greater than in type C.
A limitation of this type of solution is that passive supply air terminal
devices designed for constant flow cannot be connected to the duct system.
A positive aspect of the B, C and D systems is that a large part of the
often quite difficult commissioning work can be eliminated.
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Experience shows that commissioning is seldom carried out completely
correctly. One reason for this is that the building might have been occupied before the commissioning work was even begun, making it difficult
to carry out the work accurately. Other practical problems can arise due
to measuring techniques.
Comments on the different types of systems
The technical solutions that are normally used when designing CAV systems do not allow the air flows through the supply and extract terminal
devices to be varied to any great extent. Only when VAV/DCV systems
are chosen is it possible to regulate air flows depending on the room
temperature or concentration of CO2, or by using presence sensors. And
this naturally limits the flexibility of CAV systems, as the design air flows
through the terminal devices can not be easily changed, as the properties
of the devices, when passive, are limiting factors.
When flows were previously regulated in VAV systems this was done
by using dampers installed immediately before the supply air terminal device (Type A). A disadvantage here, if low speed devices are not used, is
that the speed of the air, on leaving the ventilation device, will be proportional to the air flow. This means that in ceiling devices, when discharging low supply air flows at an under temperature, there will be a risk
of the ventilation air flowing down from the ceiling into the occupied
zone, causing draught problems, see Figure 1.
If flow regulation is achieved using pressure regulators, as in B, C and
D, these disadvantages can be eliminated.
By maintaining constant pressures in the branch ducts, in B and C,
there will be a certain degree of flexibility with regard to the flow
changes in the terminal devices. The devices can be adjusted individually without having any negative consequences on the overall balance in
the system or the commissioning of the plant.
It should be pointed out that maintaining constant pressures is warranted even if the system is designed to function as a CAV system. In this
case, we will have a so-called wide-tolerance ventilation system solution,
i.e. one that automatically compensates for the operational disturbances
or obstacles that can arise in the system.
If active devices are used, the distribution patterns will, to all intents
and purposes, be the same even when air flows differ. This property/
function is yet another example of a wide-tolerance ventilation system solution. Maintaining constant pressures in the branch ducts automatically

294 E

compensates for the disturbances that occur in the form of varying air
flows.

FIGURE 8A. Distribution pattern for
nominal air flows.

FIGURE 8B. Distribution pattern for reduced air flows, on condition that constant air pressures can be maintained in
the branch ducts and that the flow is
regulated at the outlet of the terminal
device.

In order to differentiate between these two types of supply air terminal devices, the terms passive device and active device are used. The passive device is the traditional type in which the setting is independent of
the air flow. Active devices have a flow regulator at the outlet of the device. If the properties of these devices are studied more closely, the major
differences that can be seen are:
• Passive devices increase the risk of draughts when the air flow is reduced.
• Active devices reduce the risk of draughts when the air flow is reduced.
This disadvantage of passive devices, when used in flow regulated ventilation systems, is one of the reasons why traditional VAV systems, i.e.
type A, have not been used to any great extent in Europe.
The supply air terminal devices used in type D systems offer an alternative solution and they also have the advantageous flow properties of
the active devices used in B and C. The difference is that pressures in the
branch ducts increase when flows decrease.
Systems B and D can be recommended for small ventilation systems,
while system C is a better choice for large systems. The reason for these
recommendations is that the pressure variations have to be limited. In
large systems, pressure variations can be a problem and it is essential that
operating costs are minimized, which system C can ensure.
In systems A, B, C and D described above, the extract air plant has not
been included in the diagrams. It is, however, extremely important that
the system design can ensure a flow balance between the supply and extract air, no matter whether the flows are large or small.
The principles used for the design of an extract air system can be the
same as those for a supply air system. However, simpler extract air sys-
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tem designs can be accepted, for example, for handling transferred air
from office modules and for central extraction from corridors. To ensure
a balance of flow, both supply and extract air flows must be monitored
and the extract air flows regulated according to the variations in the air
flow, see Figure 9.
SP for flow measurements

SP for
pressure regulation

SP for flow measurements

FIGURE 9. The desired balance between the supply and extract air flows is achieved
by measuring the supply and extract air flows and regulating the extract air flow
according to the flow variations in the supply air duct.
SP – Static pressure sensor

SUMMARY

Over the last decade, it has become obvious that the time has now
come for better acceptance of system solutions based on flexibility, demand-controlled ventilation and low energy use. The new generation of
ventilation systems focuses on:
• Comfort for the individual user
• Cost-effectiveness and flexibility for the client
Based on experience of different technical solutions, partly via different research projects and partly via the compulsory functionality tests, it
is now possible to fulfil all the requirements that were initially described
to achieve good ventilation systems. One of the first steps is to use pressure regulation devices at strategic locations in the ducting system. This
will make it possible to create a flexible, demand-controlled and low-energy solution. With the help of the research and development work mentioned above, it is clear that it is now quite feasible to have:
1. Simple, pressure-dependent regulatory functions in the supply and
extract air terminal devices.
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2. Good control over the most commonly occurring noise problems in
ventilation systems, as pressure drops can be limited.
3. More user-friendly system devices with which the users can, within
certain limits, adjust air flows without disturbing the overall balance
in the system.
4. A ventilation system in which it can be guaranteed that the design
air flows can be maintained.
5. A ventilation system in which there will always be a balance between
the supply and extract air flows, as active components in the system
can ensure this balance.
6. A ventilation system in which traditional commissioning of air flows
will not be necessary.
7. A reduced use of energy as:
a) the flow balance in the system can be maintained, despite the
static pressure in the branch ducts being limited,
b) the fan can operate at its lowest possible speed to create the required air flows.
8. A ventilation system in which devices for constant air flows can be
mixed with devices for variable air flows.
9. Good room climates without draughts within the whole of the operating ranges of the supply air terminal devices.
10. Flexibility, with regard to future additions to the system.
The term wide-tolerance ventilation system was, at the beginning of
the 1990s, a vision – now it is a reality. There is, therefore, no exaggeration when it is said that the research carried out over the past ten years
has made a breakthrough in the field of ventilation system design.
Wide-tolerance ventilation systems can, in the future, be seen as ventilation systems that have been designed in a natural way. They will, quite
simply, be logically designed and the ventilation problems of yesterday
will have been eliminated by careful system design.
Knowledge and quality awareness will have been allowed to prevail.
Quality awareness must embrace all aspects of a ventilation system, if
the whole system is to be regarded as satisfactory and not only some of
its constituent parts. All parts of a solution must work in harmony to create a functioning whole, so that the desired functional requirements can
be fulfilled.
Demand-controlled ventilation is here to stay.
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is governed by the location of the building, the quality of the outdoor
air, how the building is going to be used and the user’s needs. Most important, however, is that the quality of the chosen solution is sufficiently high, that the plant is installed correctly and that service and maintenance are not neglected. To meet the most important challenges we must,
to a much greater extent:
• Focus on air quality – not on air quantity.
• Realize that the problem is not one of ventilation but one of pollutants – ventilation is a part of the solution.
• Accept that the quality of even the best ventilation systems will, over
time, be reduced to a level determined by the competency of the operating staff.

INTRODUCTION

Good indoor air quality is a must for health, comfort and well-being.
Poor indoor air quality, on the other hand, can have negative effects on
work performance and productivity. In order to ensure satisfactory indoor environments, we install more or less advanced ventilation and climate systems and, from a purely technical point of view, we can make numerous choices, depending on the complexity and location of the building in question. Common solutions include natural ventilation, extract
air systems, balanced mechanical ventilation systems, air conditioning
and different types of hybrid solutions.
There are often quite heated arguments about which alternative is
best. Common to all solutions, however, is that the quality of the results
will never be better than the design engineer’s own level of competence
and the quality of the components in the finished installation. And discussions as to whether the ventilation system should be natural or mechanical just tend to shift focus from the real challenges. The primary aim
of a ventilation system must always be to provide a good indoor environment and one of its central tasks is the removal of pollutants and the
regulation of the indoor temperature.
ANSI/ASHRAE 2001 defines ventilation as follows:
Ventilation is the process of supplying or removing air by natural (including infiltration) or mechanical means, to or from a space, for the purpose
of controlling air contaminant level, humidity, or temperature within the
space.
The choice of ventilation system is, therefore, primarily a choice that
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FIGURE 1. Different types of air intakes for public and commercial buildings. Some
of the intakes have not been designed or located according to Norwegian regulations and recommendations. Those shows bottom-right are substandard in all
respects.
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AIR INTAKES
– AN IMPORTANT
COMPONENT

An important, but often underrated component in most installations, is
the air intake. Together with the air filter, its task is to prevent waste
products, air pollutants, insects and other creatures from entering the
HVAC system. For example, every form of waste or pollutants – such as
leaves, road dust, exhaust fumes and combustion products – as well as
other pollutants – such as pollen, mould fungi, microorganisms, and organic and inorganic substances from more undefined sources – must be
kept out. All these can be removed from the air, to a reasonable extent,
by designing and locating air intakes in suitable ways – and by installing
efficient filters.
Depending on the type of building and the size of the plant, air intakes can vary from simple trickle ventilators above windows to large,
centrally located units integrated into facades and intake towers. The following discussion focuses on large buildings, such as schools, offices,
public buildings and commercial buildings. The most common types of
air intake are:
• Intake grilles/fixed louvres in walls
• Swan neck intakes, ribbed hoods and ventilation hoods for roof and
ground-level installation
• Combined exhaust and intake hoods
• Wall units
• Horizontal intake grilles at ground level

ways needed when designing air intakes. HVAC engineers want as low
speeds as possible at the air intake to prevent precipitation and pollutants
from entering the system. This can result in a large intake grille being located in a dominating position on a facade, which could spoil the architecture of the building.
However, a large and correctly located air intake is not a guarantee
against problems, as the design of the ducting section behind the intake
will affect the flow of the air through the grille. If this section on the inside of the grille is not carefully designed, it could result in an uneven
speed distribution across the intake. Measurements carried out in numerous buildings have, unfortunately, shown that this is quite often the case.
This is a problem that arises primarily in rectangular and narrow air intakes as well as in air intake towers. A low and even air speed – preferably
less than 1 to 1.5 m/s – is often essential to obtain good results.
Figures 2 and 3 are good examples of how well-located air intakes can
still give rise to very uneven air speed distributions across the grilles, as

The locations of air intakes are, unfortunately, seldom included an architect’s first sketches. Now and again this will mean that rather unusual air flow solutions have to be adopted, as compromises are nearly alAir intake

Air outlet
Air speed
0.5 to
2 m/s

FIGURE 2. Left, a primary school in Trondheim, Norway situated on a hill on the
edge of the town close to vegetation and trees. Right, the outdoor air intake and
the exhaust air outlet. Rain and snow falling on the intake can be easily sucked into
the ventilation system. Photo: Olav Struksnes, Project thesis 2002, EPT-NTNU.
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Air speed
4 to
6 m/s

Air speed
11 to
13 m/s

Clear signs of corrosion
(brown) inside the intake
duct. The arrow shows
the location of the moisture run-off and a pool of
water can be clearly seen
on the floor – the run-off
has not been located at
the lowest point.
The frames for the coarse
filters have been installed
but no filters have been
inserted.

FIGURE 3. An outdoor air intake for the primary school in Trondheim, Norway,
shown in Photo 2. Frames for intake filters can be seen but none have been installed. Photo: Olav Struksnes, Project thesis 2002, EPT-NTNU.
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no attention has been paid to the pressure distribution across the intake.
The result is that rain and snow are easily sucked into the system.
Moisture, rain and snow entering the ventilation system via the air intake can cause corrosion and operational disruptions. If moisture is retained in the filter and other components, this can also result in the ventilation air having poorer quality. Insufficient cleaning combined with
free moisture in the ventilation system can become a source of hygienic
and aesthetical problems. There are also indications that microbic activity, combined with normally occurring air pollutants, can lead to serious
problems in buildings with complex designs and advanced building services installations.

FIGURE 5. A primary school in Trondheim, Norway. Countryside environment
with forest and vegetation close by. Photo: Olav Struksnes, Project thesis 2002,
EPT-NTNU.

cations make them very difficult to access for inspection and cleaning.
Figure 5 shows a free-standing school building in the countryside. Here
the problem is reversed: the air intake has been located at ground level
and close to the building, which means that all sorts of pollutants can
easily fall into the air intake. Furthermore, there is a narrow concrete passageway with a rough surface finish, making both inspection and cleaning difficult.
The need to de-ice aircraft in wintertime is well-known in those parts
of the world where temperatures fall below zero – but this procedure
should not be necessary for air intakes in modern school buildings. And
if it is, it should be done by using a more advanced piece of equipment
than a broom handle! See Figure 6.

FIGURE 4. A primary school in Trondheim, Norway, on the outskirts of the town.
Note the vegetation and trees nearby. Photo: Olav Struksnes, Project thesis 2002,
EPT-NTNU.

In other instances it is obvious that insufficient insight and understanding are the causes of problems in air intakes – well illustrated in Figures 4
and 5. Air intakes built into roofs or located at ground level are bound to
fail when it comes to tackling problems caused by moisture and pollutants.
Figure 4 shows a primary school comprising two detached buildings.
The air intakes are almost completely integrated into the roof and
designed in such a way that snow and other pollutants such as leaves,
insects and bird droppings can easily collect in front of them. Their lo-
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FIGURE 6. De-icing the air intake for a school building in Trondheim, Norway.
The school was built in 2004 and the photos taken in early January 2006. Photo:
Fredrik Hedeman.
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Another recurring problem is that air intakes are often placed too
close to exhaust air outlets, which increases the risk of short-circuiting
the exhaust air and mixing it with the intake air. This can be seen in
Figure 7. In this case, the exhaust air outlet has been located so close to
the surface of the roof that the relatively warm exhaust air in the winter
will melt snow falling onto the roof. Together with pollutants on the surface of the roof, this could cause undesirable microbic growth. Heavy
snowfalls might even block the exhaust outlet completely.

FIGURE 7. Unsuitable location of an outdoor air intake in relation to the exhaust
air outlet. There is a great danger of short-circuiting between the two systems and
undesirable microbic growth on the surface of the roof – microbes could then find
their way into the air intake. Photo: Frode Frydenlund, SINTEF Energy Research,
2007, Trondheim, Norway.

containing legionella bacteria – can, in unfortunate circumstances, be
spread to the outdoor air from the polluted plant and remain in the air
for relatively long periods of time. They can then be sucked back into
ventilation systems together with the ventilation air and this could constitute a serious health risk – especially for people with reduced immune
defence. It is therefore essential that architects and HVAC design engineers have basic insights into microbiology and fundamental knowledge
of the possible consequences to health and comfort when people are exposed to harmful microorganisms.
Bacteria are normally divided into two categories: Gram-positive and
Gram-negative bacteria. Gram-positive bacteria are the most common
type in our general surroundings. They are very resistant to dryness and
heat, and are very important ingredients in the skin’s defence mechanisms against infections. Gram-negative bacteria, on the other hand, live
in water and die quickly in dry environments. This is why it is unusual to
find Gram-negative bacteria in the outdoor air and, consequently, in air
intakes. If they are found in the supply air in a ventilation system, this
could be because there is a source of moisture in the system.
Fungi can be divided into two categories: yeast fungi and mould
fungi. The majority of fungi found in the outdoor air are mould fungi.
Bacteria and fungi differ in size:
• Bacteria are approximately 0.5 micrometres in diameter and can be
classed as either round (coccus) and long (rod-shaped or bacillus)
• Yeast fungi are 2 to 5 micrometres in diameter.
• Mould fungi are 2 to 200 micrometers in diameter.

Moisture in the air intake, dirty mechanical components and fouled
ducts are often underestimated problems when air quality and health
problems are discussed. The combination of moisture, dust and organic
substances can cause both fungal and bacterial growth. Mould fungi are
greatly suspected of causing allergies and, not least, of making problems
worse for those who are already hypersensitive. Furthermore, air intakes
in close proximity to pollen-generating plants and trees are risk factors if
the filters that have removed the pollen from the air become wet, allowing soluble allergens to be freely transported through the ventilation system to occupied rooms.
Even individual types of bacteria – especially legionella bacteria – can
be a health risk if the air intake is located in the vicinity of an infected
cooling tower or scrubber. Aerosols – in the form of small drops of water

Physical factors such as moisture, temperature, UV light and pH value
can affect the presence of different microbes. The availability of organic
substances can be a deciding factor for their survival and will affect the
number of microbes in the environment. The type of microbes that
actually exist in a certain environment will be finally determined by the
mutual competition between them – in which antagonism (mutual opposition) and symbiosis (mutual support) are decisive factors. It is, therefore, easy to understand the importance of avoiding free moisture or
condensation in the ventilation system’s equipment and ducting. And, if
unprotected slabs of mineral wool are used for internal insulation, the
risk of problems occurring is acute. Without free moisture, this risk is
greatly reduced and it is here that keeping air intakes dry comes into the
picture.

Air intake

Exhaust air

AIR INTAKES AND
HEALTH PROBLEMS
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The composition of microbial communities and the possibility of viable spores being created determine whether the air flora is regarded as
being natural or unpleasant by the occupants in a room. A number of
types of mould fungi are thought to be the cause of respiratory problems
in indoor environments where microorganisms can be found. This is especially true of the following mould fungi: Alternaria, Aspergillus,
Aureobasidium, Cladosporium, Fusarium, Mucor, Paecilomyces, Penecillium and Phoma. An important question here is whether microorganisms can adapt to the environment in a ventilation system and change
character so that they can grow at body temperatures. This could mean
that fungi that are normally harmless in their free states could mutate and
become harmful in ventilation systems. Microbiologists have been researching this field for many years [ISIAQ Guideline TFI-1996].
In some instances, the ducting system can function as an effective distribution path for pollutants generated far from the occupied rooms.
Return air systems are very well known to be problematic where air pollutants and spreading of infections are concerned. Problems occurring at
one point in a system have been clearly observed to multiply within the
ducting [Hays et al., 1995].
A typical example of a source of infection being spread via air intakes
and through ducting systems is the well-known legionella bacteria that
cause, among other things, Legionnaires’ disease and Pontiac fever.
Legionnaires’ disease is a specially dangerous type of bacterial pneumonia that was named after the epidemic that broke out among
American legionnaires attending a congress in Philadelphia in July 1976.
Around 30 of the 180 or so cases were fatal.
The disease is caused by the bacterium called Legionella pneumophila.
This bacterium is common in HVAC plants, cooling tower sumps and
hot water systems (cooler than 55°C), i.e. just about everywhere water
can be found. The disease is spread by water droplets in the form of
aerosols. Contraction seems to depend on age, sex, general health condition and degree of exposure to the bacteria. Especially vulnerable are
old or middle-aged males with reduced immune defence and other people
with poor immune defence.
Pontiac fever is caused by a particular type of legionella bacterium and
develops as an illness similar to influenza. It is short-termed with symptoms including fever, shivering and headaches. The incubation time is
between 4 and 66 hours, most often between 36 and 48 hours. Medical
treatment is not necessary as the disease abates by itself – often within 2
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to 5 days. It is not known whether there have been any fatal cases of
Pontiac fever.
Unlike Legionnaires’ disease, Pontiac fever can be contracted by a majority of those subject to the infection source (aerosols containing legionella bacteria) – more than 90 % rates have been reported. Pontiac fever
first became known after an epidemic outbreak among visitors and employees at the County Health Department in Pontiac, USA in 1966.
Since then, epidemic outbreaks have occurred frequently around the
world. In addition to cooling towers, scrubbers, evaporative condensers
and air humidifiers, it is also known that hot water systems, showers and
indoor fountains are possible risk and exposure sources.
Bearing all this in mind, one might imagine that the design and location of air intakes were subjects that were taken seriously – in other
words, that components were planned and designed for each separate installation to prevent free moisture in the form of snow and rain from entering ventilation systems. Unfortunately, in far too many buildings, this
is still not the case. And this in spite of the fact that, for many years, both
national and international recommendations and regulations for locating
air intakes in facades, based on knowledge about pressure drops and recommended speed distributions, have been available. No matter whether
simple manual calculations or advanced CFD, Computational Fluid
Dynamics, simulations are used, it can be seen that there are still differences, sometimes large ones, between theory and practice. When air intakes are planned and designed, the following aspects, at least, should be
taken into account:
• Motor traffic and road dust
• Industrial pollutants
• Vegetation (natural and planted)
• Location of exhaust air outlets in own and neighbouring buildings
• Distances to cooling towers
• Precipitation (rain and snow)
• Directions of prevailing winds
• Opportunities for inspection and cleaning
• Choice of materials used
• Conditions around the air intake
• Location in relation to exhaust gases from the building’s own heating
plant
• The use of wire netting in front of the intake grille, which could become blocked due to build up of freezing rain
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REGULATIONS
CONCERNING THE
DESIGN AND LOCATION
OF AIR INTAKES

Based on experience, insight and knowledge, clear and well-founded recommendations have been available for many years regarding the location
of air intakes. Figure 8 shows two examples: to the left, a more than 20year-old Finish recommendation and to the right more recent recommendations from a working draft produced in connection with preparations for a proposal for a CEN standard.
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Key:
A = minimum distance above windows which can
be opened
B = minimum distance from windows, which can
be opened, at the same level or above
C = minimum distances from grades, paving etc
D = minimum distance from adjacent building lot

FIGURE 8. Example of locations of outdoor air intakes from the Finish Building
regulations 1987 (left), and from CEN Working Draft prEN 13779, February
2002 (right). Note that the distances A, B, C etc, in the drawing and table, do not
refer to the same variables.

In the EN 13779:2004 ventilation standard the following specific and
clearly formulated recommendations can now (2007) be read:
• “No air intake should be located closer than 8 metres of horizontal
distance from a garbage collection point, a frequently used parking
area for three or more cars, driveways, loading areas, sewer vents,
chimney heads and other similar polluting sources”.
• “Special attention should be paid to the location and shape of openings in the vicinity of evaporative cooling systems in order to minimise
the risk of spreading impurities into supply air. No air intake openings
should be placed in the main wind directions from evaporative cooling systems. In addition, good maintenance of cooling tower systems
is important”.
• “No air intake should be positioned on a facade exposed to a busy
street. Where this is the only possible location, the opening should be
positioned as high above the ground as possible”.
• “No air intake should be positioned where a back-flow of exhaust air
or a disturbance from other pollutants or smelling emissions is expected”.
• “No air intake should be positioned just above the ground. For ex-
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•

•

•

ample, a distance at least 1.5 times the maximum expected thickness
of snow between the bottom of the intake and the ground is recommended”.
“On top of the building or when the concentrations on both sides of
the building are similar, the intake should be arranged on the windward side of the building”.
“The air intake opening adjacent to unshaded places, roofs or walls
should be arranged or protected so that the air will not be excessively
heated by the sun in summer”.
“Wherever the risk of penetration of water in any form (snow, rain,
mist, etc.) or dust (including leaves) into the system is apparent, an
unprotected opening should be dimensioned for a maximum air velocity in the opening of 2 m · s–1 (see also EN 13030)”.
“The height of the bottom of an air intake opening over a roof or deck
should be at least 1.5 times the maximum yearly expected thickness of
snow. The distance can be lower if the formation of a layer of snow is
precluded by means of, for example, a snow shield”.
“Consideration should be given to the possibility for cleaning”.

On the basis of these general recommendations, it is quite clear which
parameters should be considered. Both manual calculation methods and
CFD simulation programs are available that can be used for designing
and locating air intakes and that indicate the respective consequences of
the different choices.
No matter what the design of the actual intake, the inlet area must be
large enough to prevent an unnecessarily large pressure drop across the
grille. It is also important that the volume of intake air is evenly distributed over the whole of the inlet area. To achieve this, a number of principles must be considered [Berner et al., 2007].
Figure 9 shows an example of a rectangular intake connected to ducting at one end. If the intake is designed in this manner, the speed of the
intake air closest to the ducting will be higher than that at the far end of
the intake. Although it is practical to design the intake chamber with a
uniform square cross-section, the resulting air speed imbalance must be
kept within acceptable limits.
The imbalance will depend on the cross-sectional area of the chamber
in relation to the grille area and the pressure drop across the grille. The
reason for the imbalance is that the air speed in the chamber parallel to
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DESIGNING AIR
INTAKES
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FIGURE 10. The speed of the air behind the grille is greatest closest to the supply
air duct. Illustration: Luftinntak, Draft report SINTEF Energy Research 2007
[Berner et al., 2007].

FIGURE 9. Rectangular air intakes with single end ducting connections. Illustration: Luftinntak, Draft report SINTEF Energy Research 2007 [Berner et al.,
2007].

the grille becomes so large that the static pressure is significantly reduced. When the static pressure inside the grille is reduced, the speed of
the inflowing air increases, as shown in Figure 10. It is therefore important to make sure that the relationship between the highest and lowest
speeds through the grille, u2/u1, does not exceed a certain limit.
To meet this requirement, the speed of the air (the longitudinal speed
behind the intake grille) must not exceed a certain limit, uLmax. The maximum speed is given by:
uLmax =

冑
[( ) ] p
u2
u1

2

–1

2⌬p1

q = 70 000 m3/h
H = 1.2 m

L = 7.2 m

(1)

where:
uLmax is the maximum longitudinal speed behind the intake grille in
m/s
u1 is the speed of the air through the intake grille furthest from
the ducting connection in m/s
u2 is the speed of the air through the intake grille closest to the
ducting connection in m/s
⌬p1 is the pressure drop across the intake grille in Pa
p is the density of the outdoor air in kg/m3
Note: u1 and u2 are speeds based on the flow volumes per gross
unit area of the grille
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The following example is based on the equation above:
Assume that an outer wall grille is to be designed for an air intake of
70 000 m3/h. The height of the intake is limited to 1.2 m.

FIGURE 11. The air intake in the example. Illustration: Luftinntak, Draft report
SINTEF Energy Research 2007 (Berner et al., 2007).

An intake length of 7.2 m is chosen. This gives the following figures:
Length
Height
Gross area
Air flow rate
equivalent to
Intake speed
Pressure drop

L
H
A
q
u0
⌬p1

7.2 m
1.2 m
8.64 m2
70 000 m3/h
19.4 m3/s
2.3 m/s
27 Pa
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The grille characteristics are shown in Figure 12.

The cross-sectional area of the chamber behind the grille must be at
least about:

Pressure drop, Pa

70
50

Amin =

40

19.4 m3/s
= 2.64 m2
7.35 m/s

(3)

27 30

If the height of the chamber is the same as that of the grille, i.e. 1.2 m,
the width of the chamber will be:

20

10

B=
1

2

3

4

5

6

2.3
Intake speed (volume of air per second
passing through the gross intake area), m/s

2.64 m2
= 2.2 m
1.2 m

(4)

The air intake will then have the form shown in Figure 14. The intake
ducting has been designed for an air speed of 8 m/s and there is a
tapered section between the intake duct and the chamber behind the
grille.

FIGURE 12. Characteristics for an external wall grille.

70 000 m3/h
1.6 m

1.5 m

2.2 m

2.0 m
1.2 m

uL

100%
150%
7.2 m

FIGURE 13. Assumptions in the example. Illustration: “Luftinntak”, Draft report
SINTEF Energy Research 2007 [Berner et al, 2007].

The highest intake speed must not be more than 50 % greater than the
lowest intake speed. This means that the longitudinal speed on the inside
of the grille must not exceed:

uLmax =
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冑
[1.52–1]

2 · 27 Pa
= 7.35 m/s
1.25 kg/m3

(2)

FIGURE 14. The air intake with the calculated dimensions. Illustration: Luftinntak,
Draft report SINTEF Energy Research 2007 [Berner et al., 2007].

The solution shown in Figure 14 causes an imbalance of air speeds
through the grille but within acceptable limits. A way of completely
avoiding this imbalance is to reduce the space behind the intake grille.
The reduction must extend from the intake ducting to the far end of the
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1.6 m
2.7 m
1.5 m

1.2 m

7.2 m

FIGURE 16. Air intake with tapered chamber. Illustration: Luftinntak, Draft report
SINTEF Energy Research 2007 [Berner et al., 2007].

FIGURE 15. Intakes with reduced spaces behind the intake grilles. Illustration:
Luftinntak, Draft report SINTEF Energy Research 2007 [Berner et al., 2007].

ably more even speed distribution than the rectangular intake. It can also
be seen that the design of the ducting connected to the intake affects the
speed distribution over the intake area.
Velocity
m/s

grille. The top illustration in Figure 15 shows an intake with ducting
connected at one end and the lower illustration shows how the intake
can be designed if the connection is centred.
Figure 16 shows an air intake designed to reduce the air speeds so that
they are the same across the whole of the intake grille. The design data
used is similar to that in the example above but with a maximum air
speed of 6 m/s in the intake chamber.
More advanced calculations can, of course, be carried out using CFD
simulations. A frequently used CFD program is Fluent Air Pak. Figure
17 shows two examples of calculations of speed distribution through an
air intake tower, left, and through two facade-mounted rectangular air
intakes, right. High air speeds are shown in red. It can be seen that the
upper part of the tower has practically no intake function at all. The air
flow through the facade-mounted intake, to the right, is 7.5 m3/s in
both cases and the grille area is 3 m2. This means that the average air
speed in both cases is 2.5 m/s. Here, we can see the results of the duct
design and their change in direction downstream of the intake. Red denotes high speeds. It is quite clear that the square intake has a consider-
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Velocity
m/s

(1.5⳯2 m)

(1⳯3 m)

FIGURE 17. Air movements in and around an air intake can be calculated using a
Computational Fluid Dynamics program such as Fluent Air Pak. Red – high
speed, blue-green – low speed. Illustrations: Left: A.S. Wide, Degernes, Norway.
Right: Frode Frydenlund, SINTEF Energy Research, Trondheim, Norway.
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Figure 18 shows an example of a CFD simulation of speed distribution through an air intake tower together with a photograph of the duct
under the intake. Piles of snow and waste material have been formed as
predicted in the simulated air speed illustration.
Velocity
m/s
11.27
10.14
9.02
7.89
6.76
5.63
4.51
3.38
2.25
1.13
0.00

⎧
⎪
⎪
⎪
⎪
⎨
⎪
⎪
⎪
⎪
⎩

quality ventilation air – not reaching up to standard because, right from
the very start, their chances of doing so have been ruined by poorly designed and often wrongly located air intakes. This is a serious paradox
when we know that the necessary competence for solving problems like
these has been available for many years. This is why we can safely say that
the cause of many of the problems, and ones that occur year after year,
is due to a lack of competency – not a lack of regulations. Competency
in this respect means the sum of the knowledge, insights, attitudes and
actions of those involved in ventilation projects.
If architects, building engineers and HVAC engineers cannot discuss
the designs of air intakes and their locations before detail design work
begins, then everything is lost. We risk seeing results like those shown in
Figures 19 and 20. Figure 19 shows an intake tower that has been designed without using any common sense and in disregard of current reg-

FIGURE 18. Flow simulation for an air intake. The colour scale to the left denotes
the air speeds. The photograph to the right was taken in the intake duct on a winter day and shows that a significant amount of snow has been sucked in and allowed to accumulate at the rear of the duct.
COMMENTS AND
CONCLUSIONS

Traditionally, engineers have focused on moisture problems in the structures of buildings while moisture in ventilation systems has almost been
ignored. This is paradoxical, as the task of the ventilation system is to
supply the building with fresh air. Ventilation systems are often installed
in closed-off spaces and are generally regarded by both property managers and tenants as having low status.
Moisture, dirt and heat are not harmful as such, but in combination
they can create the conditions for growth of harmful microorganisms
and the emission of chemical substances from moisture-damaged materials, which in turn can constitute a health risk. Of these three factors,
moisture plays a special role, as it is the most essential criterion for mould
fungi growth [Bryn et al, 2006].
In this respect, very little attention is paid to air intakes as parts of
HVAC systems. Free moisture in the form of mist, rain or snow can enter
a system if preventive measures are neglected. Unfortunately, we can see
far too many examples of systems – potentially perfect for supplying high
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FIGURE 19. Air intakes at easily accessible heights can become waste bins. Abandoned
building waste does not improve the situation. Photo: Frode Frydenlund, EPTSEfAS.
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ulations. It is quite clear here that problems will occur due to rain, snow
and different sorts of pollutants. Furthermore, a lot of building waste has
been left in the intake well. The resulting hygienic level of the air is very
low.
Users, too, must also be made aware of what can happen. When smoking was banned indoors it was still allowed outdoors. This resulted in
smokers looking for alternative places to smoke, see Figure 20. This is a
secluded spot at the back of a large office building. Chairs and tables
have been put out to make it a pleasant venue. However, both the floor
and, more significantly, the light well along the wall of the building have
been used as ashtrays. Any effects that this might have on the function
of the air intake have been completely disregarded. Cigarette ends and
other pieces of waste left by smokers have drastically reduced the function of an incorrectly located and poorly designed air intake. The results
can be seen in the right-hand photograph: an air intake with piles of
waste that are drenched in water every time it rains, causing very unpleasant smells. The intake is also a potential incubator for undesirable
microbacterial activity.
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FIGURE 20. Intake grilles located at ground level. The open space is often used
by smokers and the grille is partially blocked by cigarette ends and other debris.
Photo: Frode Frydenlund, EPT-SEfAS.
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FIGURE 1. Crosstalk – noise transmitted between two rooms via a ventilation duct.

This chapter discusses the importance of designing and installing efficient ducting systems, how they are integrated into buildings, quality
requirements, and how function and operating costs are dependent on
having an airtight system.
WHY IS IT IMPORTANT
TO HAVE AN EFFICIENT
DUCTING SYSTEM?

When two or more rooms are connected to a common ventilation system, a ducting system will be required to supply, distribute and remove
the air. There are, however, a number of reasons why the system, from a
functional point of view, might be unsatisfactory, with problems caused
by:
• Air leaking into or out of the ducts because they are poorly sealed.
• High air speeds giving rise to disturbing noise levels.
• Dust and other pollutants in the ducts resulting in health problems.
It is important that duct systems are designed with due care – they will
normally be used for a great number of years and will have a significant
effect on the amount of energy used by the ventilation system. The total
amount of energy used by a ventilation system is often equally divided
between the ducting system and air handling plant.
Another important aspect is the role played by the ducts in transmitting, creating and damping noise in a building. Ducts passing through
adjacent rooms can transmit sound and impair the sound reduction
properties between them.
Careful planning and common sense are always required when aiming
for acceptable results. In most cases, ductwork will form an integral part
of a ventilation system, installed with the purpose of providing an accept-
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able climate and good air quality. However, it does not follow that any
noise created by the system is acceptable: a great many people experience
a true feeling of relief when the ventilation system is switched off at the
end of the day and silence returns. Dissatisfaction caused by noisy ventilation systems must be avoided and it is important to pay as much attention to the acoustic design of a system as to other air quality and thermal
climate factors that affect well-being and comfort.
Silence – or the absence of noise – is now often a rare commodity and
too little can lead to stress and discomfort. And remember, prevention is
better than cure – problem-solving at a later stage will be more difficult
and expensive, and require more time and effort to provide satisfactory
solutions. It is also harder to convince people who have been discontented that they should now be satisfied.
More about this topic can be found in Chapter 26/Sound and sound
attenuation, in which the creation and damping of noise in ductwork is
also discussed.
Development and stricter requirements
Manufacturing methods for ventilation ducts and components during recent decades have progressed from manual and time-consuming work,
relying on the professional skills of sheet-metal workers, to large-scale industrial production and the assembly of complete systems by fitters on
site. At the same time, the system of using tailor-made ducts and components, made to measure on site, gave way to industrially manufactured
and stocked ducts, with standardized dimensions and component design,
for example of bends and junctions.

E 325

DUCTS AND
COMPONENTS

A great and important step in this development work was taken when
machines were introduced in the 1960s to manufacture cylindrical, spiral-seam ducts in standard sizes. Previously, circular ducts had hardly
been used at all.
Demands for airtight ducts were made at the beginning of the 1970s
and they resulted in the development of rectangular ducts that were fitted with different types of rubber seals at the joints, replacing putty and
tape that had been used before. The circular ducts were also later fitted
with rubber seals that were pressed into place when the duct sections
were joined together, see Figure 2.

FIGURE 2. Joining circular duct sections fitted with rubber seals.

To prevent the joints from sliding apart they are then fixed in position
using pop rivets or special screws. One manufacturer has recently introduced a solution whereby the joints are firmly held together without
rivets or screws, which greatly facilitates the installation work.
Greater demands on airtightness were followed by demands to carry
out checks when the ventilation system was put into operation. As better design solutions were produced, the demands on airtightness increased, see the section on requirements, tests and inspection below.

Rectangular ducts
Rectangular ducts are manufactured in heights and widths according to
the EN 1505 dimensioning standard, in steps of 100 mm up to 600 mm
and thereafter in steps of 200 mm. This means that there are a great
number of possible combinations for straight duct sections and even
more for components and specially formed fittings, such as bends and
junctions, which means that it is impossible for suppliers to keep them all
in stock. The length of the duct sections is normally limited to 2.4 m,
which corresponds to the standard length of the galvanized sheets used
in their manufacture.
The sections are normally joined using slide-on cleats, which press the
flanges of the duct sections, and the rubber seal in between them, together. The larger the ducts, the stronger the cleat required, see Figure 3.
The four corners of the rectangular duct sections are often fitted with
bolt holes to ensure that the sections are kept in a straight line and at the
same time facilitate the assembly of the cleats. Sufficient space must always be left around the flanges for the cleats and assembly tools.
Pressure variations in the ductwork can cause the flat sides of the ducts
to vibrate and this could cause disturbing noise. To prevent this, the sides
are normally stiffened by cross-creasing, see Figure 4, by transverse stiffening, see Figure 5, or by attaching exterior ribbing.
Struts inside ductwork should be avoided, as they can cause noise and
make cleaning more difficult.
l1

l1

Types of ducts
A ducting system normally comprises a combination of rectangular
ducts, installed closest to the supply air handling equipment where the
air flow is the greatest, and circular ducts further downstream in the system, where the air is distributed to the different parts of the building and
the different rooms.
Duct sections are normally made of galvanized sheet steel. In corrosive environments, occurring inside or outside the ductwork, stainless
steel, aluminium and sheet-steel coated in an alloy of aluminium and zinc
are also used. Even synthetic materials (PVC, polyamide, etc) can be
used, for example, for extract air ducts in laboratories.
As mentioned above, duct cross-sections can be circular and rectangular. In some countries, flat-oval ducts are used as well. These are made by
either pressing together or drawing apart circular ducts.
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l2

l2

40 mm
30 mm
20 mm

FIGURE 3. The larger the duct, the larger the flanges required. Extra space is also
needed so that the cleats can be attached.
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duct sections were needed, the spiral folding machine was moved to the
building site to avoid transportation problems.
Components for circular ducting, for example, bends, can be turned
in any direction, which means there is only need for one type of bend for
each duct dimension, as opposed to the numerous types required for rectangular or flat-oval ducts.

FIGURE 4. Cross-creased duct.

FIGURE 5. Transverse-stiffened duct.

Circular ducts
All circular metal ducts manufactured today are made from rolls of galvanized steel sheet, aluminium or stainless steel that are fed into a spiral
folding machine. There are a number of different machine manufacturers although all the machines, in principle, are quite similar and are based
on the original design concept. The metal strip is rolled into a standarddiameter duct with standardized allowable tolerances with regard to finished dimensions.
Unlike the rectangular ducts, the circular ducts are made in fewer
sizes. The standardized dimensions are based on a mathematical series in
3
which successive diameters increase in the ratio of 1:앀옽
2 (i.e. by about
27 %). Note that the one-third octave bands used in building acoustics,
see Chapter 11/Building acoustics, follow the same mathematical series.

The following duct diameters are commonly used in Europe:
63, 80, 100, 125, 160, 200, 250, 315, 400, 500, 630, 800, 1000, 1250
and 1600 mm.
Other diameters, used in other countries, include:
355, 450, 560, 710, 900, 1120 and 1400 mm.
The length of the circular duct sections is only limited by transport
regulations – the machine can continue to produce a duct until the strip
runs out or the workshop becomes too small! Duct sections are normally cut into 3 m lengths, though lengths up to 6 m have been produced,
transported and installed. If long duct sections can be used, fewer joints
will be required and this will reduce installation time and leakage risks.
In one special case, when a large number of large-diameter (1600 mm)
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Flat-oval ducts
One disadvantage of circular ducts is that they cannot be made flatter
when narrow spaces have to be negotiated. This is where the use of rectangular ducts can be advantageous, even if a number of parallel circular
ducts, instead of a single low and wide rectangular duct, can be used, see
the sub-section Planning space carefully below.
A compromise that is used in a number of countries is the flat-oval
duct, mentioned above. The sections are manufactured as circular
lengths and then pressed together or drawn apart using special tools to
give them their flat-oval shape. They are used instead of rectangular
ducts in places where heights are limited. These ducts should only be
used where there is an over-pressure in the duct, i.e. in supply air ducts,
otherwise there is a risk of them becoming even flatter than intended.
On the other hand, the over-pressure must not be so great that it causes
the duct to revert to its original round shape.
One of the disadvantages of flat-oval ducts, compared to circular
ducts, is that joining the duct sections and components, as well as the design of the components, is much more complicated. Additionally, as in
the case of rectangular ducts, there are so many possible combinations of
heights and widths that prefabrication and the carrying of stocks becomes impossible.
Strength
Duct systems must be able to meet requirements regarding:
• Mechanical strength
• Corrosion resistance
• Vibration fatigue

The ductwork must also be installed using fixings that are strong
enough to withstand the loads that the system might be subject to. Many
of these requirements are specified in European standards. Ducts are
subject either to an over-pressure (supply air) or an under-pressure
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(extract air) and must be able to meet specific requirements in these
respects, depending on their size.
The dimensions for rectangular ducts and components are stipulated
in EN 1505 and the requirements for airtightness and mechanical
strength in EN 1507.
The dimensions for circular ducts and components are stipulated in
EN 1506 and the requirements for airtightness and mechanical strength
in EN 12237.
The importance of correct corrosion protection
To ensure that the ducts will have an acceptably long operational life, it
is essential that the correct material qualities be chosen, with respect to
the environments in which they will be used. If the ducts are to be installed in corrosive environments, the standard quality – galvanized sheet
steel – is not durable enough. Either extra treatment, by applying a sufficiently thick coat of paint of suitable quality, or a more corrosion-resistant material is required, see the sub-section Types of ducts above.
Table 1 shows how quickly a zinc layer can corrode in different environments. A common problem that arises in climate systems is caused
by condensation dripping from a cold surface onto galvanized steel ductwork. This must be prevented by providing the cold surface with sufficient thermal insulation and a vapour barrier or by moving the condensation source away from the ducting. The reason why the rate of corrosion is so rapid is that condensation, like distilled water, does not contain salts.
TABLE 1. Corrosion rates for zinc in different environments.
Environment
Indoors
Inland countryside district
Coastal districts
Towns
Countryside
Industrial areas
Sea water
North Sea
Baltic
Distilled water
Soil
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Approximate rate of corrosion,
μm/year
< 0.5
<1
1 to 3
0.5 to 2
2 to 10
12 to 46
about 10
50 to 200
500

Example:
Standard quality ventilation ducts are made of galvanized sheet steel class
Z275. The class designation means that 1 m2 of the sheet is coated with
275 g of zinc equally applied to both sides. This provides an average
thickness of 20 μm of zinc. If the duct is installed indoors in a dry environment, it will take more than 40 years before the zinc layers have corroded to such an extent that the sheet will start to rust. If, on the other
hand, the duct is subject to condensation with an approximate corrosion
rate of 50 to 200 μm/year, see Table 1, it will start to rust after only a
few months.
The importance of correct insulation
There are three reasons why ducts might have to be insulated and three
corresponding types of insulation are available:
1. Thermal insulation, which creates a thermal barrier between the inside
and outside of the duct.
2. Fire insulation, which prevents fire from spreading through the wall
of the duct.
3. Acoustic insulation placed on the inside of the duct, which absorbs
sound, or placed on the outside, which increases the sound reduction
index of the duct wall, and thereby prevents sound from entering or
leaving the duct. See Chapter 26/Sound and sound attenuation.

Sometimes there is a simultaneous need, for example, to meet thermal
insulation and fire insulation requirements. The most cost-effective solution might be to combine these two requirements and choose a type and
thickness of insulation that satisfies both. The requirement that is most
important varies from case to case. Normally, fire protection requirements demand thicker insulation than energy-efficiency requirements.
Common to all applications is that the insulation material must be
fireproof and mineral wool or fibreglass is therefore normally used. The
insulation material is usually wrapped around the outside of the duct, except when the material is used for sound absorption. The insides of intake ducts, between the intake grilles and the air handling plant, used to
be lined with thermal insulation and the metal duct then acted as a
vapour barrier between the cold, dry air inside the duct and the warm,
humid air on the outside of the duct. The disadvantage of this solution
was that the outdoor air that was drawn into the system did not pass
through any sort of filter. This meant that the air often contained dust
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and, together with raindrops and snowflakes, created viable, but highly
undesirable, breeding grounds for microbial growth in the insulation
material.
If the air in the supply air equipment is cooled to a temperature under
the dew point of the air in the building, it is important that the insulation, enclosed in a suitable vapour barrier, is wrapped around the outside of the duct, i.e. where the partial vapour pressure of the air is higher
than that of the air next to the cold duct.
It is extremely important that the vapour barrier, for example plastic
sheeting or galvanized steel, is completely airtight, otherwise water
vapour will penetrate, diffuse, into the insulation material and probably
corrode the wall of the duct. Insulating material that becomes wet will
loose most of its insulation capacity.
If acceptable from a hygienic point of view, the insulation material can
be placed inside the duct wall and the wall will then act as a vapour barrier against the surroundings. When insulation material is used to line a
duct, it is important that the material chosen can be cleaned using standard methods, see the section on cleaning ventilation ducts below. It is
equally important that the material cannot emit particles into the air, i.e.
cannot erode, at the air speeds encountered in the duct.

PLANNING
THE DUCTWORK

Decisions about location and design must be made jointly
Although the HVAC design engineer will try to avoid long and difficult
routes for the ductwork, unsuitably located shafts will make it difficult to
design an efficient system.
The design and location of ductwork should therefore be carried out
in consultation with the architect. It is important to remember that sufficient space must be reserved for building services installations. If consultations are carried out at an early stage in the project, the results can
be advantageous to both parties. This is discussed further in the sub-section Will the installations be pleasing to the eye? below.
One or a number of systems?
The first logical step when planning a ventilation system for a building is
to decide on whether it will be served by one single supply and extract
air system or a number of systems. The decision should be based on the
following factors:
• The size of the building and required air flows – the greater the needs,
the more advantageous it could be to divide the system into sub-sys-
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tems. In a large, low-rise building the ductwork will be extensive,
costly and difficult to design, if all the air has to be supplied from a
single point.
• The number of users/tenants – will they have different demands regarding operating times for the ventilation system? This could be the
case if the building comprises both offices and shops. Separating the
systems could reduce energy usage, as it will not be necessary to run
the whole system just for the sake of one of the tenants.
• Will the users/tenants have different demands regarding air quality
and thermal comfort? This will most probably result in the need for
different technical solutions that will be easier to manage if separate
systems are installed. If the users/tenants are going to pay for their respective solutions, having separate systems will make it easier to proportion costs between them.
• The creation of fire cells and other safety considerations could make it
easier and safer to design the ventilation system with individual fire
cells rather than to design a single system for the whole building.
Layout and low pressure drops
The design of the ducting system greatly affects the pressure drops and,
consequently, the energy needed to transport the air through the system.
The required fan power is given by the following equation:

P=

q · ptot

h

(1)

where:
P is the fan power in kW
q is the air flow provided by the fan, i.e. the nominal flow plus
leakage, in m3/s
ptot is the total pressure rise across the fan, i.e. the pressure drop
across the plant and in the duct system, in Pa
h the total efficiency of the fan
The fan power P can therefore also be expressed as:
P = f (q · p)
and, as p = f (q)2, then P = f (q)3

(2)
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The pressure in a duct system can be regarded as the energy that has
been supplied by the fan and has been converted into kinetic energy (air
flow). This is then irreversibly reduced due to friction against the duct
walls or turbulence, for example, at bends or sudden duct enlargements.
These losses, normally termed pressure drops or flow resistance, must be
overcome by the fan so that the design air flows can be supplied via the
supply air terminal devices in the system.
Pressure drops cost money, as they are directly connected to the energy used by the fan. It is important, therefore, that the design engineer
calculates the pressure drops across plant and in the duct system and tries
to reduce unnecessary losses.
The air flow in a duct is dependent on the reduction of pressure in the
duct in the direction of flow. Pressure losses are caused by friction and
local flow restrictions in the components.
Both types of loss are caused by local changes in speed:
• Friction corresponds to the force that is required to accelerate the air
that leaves the low speed zone along the walls of the duct and moves
into the high speed zone in the centre of the duct.
• Component losses correspond to the forces that are required to create local increases in average air speeds in the duct system.
To reduce the pressure losses in a system, it must be designed to be as
smooth and unrestricted as possible:
• Sudden changes of cross-section and sharp bends without guide vanes
should be avoided.
• The placing of duct components at a distance of less than five duct
diameters from each other should be avoided.
Locations for fans and air handling plant
There are a number of pointers to be followed when deciding where to
install fans and air handling equipment:
1. Avoid locations next to sound-sensitive spaces, such as conference
rooms.
2. Choose locations close to the spaces that they are going to serve to
minimize the length of ductwork required. This will save costs, energy
and space.
3. Locate air handling equipment and supply air fans close to suitably
located outdoor air intakes.
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4. Fans and air handling equipment require regular service and maintenance and it must be possible to replace worn-out parts when required.
Locate them to facilitate this work. Avoid locations that are difficult
to access, for example, in lofts and on roofs, especially in cold climates
and in high buildings. Carefully consider how maintenance work will
be carried out and what will be required. Do not forget that spaces
like these are working spaces for the maintenance staff and they should
therefore be planned as such.
Location of outdoor air intakes and exhaust air outlets
Outdoor air intakes must be located where it can be presumed that the
surrounding air is clean. It is best to locate them:
• High up on the rear side of a building away from traffic exhaust
fumes.
• On the north side rather than on the sunny east, south and west sides.
• At a safe distance from exhaust air outlets – in the same or neighbouring buildings. Note prevailing wind directions, vertical and horizontal
distances to other intakes and outlets.
• At a safe distance from cooling towers and evaporative condensers, to
reduce the risk of legionella spreading to the building via the supply
air system. Legionella pneumophila bacteria can be found in the small
water droplets emitted, for example, from cooling towers.

The location of exhaust air outlets must not create problems in your
own or any neighbouring building.
Location of duct shafts
Study the different floors in the building and how the supply air and extract air flows are to be distributed. Try to choose shafts that are located
as centrally as possible. The more symmetrically the ducts can join up at
the shafts, the lower the costs and space requirements for the ductwork.
Symmetrical branch systems in the riser ducts and in the connecting
ductwork on each floor will reduce pressure drops and, consequently, the
energy required to convey the air.
In large buildings that are divided up into a number of fire cells, it is
often advantageous to separate the supply air and extract air ducts and
locate them in separate shafts. The shafts can then be regarded as individual fire cells, provided that the shaft walls have been designed appropriately.
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For structural reasons, the duct shafts are often placed next to the lift
shafts. In long buildings, with a lift shaft at each end, it is often a good
idea to place the supply air ducts in one of them and the extract air ducts
in the other.
Note that the shafts must be accessible from every floor, both for installation work and future modifications. In large buildings, with a number of ducts in each shaft, the shafts often have their own lighting systems and are fitted with steel working platforms and inspection doors on
each floor.
Symmetrical design
Symmetrical duct systems have a number of advantages and should be
used wherever possible. When the design air flow for every terminal device is the same, a symmetrical layout will provide an equal pressure drop
in all the terminals and installation work will also be much easier. Figure
6 shows a symmetrically designed sub-system, in which the supply air is
introduced at point 1 and its flow is halved at every subsequent T-joint,
until it reaches the terminal devices at the ends of the stub ducts. The air
flow at each device is one eighth of the original flow at point 1.
On reaching each terminal device, the air will have passed identical
duct components with identical dimensions and pressure drops. When
symmetrical, branched sub-systems are used the commissioning work is

FIGURE 6. A symmetrical sub-system in which the supply air, introduced at point
1, is distributed via identical duct components on its way to the terminal devices.
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simplified, as the pressure drops in the different terminal devices are the
same and their dampers can be given the same setting. There will be no
need for balancing dampers except, possibly, to distribute the air between different sub-systems, see Chapter 29/Balancing ventilation systems.
Designing installations to be flexible
A building is normally designed for a long operational life, often considerably longer than the operational life of the original building services installations. Demands made on the building and the building services can
change over time. New tenants and changes in use of a building often
mean that new demands are made on the services installations. It is
therefore important to consider the demands for installation flexibility
and the future uses of the building:

• Will the original installation provide reasonable margins – with regard
to plant and ductwork – to be able to cope with moderate increases in
air flows? Having low air flow rates in the ducts will make it possible
to cope with higher loads whereas high initial levels of energy use and
of noise in ducts, components and terminal devices could hinder future changes. Higher investment costs can be regarded as taking out
an insurance policy, one that will pay off very generously, if and when
functional changes have to be made in the system.
• Are the plant rooms, shafts, suspended ceilings etc sufficiently large to
accommodate new plant and installations that will fulfil higher demands? Spaces and access routes that are too narrow will otherwise
make it difficult or even prohibit future changes, which could cause
the value of the property to fall. Even here, the initial investment in
extra space could prove to be very profitable when future changes in
building use or HVAC functions are required.
When choosing between these two alternatives – flexibility or more
available space – the former should be chosen, if changes can be expected in the near future, i.e. within about ten years, and the latter if changes
are first expected later on.
Special care must be taken when solutions are chosen that entail integrating the installations with the structural design of a building. This
could lead to difficult and expensive rebuilding work if the ducts, for
some reason, need replacing in the future. For environmental reasons,
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materials that are recyclable should always be used if possible and sandwich solutions, in which a number of materials are combined, should be
avoided, as these prevent rational sorting when they have to be replaced
at some point in the future.
Plan space carefully
As mentioned above, it is important to ensure that the installations have
enough space, both for the original solution and possible future changes.
Careful space planning should aim at ensuring that the plant and equipment can be:
• Easily moved within the building
• Easily installed – are shafts and other spaces sufficiently large so that
joining and insulation work can be carried out correctly?
• Tested
• Commissioned
• Maintained
• Repaired
• Removed from the building when they are no longer needed

Ducts, both rectangular and circular, require a lot of space when compared to other installations such as cables and pipes. They also require
space for handling and are difficult to manoeuvre, especially when there
is a collision risk with other installations. To prevent collisions, a common problem when different services are installed in corridor ceilings, it
is important that the project engineers and contractors carefully study
potential congestion points at an early stage and deal with the questions
concerning what should be installed where and in what order.
Drawing up cross-sections of difficult areas, so that everyone knows
what space is available, is a practical way of tackling situations like these
and will save both time and money. This might be regarded as a rather
laborious task but it can pay big dividends. It will speed up the installation process and reduce the number of disagreements between the different contractors on site. It can also be referred to if one of the contractors uses space outside the agreed limits or installs pieces of equipment
that make it difficult for other contractors to carry out their work. The
person in the wrong will be obliged to make amends!
In the sub-section Rectangular ducts above, it was shown how duct
sections could be joined using cleats. A relatively large amount of space
is normally required for fitting the cleats onto flanges, between 20 mm

338 E

and 40 mm high on every side of the two duct ends. This must be taken
into consideration when choosing type of duct, dimensions and suitable
shafts. An inexperienced design engineer might assume that the logical
solution for ductwork in rectangular shafts is rectangular ductwork,
where circular ductwork might, in fact, be easier to install.

FIGURE 7. So far so good – it then becomes difficult to utilize the rest of the space
in the shaft!

The space needed to assemble circular ducts is often less than for rectangular ducts designed to accommodate the same pressure drops. When
ducts are installed in the ceiling of an office corridor or in a duct shaft,
where the ducts, in both cases, are only accessible from one side, this
often causes major problems, as the flanges on the far side are difficult to
reach.
Even here, the cost of the finished ductwork might be lower if the circular alternative were used and, at the same time, this might facilitate balancing and zoning.
When the critical areas of a building are designed in detail, it is important to consider the installation methods that are going to be used. As an
example, we can look at the installation of ducts to be wrapped in insulation. When the duct itself has been installed – which requires space for
joining and suspension – the insulator has to start work. Free space will
be needed around the duct for positioning and attaching the insulation
material, and possibly a vapour barrier as well. If the ducts have been
placed too close to the ceiling, walls or other installations, it will not be
possible to carry out this work to the required standards.
Access routes and installation space must be designed so that workers’
protection and safety are taken into consideration. Maintenance personnel often have to carry heavy tools and very large spare parts, for example, replacement filters. They must be able to carry out their work in a
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safe and ergonomic way. Fixed ladders are difficult to negotiate if equipment has to be carried at the same time, as both hands are needed for
climbing.

SWI

W

SHI

S12

H

D

SWI

S11

D

FIGURE 9. Ventilation ducts in two of the atriums at FIGURE 10. Ventilation
Ramböll’s Gothenburg office.
ducts in a Stockholm
restaurant.

S11

FIGURE 8. Free-space requirements for external insulation. Distances are shown in
Table 3.
TABLE 2. Spaces required for 100 mm of external insulation.
Duct size, mm
Circular D
(incl. 100 mm
insulation)
울 160
쏜 160 울 300
쏜 300 울 500
쏜 500 울 800
쏜 800

Rectangular
W or H

Rectangular
ducts
SW1
SH1
mm
mm

Circular
ducts
S11
S12
mm
mm
욷 100
욷 200
욷 300
욷 400
욷 500

W, H 울 700
700 쏝 W, H
울 1200
W, H 쏜 1200

욷 400

욷 400

욷 600
욷 600

욷 400
욷 600

욷 50
욷 100
욷 100
욷 100
욷 150

Figures 9 and 10 above show examples from buildings where the architect has chosen to put the ventilation ducts on view. In Figure 9, the
ductwork in the building’s four atriums has been painted in different
colours to improve orientation within the building. Even on the different floors the circular ducts are painted and on view and not hidden
above suspended ceilings, as is normally the case in offices buildings. In
Figure 10, it can be seen how ducts have been painted and on view, in
different colours as part of the interior design. The restaurant is situated
in a large office building.
This requires close cooperation between the architect and the HVAC
engineer and their work must start at an early stage in the planning
process if both parties are to benefit.
Figure 11 shows how different ducting systems can be colour-coded
to facilitate recognition.

Can the duct shaft be accessed so that changes and additions can be
made? Can lifting gear be used to lift heavy equipment, such as plant
units and fans? Are access routes, doors and service shafts sufficiently
wide and high for moving equipment etc?
Will the installations be pleasing to the eye?
A building is a system and, if it is to function as intended, the building
services installations must also function properly. There is a popular
trend among architects to allow installations to be part of the design of
the building. This means that ductwork is not hidden above suspended
ceilings or behind screens but is completely visible, forming part of the
interior design.
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FIGURE 11. Colour-coded ducting.
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If room heights are not limited by installing suspended ceilings, this
could mean lower building costs. At the same time, the greater free
height of the room and its larger ventilated volume will normally contribute to an improved indoor climate. This is because the extra space is
created high up in the room where the concentration of pollutants is
normally higher and this means that the ventilation air can be used more
effectively. Having direct contact between the ventilation air and the ceiling makes it possible to use cool outdoor air to cool the building. This
does not mean that suspended ceilings are not necessary, but they should
be used primarily for acoustic reasons.
If installations are planned to be visible, they must be of very high
standard, professionally designed and installed, and live up to expectations, otherwise they should not be chosen.

REQUIREMENTS, TESTS
AND INSPECTIONS

Requirements must be expressed in verifiable terms
Requirements concerning duct systems are normally specified in tender
and contract documents. The findings in EU projects [Andersson et al.,
1999] and [Andersson et al., 2002] showed that differences when specifying requirements and checking them varied greatly in different countries, and this resulted in great variations in quality. For example, airtightness requirements for ventilation ducts in Sweden were considerably
stricter than in two other countries that were investigated.
A probable explanation was that the Swedish AMA (General Material
and Workmanship Specifications) system had been in use since 1950 and
requirements concerning air handling systems had been expressed in
verifiable terms. For example, requirements for airtightness in duct systems had been included in the Swedish ‘HVAC’ AMA since 1968. See
the sub-section Testing a duct system for airtightness below.
Airtightness requirements for duct systems
Different studies have shown that air leakage from duct systems can result in a greatly increased use of energy. There are two reasons for this:

1. Fans have to work harder.
The air flow through a fan is directly affected by any air leakages from
the ductwork. If the design air flow is to reach the terminal devices,
the fan must be dimensioned for and provide an air flow that is the
sum of the nominal flow, i.e. the combined air flows to the terminal
devices, and the leakage that occurs on the way to and from them.
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As the power required by the fan is proportional to the cube of the air
flow, Equation (2), the power requirement will increase by:
⌬P =

(

qtot
qtot–qleak

3

)

kW

(3)

where:
qtot is the total air flow through the fan in m3/s
qleak is the air leakage in the ductwork in m3/s
This means that a 5 % air leakage will require a fan power increase of
nearly 20 %.
⌬P =

(

1
1– 0.05

3

)

⬇1.20

2. Increased thermal losses.
Treated supply air – heated or cooled – that leaks on its way to a room
will also lose the energy that was used for treating it.
If the supply air and extract air ducts are placed in the same suspended ceiling space, air that leaks out of the supply air ducts will be sucked
into the extract air duct, without having first passed through any of
the rooms.
Leaking ducts are detrimental to ventilation systems as they have a
negative effect on energy efficiency, thermal comfort and air quality.
Upper limits for allowable air leakage are therefore required to:
• Minimize costs and energy losses that would otherwise be a result in
an over-dimensioned and inefficient plant.
• Simplify commissioning.
• Minimize noise occurring at leakage points.
• Limit infiltration from and leakage into spaces that do not require air
treatment.
A duct system will never be absolutely airtight and such a requirement
cannot be stipulated. Instead, limits are stipulated regarding how much
air is allowed to leak at a given pressure, normalized to the duct system’s
total surface area.
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Air leakage classes for duct systems
The following classification, which came into force in Sweden in connection with the revised ‘HVAC’ AMA in 1972, is also used as a basis for
classifications according to Eurovent, the European air handling and
refrigeration equipment manufacturer’s association. The classification
stipulates the maximum leakage per m2 duct surface area expressed as a
leakage factor K:

K=

qv
A · ⌬pref0,65

Duct

Hose

(4)

where:
qv is the leakage flow in m3/s
A is the surface area of the tested duct in m2
⌬pref is the reference pressure used during testing in Pa
TABLE 3. Airtightness classes and leakage flows according to Eurovent 2/2
(‘HVAC’ AMA) and ASHRAE.
Airtightness class according Leakage flow Leakage flow Leakage classes
to Eurovent 2/2
at 100 Pa at 400 Pa acc. to ASHRAE
l/(s · m2 · Pa0.65)
l/s per m2 l/s per m2 ml/(s · m2 · Pa0.65)
Class A (K 쏝 KA = 0.027)
0.54
1.33
27.0
Class B (K 쏝 KB = 0.009)
0.18
0.44
9.0
Class C (K 쏝 KC = 0.003)
0.06
0.15
3.0
Class D (K 쏝 KD = 0.001)
0.02
0.05
1.0

Manometer
Rheostat
Fan
Orifice plate

FIGURE 12. Typical measuring equipment for testing airtightness in ducts.

Although Airtightness Class D is not defined in Eurovent 2/2, it is
used in a number of European countries, including Sweden. A test pressure of 400 Pa is used in Sweden (‘HVAC’ AMA 98).

duct systems was very low. This is relatively self-evident – if quality is not
demanded and checks not made, quality cannot be provided.
When comparing the measured leakages in duct systems in Belgium,
France and Sweden, it was shown that duct systems in Sweden were, on
average, 25 to 50 times more airtight than corresponding systems in the
other two countries. The reason for this lies in the fact that, as pointed
out earlier, airtightness in ducts has been stipulated in contract documents according to the ‘HVAC’ AMA since 1968, and that these demands have gradually become stricter as different technologies have developed and, in turn, given rise to even higher demands.

Testing a duct system for airtightness
The reasons for having airtight ducts have been discussed in the sub-section Airtightness requirements for duct systems above. This means that the
client must express requirements in verifiable terms – terms which the
contractor can understand, accept and price – and carry out random
checks to verify the airtightness in connection with the final building inspection and when taking possession of the building.
An EU project [Andersson et al., 1999] showed that this was not
often the case. When no requirements had been specified and no testing
had been carried out, it could be seen that the quality of the installed

The airtightness classifications in the latest version of the ‘HVAC’ AMA,
published in 1998, are as follows:
• Airtightness class A, the lowest requirement level, which defines requirements for visibly installed ducts in the space being served. A leakage here will not have any real significance, as any extra air flows, besides those through the supply and extract air terminal devices, will be
beneficial to the space.
• Airtightness class B (three times tighter than A), which defines requirements for rectangular ducts and circular ducts in duct systems with
surface areas ≤ 20 m2.
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A three-country comparison of airtightness in ducts
In the EU SAVE-DUCT project [Andersson et al., 1999], carried out in
Belgium, France and Sweden, the airtightness of a large number of duct
systems was investigated. It was shown that the leakages in the Belgian
and French systems were, on average, three times higher than those allowed in Sweden for Class A ducts. The corresponding average leakages
in Sweden were between Class B and Class C, see Figure 13.
Balancing air flows
It is important that the air flows to different rooms in a building are
measured and adjusted to comply with stipulated levels. This means that
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Airtightness requirements are verified by random testing and the results are reported on special forms as part of the contractor’s assignment.
The number of the random tests varies depending on type of ducts
used: 10 % of the circular ductwork in a contract and 20 % of the rectangular ductwork are standard proportions according to the ‘HVAC’ AMA.
The normal testing pressure is 400 Pa.
If it is shown that these tested sections meet the airtightness requirements, then the ductwork will be approved. If it is shown that a tested
duct leaks more than allowed, depending on its class, it will have to be
sealed and retested together with another 10 % of the circular ducts and
20 % of the rectangular ducts. If retesting shows that the ducts meet the
requirements, then the ductwork will be approved. If it is shown that the
retested ducts leak more than their classification allows, the ducts must
be sealed and the tests extended to include all ducts included in the contract.
These requirements mean that it will be very expensive for contractors, if they are forced to carry out more than the nominal testing included in their contracts and that has been included in their costs. They will
have to pay for all further testing – something that ought to be an incentive to make sure that work is carried out correctly from the start.

100%

Distribution

• Airtightness class C (three times tighter than B), which defines requirements for circular duct systems with surface areas > 20 m2.
• Airtightness class D (three times tighter than C) is not a standard classification in the ‘HVAC’ AMA 98, but can be specified for systems in
which airtightness is essential. Circular duct systems that comply with
these requirements are now available.

FIGURE 13. Distribution of the different airtightness classes based on measurements carried out in 21 systems in Belgium, 21 Systems in France and 69 systems
in Sweden. The bars represent the relative number of systems fulfilling the requirements for the specified airtightness class.

a duct system must be planned and installed in such a way that this work
can be carried out with acceptable accuracy and at the lowest possible
costs.
The shorter the distance that the air has to be transported between the
fan and the terminal devices, the less energy will be required and the simpler the balancing work will be. The balancing work will also be simplified, and the energy use less, if the system is designed so that the air flows
to the terminal devices are supplied via symmetrically branched distribution networks rather than via terminal devices placed in series.
This means that ducts supplying several terminal devices should be
divided into branch ducts and stub ducts. If several terminal devices are
connected to one and the same duct, then the distance between the first
and the last terminal device must be made as short as possible, to avoid
excessive damping and noise from the devices.
Placing the devices symmetrically is something that will greatly simplify and shorten the time required for balancing. The ductwork between
the main duct and the terminal devices will be built up in the same way,
using the same types of duct components and duct lengths, which means
that the air pressure at each terminal device will be the same. See Chapter
29/Balancing ventilation systems.
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CLEANING
VENTILATION DUCTS

Why clean them?
There are three main reasons why ducts should be kept clean:
1. Pollutants can restrict air flows to such an extent that the ducts cease
to function properly; pressure drops will rise and air flows decrease.
2. The inside walls of the ducts can become coated with a layer of combustible pollutants; these might ignite and cause fires or explosions.
3. Pollutants that are irritants, or that are otherwise dangerous, can collect in the ducts and cause health damage if introduced into occupied
rooms.

The first reason is especially applicable to extract air ducts from wet
rooms, where small dimension ductwork can easily become blocked.
Extract air is warm and humid, and vapour will condense on the inside
of the cold metal ductwork. Fibre particles in the extract air, from washing hung to dry and from wet towels, will then stick to this wet surface.
Extract air terminal devices are normally connected to 80 mm ducts and
these cannot cope with any large build-ups of pollutants before the air
flows become insufficient. As these fibre particles collect along the first
50 cm of a duct, they are easy to remove.
The second reason concerns ducts used to remove inflammable or explosive pollutants, i.e. ducts that must be cleaned regularly according to
the requirements stipulated in national fire prevention regulations. There
are numerous uses of ducts where these regulations are applicable: in extraction systems for paint spraying booths, bakery ovens, kitchen ranges
and deep-frying units where the primary objective is to prevent pollutants from entering the ducts, for example, by using paint and fat filters.
When designing and installing ducts like these, it is important to follow the national fire regulations very carefully. Plans must be drawn up
which describe how cleaning is to be carried out, where the inspection
and cleaning hatches are to be placed and whether the ducts are to be fitted with internal cleaning devices. Care must be taken to choose the correct duct materials, thicknesses and types of insulation, and to stipulate
safe distances to combustible parts of the building.
The third reason must be explained in more detail. It is the most recent of the three reasons and has been discussed for the last two decades
as a way of reducing the risk of SBS, Sick Building Syndrome, and improving the quality of the indoor air.
It goes without saying that pollutants from soiled ducts must not be
allowed to foul the supply air. If there is a risk of this happening, it must
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be eliminated by cleaning the ducts. These risks can occur in supply air
ducts if the filters are of inferior quality, if they are overloaded or if they
are installed so that unfiltered air can bypass the filter.
There is a risk that ducts can become breeding grounds for mould and
fungi. The best way to prevent this is to:
• Avoid letting the ducts become wet by:
– using the right types and designs of air intake grilles
– limiting the speed of the air through the intake to a maximum of
2.5 m/s.
Both these measure will reduce the risk of the supply air drawing rain
drops and snow flakes into the ventilation system, see Chapter 18/
Outdoor air intakes – location, design, inspection and cleaning.
• Locate the outdoor air intake where the air is cleanest, see sub-section
Locations for fans and air handling plant above.
• Refrain from insulating the ductwork on the inside.
• Inspect the intake ducts regularly to check whether they need to be
cleaned. Inspection and cleaning hatches will be needed.
• Design the intake duct so that any moisture can run off to a drainage
point.
Cleanliness checks, and cleaning when necessary, are carried out regularly in many countries, even if they are not stipulated in official regulations. It is therefore a good idea to mark out the size and position of
inspection and cleaning hatches on the relevant drawings.
Which ducts need cleaning?
If the ducts have to be cleaned for reasons of health and comfort, then
it should be possible to limit cleaning to the supply air ducts, at least in
countries where, for reasons of hygiene, return air is not used.
If return air is used, it must be ensured that the extract air does not
carry tobacco smoke or undesirable smells to the air handling unit and
thereby impair the quality of the supply air. If return air is used, then the
extract air and return air ducts should, of course, be inspected and, if
necessary, cleaned.
The reasons for cleaning ducts, as shown above, apply to all pollutants
introduced into the ducts after installation. However, it is not always
necessary to clean all the duct systems in a building, if only one of the
systems is shown to require cleaning. Table 5 summarizes the most common and important reasons for cleaning different types of duct systems.
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TABLE 5. Which ducts should be cleaned and why?
Which ducts should be cleaned?

Why should they be cleaned?
Function Fire risk
Health

Extract air ducts in dwellings,
offices and schools
Return air ducts in dwellings,
offices and schools
Supply air ducts in dwellings,
offices and schools
Supply air ducts in dwellings,
offices and schools with return air
Extract air and special extraction ducts
in industrial premises
Cleaning required by law,
because of fire risks

x

–

–

x

–

x

–

–

x

x

–

x

x

–

–

x

x

–

When is cleaning needed?
The need for cleaning is normally determined by visual inspection. This
can be done by using TV inspection equipment, or manually and visually by using torches and mirrors inserted into the ducts via the inspection
hatches, which means that these should be situated relatively close together.
When TV inspections are carried out, a small camera is mounted on a
remotely controlled robot that can work its way through the duct system. The camera then transmits a signal to a monitor and video recorder.
The distance that the camera has travelled is shown on the screen to pinpoint where any special steps need be taken. As this type of equipment is
relatively expensive and requires skilled operators, the work is normally
carried out by a specialist contractor.

x normally required. – seldom required.

Make sure that all ducts are clean from the start!
It is important to keep ventilation ducts clean at every stage in the building process, i.e. while transporting them to the building site, during the
installation work and until the system is put into operation. It is now becoming increasingly more common to protect the open ends of the ducts
with tight-fitting covers of plastic or cardboard.
When protective solutions are needed, it is important that the requirements are stipulated in the contract documents, for example, according
to one of the following alternatives:
TABLE 6. Protection levels and end cover requirements.
Protection
level

After
During
manufacture transportation

0

No

No

While
storing
on site
No

1
2

No
Yes

No
Yes

Yes
Yes

During
installation
Yes, but
only
vertical
ducts*
Yes
Yes

* In winter, vertical ducts can act as flues, allowing thermal forces to draw polluted air up through the
building.

If ducts are not protected against interior soiling, the system must be
cleaned before being put into operation for the first time. Checking duct
cleanliness should be a natural part of the final building inspection.
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Duct cleaning methods
The methods used are:
• Dry cleaning
• Wet cleaning
• Disinfection
• Encapsulation
• Removal of insulation linings

Dry cleaning is used when the pollutants can be removed using simple mechanical tools or when the use of water is not appropriate.
Manual cleaning and swabbing is used when it is easy to access the insides of the ducts or when these are so large that the cleaner can get inside them. If this is possible, it is extremely important that the strength
of the suspension system is checked first. Supports must be designed so
that they can carry the extra weight of the cleaner as well as tools and
equipment. For manual cleaning, from both the outside and the inside,
sufficiently large cleaning hatches or manholes will be required.
Small ducts can be cleaned using tools fitted with rotary brushes and
special mouthpieces for cleaning agents. Chemicals can then be used to
kill off organisms or limit their growth.
This method normally entails isolating a section of the duct system
and subjecting it to an under-pressure by attaching a vacuum cleaner to
one end of the section. The vacuum cleaner used to create the underpressure and collect the pollutants must be fitted with a HEPA filter. The
cleaning process starts at the far end of the section and progresses to-
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wards the extraction end. Different types of visual monitoring are used
to check the results.
If the ducts are lined with insulation, then encapsulation, i.e. internal
duct sealing or re-lining, can be used to prevent the erosion of fibres
from the insulation material and thereby contain the organic substances
that could form a breeding ground for microorganism growth.
However, for best results, it is often best to remove the insulation material, if this is at all possible.
Occupants in a building must be protected during the cleaning work
by completely isolating the duct sections that are being cleaned from the
air handling equipment and from the rest of the building.
The use of decontaminants and chemicals when encapsulating is more
difficult. The substances must be approved for use and the cleaners must
be dressed in suitable protective clothing and equipped with breathing
apparatus or, in less dangerous cases, with protective face masks.
The effectiveness of different cleaning methods is not very well documented. The methods used to judge the results vary – from scraping
samples from the cleaned surfaces to the use of agar plates to check for
microbial presence – and the results are not mutually comparable.
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2 0. A I R F I LT E R S A N D A I R F I LT R AT I O N
T H O R E B E RT I L S S O N

Training Manager, Camfil Farr, Trosa

Indoor climate solutions have progressed from natural ventilation to airborne heating. But what actually happens when we use natural ventilation and why can’t this principle be used in modern buildings? Building
techniques have changed: draughty floors and gaps around windows and
doors belong to the past. What has not changed, however, is that buildings must still be subject to under-pressures to prevent warm, moist indoor air from leaking into cold walls and condensing. Natural ventilation, which is based on dynamic pressure differences, was helped along
by the heat from the flue adjacent to the ventilation duct in the chimney.
There were seldom any filters in the outdoor air intakes, only fly nets. Air
change rates were small and little thought was given to what the incoming air might contain in the way of pollutants.
Natural ventilation has been replaced, to a great extent, by mechanical ventilation, as flues are no longer used in this age of district heating
and heat pumps. Fans used today also create much greater pressure rises
than natural ventilation, which has meant that simple filters can now be
used in outdoor air intakes. These coarse filters can remove a lot of the
pollutants, including natural pollutants, i.e. particles down to about 5 to
10 μm in size (1 μm = 1/1000th of a mm). However, particles that are
even smaller can also occur naturally and these, together with particles
created by human activities – exhaust gases from vehicle and aeroplane
engines and fumes from district heating plants, wood burning, waste
combustion etc – will pass straight through a coarse filter.
Naturally occurring particles and pollutants come from soil erosion,
forest fires and volcanic eruptions or comprise salt grains from the sea,
and pollens etc. A volcanic eruption will often create a really beautiful
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sunset as the pollutants and particles are lit up by the sun, colouring the
sky red.
Our own built-in air filters, the mucous membrane and hairs in our
nostrils, can cope with particles down to about 1 μm, while anything
smaller will be drawn into our lungs. When particles are smaller than
0.1 m they can even penetrate lung tissue and reach the circulatory
system, and they are suspected causes of heart diseases and vascular
disorders [Geiser 2005, Nemmar et al., 2002]. These extremely small
particles could, for example, comprise uncombusted hydrocarbons, a byproduct of all imperfect combustion processes.
Most of us spend up to 90 % of our time indoors and it is important
that polluted indoor air be removed and replaced by filtered outdoor air.
Natural ventilation systems could only create low rates of air change, especially in summer when the temperature differences between the indoor
air and the outdoor air were small or non-existent, and did not cause any
noticeable transportation of pollutants. Particles and gases created indoors and emissions from synthetic materials used to have less effect on
people than they do now. Today, in most countries, there are laws and
regulations governing the air change rates in modern buildings. This
means that air flows are greater than in natural ventilation systems but,
at the same time, larger quantities of pollutants are now being introduced into the indoor environment from outdoors. This means, in turn,
that more attention is now paid to the need for efficient filtering of small
particles, which are generally regarded as being dangerous to health.
Originally installed to protect parts of the ventilation system, filters are
now optimized to provide special functions, for example, to protect people’s health or sensitive manufacturing processes and clean room activities.
In Sweden and most of Europe, the testing methods defined in
EN 779:2002 are used to test filters. The standard divides coarse filters
into four groups, G1 to G4, by measuring the percentage arrestance,
or collecting efficiency, based on weight measurements of the concentrations of standardized test dust before and after filtering. To determine
the filter class of a fine filter, F5 to F9, the filtering efficiency is based on
measurements of the concentrations of particles, for example, in particles
per cubic foot of air, of particles 0.4 μm in size. Measurements are carried out in a test cycle in which the filter is also subject to the standardized test dust to simulate the larger particles in the air, which, over time,
cause the pressure drop across the filter.
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Coarse filters are seldom used now, and F5 and F6 filters do not differ significantly from G4 filters.
As shown in Table 1, the average efficiency of 0.4 μm particles for an
F7 filter lies between 80 and 90 %, which makes this filter suitable for use
as a supply air filter.
TABLE 1. Filter classes according to EN 779:2002. Tests continue until the final
pressure drop has been reached. In practice, the final pressure drop is considerably
lower.
Filter class:
EN 779:2002
Coarse filter
G1
G2
G3
G4
Fine filter
F5
F6
F7
F8
F9

Average arrestance Average particle
by weight
arrestance efficiency
%
%*
< 65
≥ 65 – < 80
≥ 85 – < 90
≥ 90

Final pressure
drop
Pa
250
250
250
250

≥
≥
≥
≥

40 – < 60
60 – < 80
80 – < 90
90 – < 95
≥ 95

450
450
450
450
450

* proportion of 0.4 μm particles.

If we want to remove even smaller particles, then F8 and F9 filters
should be chosen. These filters not only provide better efficiency results
for the 0.4 μm test size particles, retention of even smaller particles is also
better than for F7 filters. The fibres making up the filter media are even
narrower, which makes it possible to stop and retain very small particles.
The problem is that it is not possible to make functional demands with
regard to the highest acceptable concentration of particles, neither in the
supply air nor in the room air. The filters are classed by their percentage
arrestance efficiency, while the quality of the filtered air is related to the
composition of the outdoor air, and there is a great difference between
town air and country air.
Should we protect ourselves to unreasonable lengths? We can breathe
outdoor air, so why can’t we breathe the same air indoors when it is supplied by the ventilation system?
We even think that ‘fresh air’ makes us feel good when we go outdoors. This is sometimes because the air is colder but, above all, because
we are generally more active outdoors.
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Compare this to when we come indoors, slightly frozen after a nice
long walk on a cold winter’s day. It’s pleasant feeling the heat and we
perhaps don’t pay so much attention to the quality of the air being
breathed.
The situation in Sweden, however, is much better than in many other
countries in the world where face masks are sometimes needed in large
towns and inhabitants might have to buy a few lungfuls of oxygen in a
local kiosk to be able to stay outdoors at all. Demands regarding exhaust
emission control are lower than ours, but the exhaust gases, on the other
hand, are visible and people do realize that they have to protect themselves.
The world is continually striving to increase the efficiency of combustion processes by using atomized fuels under high pressure, though these
actually result in even more finely sized exhaust particles. For instance, a
modern injection system for a car engine will atomize fuel to a particle
size of about 0.3 μm. Although combustion products like these are invisible – particles smaller than 10 μm cannot be seen by the naked eye –
our bodies and our lungs will react to them when we spend time outdoors in heavily populated areas.
A highly efficient filtration process can, therefore, reduce health risks
and let a person feel much better indoors than outdoors.
F7 filters are now used without any special afterthought, but might it
not be advisable to consider changing to F9 filters? Their filtration efficiency is better, the degree of pollution indoors will become lower
and we will most probably feel a lot better. Whatever the reason, we will
subject ourselves to fewer health risks caused by outdoor pollutants. If
the market were to make stronger demands for better filters, it would
certainly stimulate their development.
A higher class of filter will, however, require more stringent demands
to be made on the filter mountings, as leakages and gaps between the filter and mountings will adversely affect its efficiency. Conventional outdoor air intake grilles should also be replaced by weather-protected intakes. This will prevent water from reaching the supply air filters, which
cannot function optimally if they are repeatedly subject to moisture. In
some instances it might even be advisable to use a pre-filter in front of
the F9 filter. Some people say that this is not viable in modern ventilation systems with the latest energy demands, but should we just leave
it at that? And what about future systems and filters – what are they
going to have in store?
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moisture in the outdoor air. This greatly reduces the functional lifetime
of this type of filter.
The arrestance efficiency of filters with melt-blown fibres is also partially dependent on the so-called electret effect but also on the van der
Waals forces between small particles.
The function of micro-fibreglass does not depend on static charges
and this material can be used to manufacture the thinnest of fibres, which
provide the best arrestance efficiency. The narrower the fibres, the smaller the particles that can be caught.

FIGURE 1. Pollen and combustion products trapped in an air filter.
© Lennart Nilsson Photography AB/Camfil AB

Future developments will, of course, also include new filter testing
methods. Advanced testing methods will then quickly eliminate poorly
performing filters and filters that are only designed to pass laboratory
tests.
DIFFERENT
FILTER MEDIA

Three different materials are used when manufacturing fine filters:
• Rough, carded and electrostatically charged electret fibres
• Melt-blown polymer fibre
• Micro-fibreglass
These different materials behave in one way in a laboratory and in a
completely different way when they are subject to outdoor air and outdoor pollutants.
Rough, carded electret fibres must be statically charged if they are to
stop small particles. They can remain charged for a day in a testing laboratory where the air is clean, dry and kept at an even temperature, but
the charge soon diminishes and eventually disappears completely when
the filter is mounted in a ventilation unit and subject to pollutants and
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Filters are tested and classified in Sweden and Europe according to
EN 779:2002. This test standard stipulates what test equipment is to be
used, how the tests are to be carried out, how filters are classified and
what must be included in the test report.
During testing, filters are subject to a standardized test dust to measure the particle arrestance performance properties and to an aerosol to
measure the filtration efficiency. The arrestance capacity of a filter is the
weight of test dust in grams that the filter collects before its final pressure drop, 450 Pa for fine filters, is reached. Repeated tests are carried
out and these take about a day to complete, and they all take place in
ideal laboratory conditions. The air that is used has a constant humidity
and temperature, and the rate at which the dust is fed into the filter is
very high.
Conditions like these are not found anywhere in practical applications
and therefore a laboratory test can never predict how a filter will perform
in practice. On the other hand, it is possible to compare different filters
and these are classed according to the test results obtained. The fine filter classification is determined by the average value of the efficiency for
0.4 μm particles. This is the size of the majority of the combustion products derived from human activities and is therefore especially relevant. To
be classed as an F7 filter, the efficiency must lie between 80 and 90 %
during the whole of the test cycle.
To emulate practical conditions, when testing according to
EN 779:2002, the arrestance efficiency is determined when the filter
medium is completely electrostatically discharged. The discharging of
the filter is accomplished either by using diesel fumes or by dipping the
filter in isopropanol, drying it for 24 hours. Its efficiency is then tested
for 0.4 μm particles.
A new F7 filter has an initial efficiency of about 60 %. When a rough,
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FILTER
CLASSIFICATION AND
LABORATORY TESTING

carded statically charged filter is discharged this rating for falls to about
10 % while for melt-blown fibres the corresponding figure is about 40 %.
The reduction for fibreglass media is only marginal, as it is not charged
from the beginning.
Information like this, about how the efficiency of a filter can be expected to change in practical applications, is very important, as no attention is paid to this fact when classifying a filter. This means that a filter
can be classed as an F7 filter even if the discharge test shows that the filtering efficiency of the filter can be expected to fall in practical use.
This is especially important to note if the filter has not been quality assured, for example, according to the Swedish P-Marking system.
QUALITY ASSURANCE
OF AIR FILTERS

EUROVENT
CERTIFICATION

P-Marking is a form of quality assurance certification issued by an independent testing laboratory, the SP Technical Research Institute of
Sweden.
Air filters are P-marked according to special certification rules [SP
2000]. To obtain certification, the manufacturer must supply comprehensive details about the filter material and the design of the filter. The
manufacturer must also ensure that production and quality controls have
been carried out according to the ISO 9001:2000 Quality Management
System or equivalent. The SP Technical Research Institute of Sweden
carries out annual quality audits at manufacturer’s production facilities.
Filters are tested in a laboratory according to EN 779:2002, but they
are also subject to long-term testing in the field for six months and there
is a minimum filtration efficiency requirement that has to be fulfilled.
This long-term test is carried out so that the function of the filter can be
guaranteed in practical applications.
The Eurovent Certification Company, an independent institute in
Europe, certifies performance ratings for air-conditioning and refrigeration products according to European and international standards. This
means that manufacturers can verify the technical properties of their
products stated in the product documentation. Certification is available
for bag, compact and panel filters in the F5 to F9 fine filter range.
Eurovent Certification chooses four different types of fine filters from a
manufacturer’s range for testing. The filters are blind-tested according to
EN 779 at testing laboratories that have been accredited according to
ISO/IEC 17025. If a discrepancy is discovered, new tests are carried out
on a new filter. If the discrepancy is found again, the manufacturer is
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obliged to change the technical specifications given in the product documentation within two months or redesign the product within six
months. A third alternative is to withdraw the product from the market
– if no steps are taken, the manufacturer will not be able to refer to its
Eurovent Certification for any of its products.
On approval, the manufacturer will receive a certificate from Eurovent
Certification and it will be allowed to use the Eurovent Certification
logotype on the approved product and in marketing material. The tests
are repeated every year when Eurovent Certification chooses four new
filters from other product groups. These are subject to the same testing,
and the same test parameters as in previous tests and the products must
be approved if the manufacturer is to retain its certification.
Unlike the P-Marking certification process, Eurovent Certification
only carries out tests according to EN 779, but without investigating the
arrestance efficiency when the filter medium is discharged. This means
that a filter’s efficiency, in practical applications, cannot be determined.
EN 13779 is a European standard for air handling systems in non-residential buildings. The standard provides guidelines for choices of filter
class, but without stipulating specific limits for the purity of the filtered
air. EN 13779 has become the national standard in many countries and
focuses on providing healthy and comfortable indoor climates throughout the year at reasonable installation and running costs.
Filter classes are no longer chosen arbitrarily: the standard specifies the
filter classes that are required to achieve the desired indoor air quality,
IAQ, in relation to the level of pollution indoors. It should be noted that
to fulfil the highest requirements, gas filters for molecular filtering of
gases and vapours are required.
Indoor air, IDA, is classified from IDA 1, the highest requirement
level, to IDA 4, the lowest, see Table 2.
TABLE 2. Classification of indoor air quality according to EN 13779.
Category

IDA
IDA
IDA
IDA

1
2
3
4

Description

High IAQ
Medium IAQ
Moderate IAQ
Low IAQ

Typical range of
CO2 level above
outdoor air level
ppm
≤ 400
400 to 600
600 to 1000
> 1000

Typical range of
outdoor air rate,
non-smoking area
m3/h per person
> 54
36 to 54
22 to 36
< 22
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FILTER CLASSES
ACCORDING TO
EN13779

If the table were interpreted based on what we regard as being a normal concentration of CO2 and the size of normal air flows, most nonresidential buildings in Sweden would be classed as IDA 1 or IDA 2.
Outdoor air is divided into five different levels, from ODA 1, in which
the air is clean and only contains temporary pollutants such as pollen, to
ODA 5, in which there are high concentrations of both gases and particles, see Table 3.
When determining the quality of the outdoor air on a future building
site it is quite often possible to obtain data from municipal monitoring
systems that measure the concentrations of the most important air pollutants.
TABLE 3. Typical concentrations of pollutants in outdoor air and the corresponding air quality classes according to EN 13779.
Descripion of air
quality

Rural areas with no
significant sources
Smaller towns
City centres

Outdoor
air quality

Concentration levels*
CO2
ppm

CO
mg/m3

350
400
450

<1
5 to 35 < 5
< 20
ODA 1
1 to 3 15 to 40 5 to 15 10 to 30 ODA 2/3
2 to 6 30 to 80 10 to 50 20 to 50 ODA 4/5

NO2
μg/m3

SO2
μg/m3

PM10
μg/m3

* Most European cities publish daily pollution reports on the Internet.

Figures from the table above can be used as reference levels in conjunction with data published by other organizations. For example, the
World Health Organization, WHO, has set a target limit for the mean
annual PM10 level at less than 40 μg/m3 and the daily mean level of
50 μg/m3 must not be exceeded for more than 36 days per year.
PM10 is a measure of air pollutants in the form of small particles that
can affect the respiratory system and heart/blood vessels. A PM10 value
is a measure of the quantity of particles that can pass through a sizeselective intake that with 50 % efficiency removes particles with an aerodynamic diameter of 10 m. PM stands for particulate matter, i.e. materia
in the form of particles.
In many major cities, the outdoor air is usually classed as ODA 4 or
ODA 5, which makes it difficult to reach these goals.
G4 and F6 to F9 particle filters, classified according to EN 779:2002,
are normally chosen and for molecular (gaseous) pollutants, gas filters
for this type of pollutant only, or combination filters for both particle and
gas filtering, are chosen.
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TABLE 4. Recommended filter classes according to EN 13779 based on the quality
classes of the indoor and outdoor air.
Outdoor Air
Quality

IDA 1
(High)
F9
F7/ F9
F7/ F9

Indoor Air Quality (IAQ)
IDA 2
IDA 3
(Medium)
(Moderate)
F8
F7
F6 / F8
F6 / F7
F8
F7

ODA 1 (pure air)
ODA 2 (dust)
ODA 3 (gases)
ODA 4
(dust + gases)
F7/F9
F6/F8
ODA 5
(very high conc.) F6 / GF*/ F9 F6 / GF */ F9

IDA 4
(Low)
F6
G4 / F6
F6

F6/F7

G4/F6

F6 / F7

G4 / F6

* GF = Gas filter (carbon filter) and/or chemical filter.

It can be difficult to determine an IDA and an ODA class as their definitions are rather vague.
The present standard use of an F7 filter should, according to Table 4,
be sufficient to ensure an IDA 3 in smaller towns where the pollutants
are mostly comprised of gaseous substances (ODA 3). If the outdoor air
primarily contains particulate substances (ODA 2 or ODA 4/5), the air
should be prefiltered using an F6 filter and then filtered again using an
F7 filter. To achieve the next highest level of indoor air quality, the final
filter would have to be changed to an F8 or higher class filter. Note that
there is only a marginal difference in filtering efficiency between a solution that uses only one filter, for example an F7 filter, and a solution in
which an F6 prefilter is used followed by an F7 filter. In other words, the
marginal effect of an F6 filter is, in practice, small.
The definitions given in the standard do not seem to have been fully
discussed as, for example, the filtering requirements are the same in an
ODA 2 or smaller town environment as in an ODA 4 or city centre environment.
What happens to a filter after installation?
Filters have to be changed at regular intervals and there is an important
basic rule: To avoid microbial growth in the dirt trapped by a filter, it
should be replaced at least once a year in one-stage filter units and at least
once every two years in two-stage filter units with a prefilter.
Bacteria and fungi can give rise to microbial growth, if the conditions
are right. Basically, this requires the presence of microorganisms that are
capable of survival and an environment with correct pH value and tem-
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REPLACING FILTERS

CONSTANT
SPEED FANS

VARIABLE
SPEED FANS AND
CONSTANT FLOWS

Far fewer than half of the ventilation systems installed today have fans
that operate at constant speeds. Fans can have either belt drives or direct
drives.
B type impellers with backward curved blades are the most common
type of impeller. The power required for these fans is practically constant,
even when the pressure drop across the filter gradually increases and the
air flow rate falls.
When new filters are installed the plant will produce its greatest air
flow, as the pressure drop across the filter is low. When the pressure drop
increases, the flow will decrease.
This reduction in flow will also mean that the pressure drops across
other components in the system will also be reduced. The operating
point will move along the fan curve, which means that the total efficiency of the fan will be changed. In addition, it is important to determine
how much of the total pressure drop occurs across the filter and the lowest acceptable air flow rate will then determine when the filter’s final
pressure drop has been reached.
Most new ventilation systems have variable speed fans and constant air
flows. The pressure drop across the filter increases as the filter becomes
soiled and, to compensate for this increase in pressure drop, the speed of
the fan is increased.
The pressure drop across the filter determines the energy required by
the fan motor. As the constant air flow in the system creates a constant
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pressure drop across the other components in the system, only the degree of soiling will affect the fan’s change in speed during the lifetime of
the filter. In the fan diagram, the operating point for the system moves
along a constant flow line when the fan speed is changed.
The speed of the fan can increase as long as the motor has sufficient
power. If the pressure drop across the filter continues to increase, the system will start to behave as a constant speed system – and the air flow will
fall depending on the degree of soiling of the filter.
In variable air flow systems, the flow rates are reduced during most of the
operational time and the pressure drops across the filter are, consequently, considerably lower than the nominal value. Pressure drop readings
might then be misleading, though these can be corrected for, if the corresponding air flows are known. When a fine filter is tested according to
EN 779, the relationships between pressure drops and air flows can be
clearly seen.
Pressure drop, Pa

perature. Most important, however, is the presence of moisture, if growth
is to occur at all. Moisture can collect in a filter in different ways, for
example, when rain falls directly onto the air intake grille or when the
humidity of the air is sufficiently high. This can happen when the relative
humidity temporarily exceeds 90 % or if it remains above 80 % for more
than three days.
The risk of microorganisms entering the ventilation air in this way is
very small but, to be on the safe side, intervals between changes should
not exceed those given above.
In general, filters are replaced when the final pressure drop is reached
or according to the service schedule. But the question is, when is it most
economical to change a filter?
To put costs into the right perspective, it is important that we first look
at what happens to the pressure drops in two different types of plant.

VARIABLE AIR
FLOW SYSTEMS
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FIGURE 2. The diagram shows the relationship between the pressure drop across
an F7 filter and the air flow through it when tested according to EN 779:2002.
The nominal air flow is 3400 m3/h.

As a rule, filters are changed in the spring and the autumn to approximately the same extent.
In plant with constant speed fans it is often advantageous to replace
filters in the spring, after the heating season, to allow large air flows in
the summer. This is also a good point in time if the system is fitted with
comfort cooling devices with cooling batteries, so that the cooled air can
be distributed more efficiently.
When filters are changed in the autumn, after the pollen season,
pollen and other organic pollutants that have been trapped during the
spring and summer are removed from the system. The risk of microbial
growth in the filters is avoided and also the risk of having moist pollen
breaking down and emitting allergens. These are so small that an H10
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SPRING OR AUTUMN
FILTER CHANGES …?

class filter (the micro filter class above F9) would be required to prevent
them from being spread into the building.
… OR CHANGES WHEN
IT IS CHEAPEST?

Most modern ventilation units are efficient to run, system losses are
small and the fans, generally, have satisfactory total efficiencies. Although
the cost of running a fan increases as the pressure drop across a filter increases, the filter costs will fall the longer it is in use.
It is therefore economical to replace filters at the point where the
curve describing the fan’s energy use intersects the curve for filter costs,
as this is where the total costs will be the lowest.
Serious filter manufacturers focus on the most important task that the
filter has to do, namely, to filter the air. They also strive to manufacture
filters that create low initial and operating pressure drops in order to save
energy.
Filter users are becoming more cost-conscious, carefully calculating
when it is cheaper to put in a new filter rather than to continue using a
soiled one with its high pressure drop and high energy demand.

An analysis can be performed in two different ways: by using the test
results from an EN 779:2002 test in which synthetic dust is used, or by
carrying out a more realistic analysis in which the pressure drops are
measured over a long period of time while the fan is in operation.
Unfortunately, data from such long-term tests is rare.
When the first method is used, the tests are carried out to classify and
compare filters. Test data includes details about the dust holding capacity of the filter and these laboratory values are then used to calculate the
theoretical operational life of the filter.
If results from long-term testing are used, the LCC calculation will
most probably correspond more closely to actual operational results.
An LCC calculation is a form of economic analysis in which all costs
and incomes over the operational life of a system or product are taken
into account and given a present value.
It is important to note that the analysis results shown in Figure 4 are
only valid when variable speed fans are used in systems with constant air
flows.
An LCC calculation does not take into account the most important
function of the filter – the filtration efficiency, which means that a filter
with high dust holding capacity, which often has a poor arrestance efficiency, is normally chosen.

Proportion of the LCC, %
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FIGURE 4. Results of an LCC analysis of an installation with a variable speed fan
and constant air flow. The energy used to run the fan is the largest cost.
FIGURE 3. Pollen caught in an air filter.
© Lennart Nilsson Photography AB/Camfil AB
LIFE CYCLE
COST ANALYSIS

If the cost of heating supply air is ignored, the cost of running a fan is a
major outlay. This can be shown by carrying out an LCC, Life Cycle
Cost, analysis.
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What sort of pollutants will be found in a filter when it has to be changed?
Besides the particles created naturally, there will also be particles created
by people. Fungi spores, bacteria, heavy metals, uncombusted hydrocarbons, salt crystals, ground dust and pollen – all these might be found in
a used filter.
The most dangerous stage when handling filters is when a used filter,
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SAFETY WHEN
CHANGING FILTERS

full of pollutants, is removed from a ventilation unit and before it is
sealed inside an impermeable cardboard box or airtight plastic sack. Only
then can the used filter can be handled without risk.
The individual particles that are released from a filter when it is being
replaced cannot be seen, they are quite simply too small. It is important
to bear in mind that these minute particles are always released to some
extent during this step and it is therefore essential to make sure that the
correct personal safety equipment is used. This means using:
1. Class FFP2 respiratory protection or higher (offers approximately the
same degree of filtration as an F7 filter).
2. Gloves to protect against pollutants that could penetrate the skin or
cause infection via a sore.
3. Disposable overalls.
This personal safety equipment must then be thrown away together
with the soiled filter, classing both as combustible waste.
Last but not least: make a note of the date and the final pressure drop
across a soiled filter before it is removed. These details could be important later on.
WHEN PARTICLES AND
POLLUTANTS ARE
VERY, VERY SMALL

Nano- is a prefix that means a billionth part and comes from the Greek
word for dwarf. A nanometre, nm, is one billionth of a metre, one millionth of a millimetre, one thousandth of a micrometre, i.e. comparable
with the size of a typical atom at around 0.1 nm in diameter.
Nanotechnology is sometimes referred to as atomic engineering, a
field in which new methods and materials are created by modifications
carried out at atomic or molecular levels.
Today, there are numerous examples of industrial applications in
which the core technology is in fact nanotechnology. Nanoparticles are
used in wear-resistant tyres, the manufacture of paints and cements, UV
filters in sun lotions and – perhaps the oldest example – coloured glass.
Every day, enormous quantities of nanoparticles of titanium dioxide
and magnetic nanoparticles, for use in hard disks and magnetic tapes, are
produced. Surfaces with nanostructures that cannot be scratched or become dirty are now used for frying pans and even trousers. And windows
are now available that do not have to be cleaned, as they are coated with
a thin self-cleaning film of titanium dioxide. UV radiation from the sun
in combination with the titanium dioxide breaks down any organic dirt
that has collected on the surface of the glass.
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Magnetic nanoparticles are used in surgery for special procedures and
the extremely narrow needles used for eye surgery can be made thanks
to this technology. Nanotechniques also used in medical diagnostics and
to create new materials for implants and prosthetics. They are also used
in advanced computer designs that are completely dependent on speed
and therefore the number and size of the transistors.
At the same time as nanotechnology offers great opportunities, it can
also lead to problems. Nano-sized particles have the same dimensions as
biological molecules and therefore affect the human body in ways that
no other substances can.
Authorities around the world have now begun to realize that nanosized particles cannot be just released into nature without being subject
to further investigation.
Discussions are now taking place regarding their possible effects on
the environment and health. Better methods for measuring concentrations of nanoparticles will definitely be needed in the future.
The dangers inherent in nanoparticles depend more on how small
they are rather than on what substances they are made of. Researchers
will have to investigate whether different sizes of nanoparticles affect our
health to different degrees.

FIGURE 5. Nanoparticles on a strand of filter fibre.
© Lennart Nilssson Photography AB/Camfil AB
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The filtration efficiency of a filter is measured in a laboratory according
to EN 779:2002. Tests are also carried out in the field and the results
with regard to filtration efficiency follow the same patterns in both cases.
The total filtration efficiency comprises of four filtration mechanisms: the
sieve effect, the inertia effect, interception and diffusion. The combined
effect of these mechanisms is such that particles in the 0.1 to 0.2 μm size
range are the most difficult to catch. In other words, this is the size of
particles that can most easily penetrate a filter medium. This is known as
the MPPS, the Most Penetrating Particle Size.
Efficiency of ultra fine particles
measured with LAS-X and SMPS-CPC systems
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EN 779:2002, Particulate air filters for general ventilation –
Determination of the filtration performance, CEN, The European
Committee for Standardization.
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FIGURE 6. Filtration efficiencies for different classes of fine filters (Camfil Farr,
Research and Development).

How good is an F7 filter at catching nanoparticles? Unfortunately,
this is very difficult to measure, but equipment is available that can measure particles as small as about 20 nm or 0.02 μm. Examples of such
measurements are shown in Figure 6. If we look at the filtering effect in
the diagram, we can see that the curve dips at 0.1 to 0.2 μm (MPPS) to
rise again for particles smaller than 0.1 μm. The diagram shows the filtration efficiencies for an F7 and an F9 filter. In fact, the curves are similarly shaped no matter what filter class is chosen: only the levels of the
curves differ. Penetration can be reduced by about 25 to 30 % by choosing an F9 filter instead of an F7 filter.
There are many different types of nanoparticles and one area that par-
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ticularly interests researchers concerns uncombusted hydrocarbons
(PAHs, polycyclic aromatic hydrocarbons) because they occur abundantly and they are the result of different types of incomplete combustion in,
for example, combustion engines and wood-fired furnaces. When normally polluted town air is analysed it is not unusual to find different types
of PAH pollutants and a number of these are known to be carcinogenic.
Experiments and tests have been carried out to measure the efficiencies of P-marked F7 filters with regard to PM10 particles at the same
time as the PAH content and filtration of ultra-fine and fine particles (20
to 1000 nm) have been measured and analysed. If the retention of PM10
particles in an F7 filter is about 85 %, the retention of PAHs is about 70 %
and of particles from 20 to 1000 nm about 75 %.
P-marked F7 filters and, to some extent, even F8 and F9 filters are
now in common use and these provide good protection against health
problems caused by pollutants, based on what we now know about fine
and ultra-fine particles. However, it is important to point out that it is
not a question of guaranteeing that we will be healthier and will feel better but rather a question of reducing potential risks.
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it possible to understand how energy use depends on system design and
operational strategies.
The energy used to change the temperature of ventilation air depends
.
on the mass flow m and the change in energy content ⌬h. This can be
written as:
.
Q = 兰m⌬hdt kWh

(1)

where:
.
m is the mass flow in kg/s
⌬h is the change in enthalpy in kJ
t is the time in h

Buildings are ventilated for a number of reasons, though most importantly to maintain an air quality level that meets the occupants’ requirements with regard to health and well-being. Other reasons include fulfilling requirements regarding temperature, humidity, dehumidification,
etc or requirements based on specific usage, for example, for laboratories.
When a building is ventilated energy is used – partly to run the fans
and partly to treat the air. Air treatment processes can include heating,
cooling, humidification, dehumidification and filtering. And all these
processes require energy. Normally, during a whole year of operation,
very large amounts of energy are required to heat and cool the ventilation air. How much is needed is determined by the requirements stipulated for the indoor climate, the geographical location of the building
and the design of the ventilation system and how it is run. This chapter
focuses on the opportunities for recovering energy from the heating and
cooling processes to which the supply air is subjected.
The plant used to heat and cool the ventilation air could be the largest
end-user of energy in a building and much larger, for instance, than the
energy used by the tenants or used to heat the building during the heating season (even in such cold climates as those encountered in
Scandinavia). Consequently, there is every reason why the opportunities
for energy-efficient operation of ventilation systems should be thoroughly
investigated.
ENERGY FOR HEATING
VENTILATION AIR

When determining how much energy is used to heat the air before it is
distributed within a building, a methodology must be found that makes
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If no moisture is added to or removed from the ventilation air, the
change in enthalpy will only depend on the change in temperature of the
air. If temperature data is available, for instance, as hourly averages, the
calculation can be carried out as a summation over the whole year. The
relationship can then be written as:
.
Q = ⌺V pcp⌬t⌬t kWh


(2)

where:
.
V is the air flow volume in m3/s
p is the density of the air in kg/m3
cp is the specific thermal capacity of the air in J/(kg K)
⌬t is the temperature rise in K
t is time in h
Depending on whether or not the air flow is constant during the year,
the expression can be written as:
Q = K1 ⌺ ⌬t⌬t


(3)

for constant air flow

Q = K2

.

⌺V ⌬t⌬t


(4)

for variable air flow

where:
.
K1 =V pcp
K2 = pcp
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The amount of heat used to change the temperature of the ventilation
air is therefore proportional to the temperature change in constant flow
systems and proportional to the temperature change and the flow change
in variable flow systems. By summing up this data for the whole year, the
annual energy demand can be obtained. An elegant and illustrative way
of doing this is to plot the outdoor temperature data, normally comprising hourly readings, on a graph. To make the results manageable, they
are also plotted according to magnitude in a duration diagram. Figure 1
shows a duration diagram for a particular location, based on the hourly
outdoor temperatures that were originally arranged in chronological
order.
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FIGURE 2. A graphical illustration of the energy required to heat ventilation air.
The shaded area has the units degree hours. The data is for Berlin, Germany, where
the mean annual temperature is 9.3 °C.
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FIGURE 1. The duration diagram for the outdoor temperature, right, is created by
arranging the different temperatures in order of magnitude. Hourly outdoor temperature data for given locations can be obtained from meteorological institutes or
similar. There are 8760 hours in a year.

Irrespective of whether the outdoor temperature is plotted in chronological order or in ascending order, as a duration diagram, all the hourly
outdoor temperature readings are included in both cases.
If a constant outdoor air flow is to be heated to room temperature,
then the amount of energy required can be derived from a duration diagram, as shown in Figure 2. In this case, an indoor temperature of
+ 22 °C has been chosen.
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The shaded area above the curve is directly
proportional to the energy required to heat
the ventilation air

The area shown in the diagram, which is directly proportional to the
heat energy required, is expressed in degree hours. To convert degree
hours into energy, in kWh, a scale factor is used [Abel, Elmroth, 2006].
If the air flow varies during the year, this must be taken into account
when calculating the number of degree hours. A method for doing this,
using the outdoor temperature duration diagram, is given in [Nilsson,
1994]. For the sake of clarity, constant flow systems are assumed in the
following discussion.
Every vertical distance in the diagram, the difference between the outdoor and indoor temperature, is proportional to a power requirement.
The relationship between power requirement and temperature difference
is given by:
. .
Q = V pcp⌬t

(5)

This means that for any given ⌬t, the heat power can be calculated if the
air flow is known.
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Depending on the design of the building in question and on how it is
used, the energy needed to heat the ventilation air, as mentioned previously, can constitute a substantial proportion of the building’s total heat
energy demands. In well-insulated and airtight buildings, heating the
ventilation air often constitutes the dominating heat requirement. This is
why it is important to investigate whether it is possible to reduce the
heating needs for ventilation air.
In supply and extract systems, the most direct way of reducing heating needs for the ventilation air is to pre-heat it by recovering heat from
the extract air. Another way is to recirculate the extract air. Both methods are illustrated in Figure 3.
t exh

t ext
Vext

Extract air

Supply air

t out

Extract air

Vr

Vout

Vsup

Supply air

.

( )

ht = V.ext text– texh

(8)

Vt text– tout

.
Vext

This means that the flow ratio V. must also be known, if the exhaust
sup
air temperature is to be used instead of the temperature after the heat recovery unit on the supply air side when calculating the temperature efficiency.
However, when return air is used, the term return air efficiency is used
instead of temperature efficiency and is derived from the following relationship:
.

.

.

V –V
k = V
. r = sup. out
Vsup

Vsup

(9)

t sup

FIGURE 3. A heat recovery system and a return air system.

Nowadays, return air systems are unusual in Scandinavia and the trend
in Europe is towards heat recovery using heat exchangers.
The potential for saving heat, by recovering it using heat exchangers,
is usually expressed in terms of temperature efficiency. Temperature efficiency is defined as:

ht = tsup– tout
text–tout

(6)

If  is known, then the temperature of the air after passing through the
heat exchanger can be calculated from the equation:
tsup= tout+ ht (text– tout)

(7)

In practice, it is sometimes difficult to measure the temperature of the
supply air directly after the heat recovery unit (there is often very little
space in the air handling plant or it could be difficult to turn off the re-
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heater that is often positioned directly after the heat recovery unit, etc).
In cases like these, the temperature of the exhaust air can be used to determine t. By creating a heat balance across the heat recovery unit, it is
easy to show that t can also be defined as:

When a heat balance is established across the heat recovery unit, the
following relationship holds true:
tsup ≈ tout+ k (text– tout)

(10)

The less the change in the absolute vapour content of the air during
its change of state, the more correct the expression becomes. The relationship will still provide a good approximation of the return air efficiency, even if the difference in vapour content between the extract air and
the outdoor air is in the region of 30 to 40 g/kg.
When the expressions for the temperature after heat recovery and the
temperature of the return air are compared, there is a notable similarity.
When the temperature efficiency and the return air efficiency have the
same magnitude, the expressions will be identical. It must be remembered, however, that there is often a minimum volume of outdoor air
that must be supplied to a building or space for reasons of air quality. In
a ventilation system with variable air flow, a VAV system, a heat exchanger can provide substantially better heat recovery than a system with return air, when air flows are low [Nilsson, 1994].
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By connecting a heat recovery unit to the ventilation system, a considerable proportion of the energy, otherwise solely used to heat the supply air, can be saved. This is illustrated in Figure 4.
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FIGURE 5. Energy efficiency as a function of temperature efficiency for a heat recovery unit installed in a ventilation system in Stockholm, Sweden. The energy efficiency Q, is defined as the ratio of the annual heat savings when using heat recovery to the annual heat requirements without heat recovery. The extract air temperature is 25 °C.

Example: A heat recovery system with a temperature efficiency of 50 % is
installed in a ventilation system in Stockholm. The supply air
temperature is 16 °C. The energy efficiency of the system will be
74 %, i.e. significantly higher than its temperature efficiency.
FIGURE 4. Heat recovery in a ventilation system shown in a duration diagram for
the outdoor air temperature. The temperature data is for Berlin, Germany. The
temperature efficiency of the system is 75 %. The indoor temperature is 22 °C and
the supply air temperature is 17 °C.

The lightly shaded area in the diagram represents the amount of heat
saved for heating the supply air. The size of the area depends on the supply air temperature, the extract air temperature and the efficiency of the
heat recovery system. It can be seen in Figure 4 that the temperature efficiency of the heat recovery unit will be gradually reduced over the year
and will be zero when the outdoor temperature is the same as or higher
than the supply air temperature. The proportion of recovered heat will
therefore be larger than that indicated by the temperature efficiency of
the recovery unit. The curves shown in Figure 5 are applicable to a ventilation system with constant air flow, a CAV system, in Stockholm, Sweden
[Abel, Elmroth, 2006].

380 E

Both Figure 5 and the example illustrate how extremely important it is
to know the difference between, and not confuse the use of, the terms
temperature efficiency and energy efficiency. If they are confused, then
completely inaccurate conclusions might be drawn regarding the operations of a ventilation system. It will be even more problematical, if comparisons are made between quotes for plant from two different suppliers
and one of them states the temperature efficiency of the heat recovery
unit and the other its energy efficiency. If the performance details given
are not presented clearly, or if a mistake is made when making comparisons, and the efficiencies are regarded as being synonymous, the comparison will be totally misleading.
In addition to ventilating a building to maintain a specified air quality, air
is also often used to remove surplus heat, i.e. to cool the building. To do
this, air has to be supplied to the building at a temperature lower than
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ENERGY NEEDS FOR
COOLING VENTILATION
AIR

the indoor air temperature. In a ventilation system that removes heat
from buildings, it is often the amount of air that has to be removed that
determines the design air flow. This air flow, in turn, determines the dimensions of the ducting, the size of the air handling plant, etc. A system
with variable air flow, installed in a building cooled by air, can be
schematically illustrated as in Figure 6.
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FIGURE 6. Air flows required to maintain air quality and supply sufficient cooling
in a VAV ventilation system.

The required capacity of the cooling coils is determined by the state
of the air before and after reaching the coils. If the heat content of the
air before reaching the coils is denoted by hbefore and the heat content after
by hafter, the cooling energy required to change the state of the air can be
expressed as:
.
.
.
Q cool= V p (hbefore– hafter) = V p (⌬hdry+ ⌬hwet)

(11)

When air is cooled by cooling coils the surface area of the coils is often
colder than the dew point of the air. This means that when the air passes
over the coils its temperature will be reduced and condensation will
occur. Condensation will increase because of the increased amount of
cooling energy required, relative to a dry cooling process, as the latent
heat of the air also has to be removed by cooling. These two steps can be
illustrated with the help of an hx or psychrometric diagram, see Figure 7.
⌬hwet
in Berlin is 0.38, which means that just under 40 %
⌬hwet+⌬hdry
of the cooling energy is used for wet cooling and just over 60 % for dry
cooling.
The ratio
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FIGURE 7. The change of state of the air passing over a cooling coil with a temperature lower than the dew point of the air. The state of the air before reaching the
cooling coils corresponds to the design state for Berlin. The entry and exit temperatures of the coolant are 4 °C and 9 °C respectively.

In Europe, this ratio is between about 30 and 40 %. In very warm and
humid climates, for example in Orlando, USA, the wet proportion is
nearly 60 %, while in very warm and dry climates, for example in Riyadh,
Saudi Arabia, the wet proportion is practically negligible.
As a general rule, this means that to obtain the total energy required
by the cooling coils, the dry proportion of the cooling energy is multiplied by a factor of 1.3 to 1.5 in climates similar to those in most of
Europe (temperate zones) while the corresponding factor can be as high
as 2.5 in warm and humid climates (tropical zones). In warm and dry climates (sub-tropical zones) the factor is close to 1.
The more humid the climate, the more important it is to investigate
the possibility of reducing the moisture content of the ventilation air before it reaches the coiling coils. In some climate zones (tropical), return
air systems are essential to keep the cooling energy demands low. Here,
the extract air that is mixed with the supply air contributes to reducing
its moisture content, subsequently reducing the amount of cooling energy that has to be circulated through the cooling coils.
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In systems with heat recovery units, during the non-heating season,
the function of the units can be reversed and they can, instead, be used
for cooling purposes. When a building is cooled using an airborne system, outdoor air can be used as long as its temperature is lower than that
of the supply air used to cool the building. Systems are often designed
for supply air temperatures of 15 to 17 °C. This means that as long as the
outdoor temperature remains below these levels no heat will have to be
removed from the air, i.e. the cooling coils will not have to be in operation. In addition, the supply of coolant, normally produced in a refrigerating machine, will not be required.
The amount of heat that can be removed from the ventilation air can
be illustrated by using an outdoor temperature duration diagram.
Temperature, °C

30

Ficticious temperature curve
only used to illustrate the
extra cooling needed to
compensate for condensation
in the cooling coils

Wet cooling

20

10

Dry cooling

0
8760 h
-10

FIGURE 8. Heat removed from the supply air by the cooling coils. The total cooling required is sum of the dry and the wet cooling needs. The data is for Berlin,
Germany. The indoor temperature is 22 °C and the supply air temperature is
17 °C.

As mentioned above, it is also possible to use the plant units intended
for heat recovery for recovering cooling energy. The duration diagram
for the outdoor temperature can be used to study the potential for recovering cooling energy. Figure 9 shows how much cooling energy can
be recovered with the help of a non-hygroscopic heat recovery process.
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Fictitious temperature
denoting condensation
Temperature, °C
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Remaining
cooling
requirements
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tsup
tout

10
0
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Temperature after
heat/cooling energy
recovery

Outdoor temperature

-10

FIGURE 9. Cooling energy recovery in a non-hygroscopic heat recovery process
with a temperature efficiency of 75 %.

Cooling energy recovery is possible when the temperature of the extract air text is lower than the temperature of the outdoor air tout. As
shown in the diagram, cooling energy recovery is only possible when the
outdoor temperature exceeds 22 °C.
In Figure 9, the supply air temperature curve after heat recovery has
been plotted for the case in which the recovery process is in full operation all year round. In practice, however, the heat and cooling energy
recovery processes will have to be regulated, so that the energy transfer
is always correct, see Figure 10.
Relatively speaking, cooling energy recovery does not save as much
energy as heat recovery in temperate climates, such as those found in
Europe. The greater the difference between the supply air temperature
tsup and the extract air temperature text, the smaller the relative opportunity for savings. While the recovered heat in these climates during the
heating season can constitute as much as 90 % of the heating requirements, the corresponding figure for the cooling requirements is in the
region of 20 %.
In other climate conditions, the effect of cooling energy recovery can
be considerably greater. The warmer the climate, the greater the proportion of the total energy requirements needed to cool the ventilation air
to room temperature. In sub-tropical and tropical climates, cooling energy recovery is becoming increasingly important. In tropical climates,
with high temperatures and high humidity, there is every reason to con-
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FIGURE 10. Change in temperature efficiency when both heat and cooling energy
recovery is used.

sider using recovery solutions with hygroscopic units, for example, rotary hygroscopic heat recovery units.
The potential for using cooling energy recovery in a sub-tropical, i.e.
warm and dry, climate is shown in Figure 11.

As the climate is dry, the cooling required will only comprise a dry
cooling process. There will be no need to heat the air at all, if heat recovery is used. Here, the cooling energy required is substantially greater
than the heating energy required and the significance of cooling energy
recovery is considerably higher than in cooler climates, see Figure 9. If
cooling energy recovery is used, this process can supply about 50 % of the
total cooling requirement.
If a hygroscopic heat recovery process is used, this will mean that both
dry and wet cooling heat contents can be recovered. This is illustrated in
Figure 12 for a warm and humid climate, where this type of recovery
process is especially applicable.
In this case, the enthalpy efficiency is used instead of the temperature
efficiency. Enthalpy efficiency is expressed as follows:

hh = hsup– hout

(12)

hext– hout

Temperature, °C

The change in enthalpy efficiency is similar to that of the temperature
efficiency shown in Figure 10, with the corresponding enthalpies used
instead of temperatures.

40
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cooling

Outdoor temperature
Temperature, °C

Temperature, °C
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Temperature after
cooling recovery
Wet cooling
20

Recovered cooling

40

40
Outdoor temperature
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FIGURE 11. Cooling energy recovery in a warm and dry climate. The climate data
is for Riyadh, Saudi Arabia where the mean annual temperature is 25.6 °C. The indoor temperature is 22 °C and the supply air temperature 17 °C. The temperature
efficiency of the recovery system is 75 %.
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0
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FIGURE 12. Cooling energy recovery using a hygroscopic unit in a warm and
humid climate. The climate data is for Orlando, USA where the mean annual temperature is 23 °C. The indoor temperature is 22 °C and the supply air temperature
is 17 °C. The enthalpy efficiency of the recovery system is 75 %.
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Cooling energy recovery using a hygroscopic heat recovery unit offers
considerably greater savings than recovery using a non-hygroscopic recovery solution.
Together, these figures and examples illustrate the importance of
using energy recovery units in a ventilation system. In some climates, the
recovered heat is an important factor while in others the recovered cooling energy is important. Important, in this context, means the potential
of the solution to achieve considerable energy savings when heating and
cooling the ventilation air. In warm climates, that are also humid, it
might be advisable to use cooling recovery processes with hygroscopic
units, whereby the lower humidity of the indoor air can be utilized and
the need to dehumidify the incoming supply air can be avoided.
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This chapter is all about heating supply air, primarily in air handling units
but also in individual rooms. How to calculate the amount of energy required for heating air with the help of duration diagrams for the outdoor
air temperature is discussed in the preceding chapter, Energy recovery.
Energy calculations are therefore not discussed in this chapter.
WHY DOES SUPPLY
AIR HAVE TO
BE HEATED?

Air supplied to the different rooms in a building normally has to be heated to avoid causing any discomfort or disturbances in the occupied
zones. A typical disturbance is draughts, i.e. air movements at speeds
greater than about 0.15 to 0.20 m/s. If the supply air flow need is less
than about 0.5 to 0.6 air changes per hour, the outdoor air in northern
European climates can often be introduced unheated through outdoor
air vents or gaps/holes in the building envelope, usually found around
windows. When air flows are higher the outdoor air normally has to be
heated. This can take place in an air handling unit, usually by using heat
recovery units or return air, or by using preheaters. In non-residential
buildings with a heat surplus, the supply air temperature is normally
lower than the room air temperature while in residential buildings, with
mechanical supply and extract air ventilation systems, the supply air is
normally at the same temperature as the room air.
For most of the year, the supply air will have to be heated to reach
the room temperature
In many buildings, the heating process is driven by internal heat sources,
e.g. heat emitted from apparatuses, lighting and the occupants in the
room and heat due to solar radiation through windows. This heating
takes place after the supply air has been mixed with the room air.
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Supply air is often preheated in a central air handling unit to a temperature below the desired room temperature. When the internal heat
surplus is not sufficient to achieve the desired room temperature heat
must be supplied via so-called zone heaters. These can be installed in individual rooms or in the supply air ducts leading to the rooms. The zone
heater is adjusted so that the set point for individual rooms or groups
of rooms is reached. Room heaters can be in the form of radiators, fan
convectors and induction units. As the internal heat surplus can vary
both in time and space, and between the different rooms in a building,
it must always be possible to heat individual rooms to their desired temperatures.
Heating rooms using supply air
In this case, air heaters heat the supply air to a temperature higher than
the desired room temperature and thus compensate for the heat losses
caused by transmission and leakage through the building envelope. The
air heaters here are usually duct heaters (reheaters) installed in the supply air duct just before the rooms.
The different stages for heating supply air in an air handling system are
described below. Most of the heating takes place in the air handling unit.

When air is heated only its temperature is changed; its moisture content
remains constant. This means that the heating power required to heat
the air can be easily calculated as follows:
. .
Q =V · p · cp (tafter– tbefore)
where:
.
Q is the
.
V is the
p is the
cp is the
tbefore is the
tafter is the

(1)

heating power in kW
air flow in m3/s
density of the air in kg/m3
specific heat capacity of the air in kJ/(kg · °C)
temperature of the air before heating in °C
temperature of the air after heating in °C

In an air handling system, air can be heated in a number of stages as
shown in Figure 1. This can be done by using:
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HEATING SUPPLY AIR
IN AN AIR HANDLING
SYSTEM

1. Preheaters
2. Heat recovery units or return air functions
3. Reheaters
4. Zone heaters – duct heaters (reheaters)
5. Zone heaters – room heaters

C. The capacity of the heat recovery unit is slowly increased
D. The capacity of the air heater is slowly increased
When the actual temperature of the supply air exceeds the desired
temperature the regulating sequence is reversed, i.e. the reheater is
turned down first and the chiller turned up last.

The first three of these stages are often included in the air handling unit.
Air handling unit
Exhaust
air

Supply air

Supply air
sensor

Outdoor air

S. air sensor

Extract air

Chiller

Reheater

Heat
recovery unit

Preheater

Duct heater

Control
unit

Room
sensor
Room heater

FIGURE 1. The different stages for heating supply air in an air handling system. The
locations of the temperature sensors required to regulate the different stages are
also shown.

If the supply air is required to be cooled when the outdoor temperature exceeds the desired set point temperature for the supply air, then a
chiller will have to be installed. The supply air might also have to be dehumidified. Cooling is discussed in the next chapter, Cooling supply air.
When cooling is required, the heat recovery unit, or the return air function, can also be used as a cooling recovery unit and this is discussed in
the previous chapter, Energy recovery.
The different stages in an air handling unit, which all work together
to maintain the desired supply air temperature downstream of the unit,
must be regulated sequentially. However, if a preheater is used, this
would be set to maintain a certain air temperature before the heat recovery unit, allowing the preheater to be regulated independently. Other
stages must be regulated in the following order when the actual temperature of the supply air is less than the desired temperature:
A. The capacity of the chiller is slowly reduced to zero
B. Any heat recovery via the heat recovery unit is slowly reduced to zero
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1. Preheaters
A preheater, i.e. heating coils placed before the heat recovery unit, is
only needed in special circumstances and this is to prevent malfunction
of the heat recovery unit due to freezing, caused by condensation and
icing-up on the heat recovery unit’s exhaust side when the state of the
exhaust air is lower than its freezing point. Preheaters are normally only
required in cold climates when:
• The design outdoor temperature is lower than about –10 °C.
• A lowest relative humidity has been stipulated in wintertime, which
means that the supply air has to be humidified.
• The air handling unit is in operation 24 hours a day.

Problems caused by freezing on the exhaust side of heat recovery units
arise primarily when units with high temperature efficiencies are used, especially non-moisture transferring rotary heat exchangers and plate heat
exchangers. When high humidity levels are required indoors problems
can also occur when fluid heat recovery units are used, even if these have
lower temperature efficiencies. There are fewer problems when enthalpy
exchangers (rotary, moisture transferring heat exchangers) are used. The
extent of the problems can be easily seen by studying the processes with
the help of Mollier diagrams (psychrometric charts).
When a return air function is used instead of a heat exchanger drops
of water and ice crystals might form in the exhaust air and these could
cause ice to build-up on the dampers and cold duct walls.
Preheaters mean extra initial investments but cost little to run in
northern and central European climates, as they are only required for a
short time. Because of the extra investment needed and the increase in
the complexity of the air handling equipment, preheaters are not used in
continuous operation. Instead, defrosting is achieved by reducing the
degree of heat recovery.
Solutions like these, however, will require the reheater to be designed
so that it can heat the supply air during the short periods when the heat
recovery unit has been turned down to a minimum.
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If the air handling system is only in operation during the daytime in
winter, only a small amount of ice will build up on the exhaust side and
no special defrosting measures will be required.
If the outdoor climate is such that frost can form and the equipment
is in continuous operation, and required to provide quite high levels of
humidity, it will be often difficult to avoid having a preheater. The preheater will then have to heat the outdoor air to about – 10 °C before it
enters the heat recovery unit. The required temperature rise across the
preheater as a function of the outdoor air temperature can be seen in
Figure 2. An air temperature sensor installed before the heat recovery
unit, as shown in Figure 1, is used to regulate the preheater.
40

TABLE 1. Common types of heat recovery units used in air handling systems
[ASHRAE 2004].
Type of heat recovery unit

Typical temperature
efficiency range

Rotary heat exchanger:
– moisture transferring
(hygroscopic enthalpy
exchanger)
– non moisture transferring
Plate heat exchanger
Fluid heat exchanger

Type of
capacity regulation

50 to 85 %
(same as moisture
efficiency)
50 to 85 %
50 to 80 %
55 to 65 %

Tube heat exchanger

45 to 65 %

Return air valve

70 to 90 %

Rotor speed

Bypass valve
Flow rate through
supply air heating
coils – often via a
three-way valve
Partly self-regulating
Bypass valve
Angling of the tubes
Damper to regulate
the proportion of
return air, depending
on required outdoor
air flow

Air temperature, °C

30
20
10
Outdoor air
0
–10

Exhaust
air

Preheater
Extract air

–20
Extract air
–30
–30

–20

–10
0
10
20
Outdoor air temperature, °C

30

FIGURE 2. The temperature rise across a preheater as a function of the temperature
of the outdoor air.

As the preheater heats air from a temperature below the freezing point
of water, the coils will require a separate fluid circuit with antifreeze. This
circuit will then require its own water/fluid heat exchanger. An electric
preheater is simpler and costs less, although both electrical energy and
power can be quite expensive in winter.
2. Heat recovery and return air
Heat recovery and the use of return air are two different solutions used
to recover energy from the extract air and to transfer it to the supply air.
Both solutions are discussed in the previous chapter, Energy recovery.
Table 1 lists the different types of heat recovery units normally used
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Exhaust
air

40
Outdoor air
Supply
air
Rotary heat exchanger
Outdoor air

Outdoor
air

Extract air

Supply
air

Fluid heat exchanger

Bypass valve

Exhaust
air

Supply
air

Plate heat exchanger with bypass valve

FIGURE 3. The principles behind
the three most common types
of heat recovery units used in
air handling systems.
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40
Cooling recovery

Air temperature, °C
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Extract air
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Heat recovery
t = 75%

10

Outdoor air
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10
20
Outdoor air temperature, °C
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FIGURE 4. The temperature rise across the heat recovery unit as a function of the
outdoor air temperature when preheating is not used.

Figure 5, in the preceding chapter, also shows that the energy efficiency is higher than the maximum temperature efficiency when the supply
air temperature is less than the extract air temperature. In the example in
Figure 4 above, the energy efficiency is about 95 %.
3. Preheaters
At very low outdoor temperatures, the heating capacity of a heat recovery unit is seldom sufficient to heat the supply air to the desired level.
This means that a preheater will be required in the air handling unit.
Figure 5 shows the rise in required temperature across the heater as a
function of the outdoor air temperature. It can be seen in the diagram
that the air heater is only in operation when the outdoor air temperature
falls below about – 5 °C. Thanks to efficient heat recovery, the output
from the heat recovery unit is sufficient to cover the entire heating demand for most of the year.
40
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Cooling recovery

30
Air temperature, °C

in air handling systems. The table also shows the typical intervals for the
design temperature efficiencies and how the capacities of the units are
regulated.
Figure 4 shows the required temperature rise as a function of the outdoor air temperature across a heat recovery unit with a temperature efficiency of 75 %, an extract air temperature of 24 °C and a constant supply
air temperature of 17 °C. The air flows are constant and there is no preheater in the system.
It can be seen in the diagram that when the outdoor temperature is
above about – 5 °C the heat recovery unit can generate all the heat required to heat the supply air. To maintain the desired temperature of the
supply air, the setting of the recovery unit must be reduced when the
outdoor temperature exceeds – 5 °C. When the outdoor temperature
exceeds the extract air temperature the recovery unit must be run at full
capacity to provide maximum cooling.
Figure 4 can, however, give the wrong impression with regard to how
much heat can be recovered, as low outdoor temperatures only occur for
a short time during the year. A more applicable picture is provided in
Figure 4 in the preceding chapter, Energy recovery, where it can be seen
that a heat recovery unit with high temperature efficiency is, in fact, run
at reduced capacity for nearly 90 % of the time that the supply air has to
be heated. In warmer climates than those in northern Europe, the need
for a preheater is therefore much less.
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20
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FIGURE 5. The temperature rise in an air heater as a function of the outdoor air
temperature.

When heat recovery units with high maximum temperature efficiencies are used the annual operation time of the preheater will be short. In
the example in Figure 5, based on the climate in Stockholm, the operational time is just less than 700 hours or just over 10 % of the time that
the supply air has to be heated during the year when the heat recovery
unit is in continual operation.
4. Zone heaters: Duct and room heaters
Individual rooms or groups of rooms (zones), in which little or no heat

E 397

is generated by, for example, solar radiation or internal heat sources,
must be supplied with heat by using heaters in the supply air duct or
heaters in the rooms. Although the required heating power will be the
same no matter how the air is heated, the actual heating processes are
quite different. When duct heaters are used the supply air is heated before it is introduced into a room or zone. When room heaters are used
the supply air first cools the room air and the mixed air is then heated.
As shown in Figure 1, zone heaters like these, i.e. duct heaters or
room heaters, are regulated by sensors that measure the room temperatures in the zone in question.
5. Zone heaters: Room heaters
In rooms where there is a heat surplus, cooling can be achieved by introducing supply air at a temperature lower than the room temperature,
which means that the duct air heaters can be switched off. When the
temperature of the supply air is lower than the temperature of the room
air and the internal heat sources are not sufficient the room air will have
to be heated to the desired room temperature. In rooms without any
heat surplus at all and that are not heated by room heaters, the supply air
might have to be heated right up to room temperature.
Figure 6 illustrates the heating requirements in an office, in which the
supply air is heated by a zone heater, as a function of the outdoor tem-
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FIGURE 6. The temperature rise in a zone heater in the supply air duct as a function of the outdoor air temperature when the supply air is not sufficiently warm
to heat the room.
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perature. In this case, the zone heater is a duct heater in the supply air
duct before the room. No room heater is used.
If we assume that the temperature of the extract air and the room temperature are the same, then the maximum heat power rating of the duct
heater in the example above will be:
. .
Q =V · p · cp (troom– tsup)
where:
.
Q is the
.
V is the
p is the
cp is the
troom is the
tsup is the

(2)

heating power in kW
air flow in m3/s
density of the air in kg/m3
specific heat capacity of the air in kJ/(kg · °C)
room temperature in °C
supply air temperature before the zone heater in °C

If, on the other hand, the supply air temperature is lower than the
room temperature, even when it is cold outside, heat will have to be supplied via a room heater. The maximum heating power required is the
same as in the example above, i.e. according to Equation (2). This means
that it can also be illustrated as a temperature rise in the supply air as in
Figure 6.
Maximum temperatures when heating rooms using supply air
When supply air is used to heat rooms (zones) a duct heater must be able
to heat the supply air so that the heat losses due to transmission and leakages through the building envelope are also compensated for. This will
be the case when no room heaters are used. Depending on how the individual heat surplus in each room varies, the supply air temperature will
vary between a maximum value and no temperature rise at all, i.e. when
air is supplied to the room at the temperature determined by the central
air handling plant, see Figure 7.
The temperature of the supply air at the design outdoor temperature
is, for comfort reasons, not normally chosen to be more than about 30 °C
to 35 °C.
In USA-inspired so-called “all-air systems”, the room air is always
heated via the supply air and no room heaters are used. In northern
Europe, these systems are not normally used and rooms are heated using
room heaters, such as radiators and induction units.
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Heating room air using supply air has a couple of disadvantages:
1. The air handling system must be in operation 24 hours a day as rooms
need to be heated, primarily at night, when no or few internal heat
sources are available. This entails an increased use of fans compared to
when room heaters are used.
2. When rooms are heated via warm air it can be difficult to ensure good
mixing of the room air. If the supply air temperature exceeds the room
temperature, the supply air can easily form a cushion of warm air near
the ceiling and this is avoided by installing specially designed terminal
devices.
Figure 7 shows how the maximum supply air temperature after a preheater varies with outdoor air temperature. The supply air temperature
shown is only applicable to rooms where there is no heat surplus. On the
other hand, in zones where a heat surplus has to be removed, the supply
air will be at the main supply air temperature, i.e. the temperature before
the preheater. This is shown as a dashed line in Figure 7.
40

Preheater temperature for heating air

Air temperature, °C

30
Extract air

20

Supply air temperature
before reheater

10

Outdoor air
0
–10

readily available. In countries where American technology is prevalent,
steam heaters are quite common. Air heating using steam is not discussed further in the following.
Air heaters can be fitted with electrical heating elements instead of hot
water pipes. The elements are not normally finned, but heaters with
finned elements are sometimes used.
In countries where natural gas is available, the air can be heated using
a natural gas burner in the air handling unit. Some solutions involve direct combustion, in which the gas burner is placed in the unit on the supply air side, or indirect combustion, in which the supply air is heated via
flue gas pipes. Natural gas heaters require greater investments than hot
water heaters but the total solution can be cheaper, as no extra water
pipes have to be connected to the air handling unit, no shunt circuit is
needed and fumes from natural gas combustion are easy to deal with.
This is especially true in direct combustion solutions in which there are
no special arrangements for dealing with fumes.
Supply air can also be heated directly using the heat from a refrigeration unit by placing the condenser coils in the supply air flow. In a solution like this, there must be a simultaneous need for cooling the refrigeration unit and heating the supply air. Another common way to use the
heat from the condenser coils is to heat the water in the hot water system that is used, among other things, for the air heating coils. As a hot
water system normally serves more than just the air heaters this will increase the chances that both cooling and heating will be needed at the
same time. Solutions like these are described in the last sub-section of
this chapter, which discusses systems for heat recovery from refrigeration
units.
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FIGURE 7. The temperature rise in a preheater as a function of the outdoor air temperature when supply air is used to warm rooms in a building.

UNITS FOR HEATING
SUPPLY AIR

The most common way of heating supply air is by using heaters with
hot water coils in the air handling unit. Fins on the air side increase the
heat transmission. In other solutions, the hot water is replaced by lowpressure steam that condenses in the piping. In northern Europe, steam
heaters are mainly used in industrial applications, where steam is often
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Return pipe
Fins

FIGURE 8. An air heater with two rows of heating coils and fins [Adapted from
Stampe, 1992].
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Air heaters with hot water coils
Air heaters that use hot water normally use 8 to 16 mm o.d. copper piping and aluminium fins spaced at 1.4 to 6.4 mm. Distances between pipes
are normally 20 to 45 mm.
Air heaters can have one or more rows of coils. Figure 8 shows an air
heater with two rows of coils, partly as a cutaway.
Other materials can also be used and fins of copper are often fitted
where the atmosphere would corrode aluminium, for example, in coastal
climates. Steel piping can also be used, if the outdoor climate allows, and
steel fins are sometimes used as well.
Figure 9 shows an air heating battery for installation in an air handling
unit. The feed and return pipes are hidden behind protective metal
sheeting, which means that all the air will flow over the finned coils. The
frontal area of the air heater is therefore somewhat smaller than the
cross-sectional area of the air handling unit.

FIGURE 9. Air heater with
finned hot water coils for
installation in an air handling
unit.

The ways in which the coils are connected together determine the
heating power of the coils. There are three main ways in which the coils
can be connected in the heater and these are defined by how the two
media, air and water, flow in relation to each other.
Counter flow connections create the greatest average temperature difference across the heater and this means that the heating power per unit
front area is also the greatest. A parallel flow connection creates the low-

Counter flow
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Parallel flow
[Illustrations from Lilja et al., 1971]

Cross flow

est average temperature difference while the cross flow connection is in
between. Consequently, counter flow connections are the most common
in air heaters. However, air heaters are always cross flow connected to
some degree, as the coils always cross the air flow. The greater the number of coil rows the clearer the effect of the parallel or counter flow connections will be.
The detail design of an air heater, i.e. the pipe diameters, the fin separation, the number of coil rows and how they are connected, depends
on the manufacturer. For a given size of air handling unit there are usually a number of air heaters with different power ratings to choose from.
Their fin arrangements, coil separation distances and number of coil
rows will therefore differ, depending on their power ratings.
The pressure drop on the water side of the coils will depend on how
the coils are connected to the feed and return pipes. A common design
criterion for air heaters is a maximum pressure drop on the water side of
20 to 30 kPa. The pressure drop is partly determined by the speed of the
water. This should normally be greater than 0.2 m/s to avoid venting
problems but it must not be too high, i.e. greater than about 1.5 m/s in
copper pipes, to avoid corrosion problems. Traditionally, the speed of the
air is chosen to lie between 2 and 5 m/s with respect to the front area of
the air handling unit. If air handling units are designed for optimal power
efficiency when using fans rated at 1.5 to 2.5 kW/(m3/s), the air speed
often has to be limited to 1 to 2 m/s.
In climates where the outdoor air can fall below zero, water heated
coils must contain antifreeze. The most effective way to avoid freezing is
to have an evenly distributed flow of water through the coils even when
heating is not required. A pump is therefore normally needed in the circulation circuit. Otherwise, the most common way to avoid freezing is
to measure the temperature of the water at the coldest point in the coils.
If it falls below about 7 °C, a warning signal will be given, the supply air
fan will be stopped, the outdoor air intake closed and the regulating
valve for the air heater adjusted to maintain a minimum temperature of
7 °C in the return water. The temperature sensor is normally located in
one of the coils but can also be located on the collecting pipe for the
return water or in the coldest part of the air flow after the heater. In this
latter case the alarm limit is normally set to 10 °C. Air heaters without
conventional freeze-up protection are also available on the market. In
these versions, the coil bends are fitted with small pipes to accommodate
the expansion of the water in the battery if ice forms in the heating pipes.
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The expanded water is either carried to the main return pipe or released
into the surroundings via a safety valve. This solution is sometimes
known as a “ThermoGuard”.
Electric air heaters
Electricity is simple to use for heating air in air handling units or in reheaters in the supply air ducts upstream of the heating zones. The elements
in an air heater do not, as a rule, have fins and are sometimes coated in
an electrically insulating layer of, for example, magnesium oxide. Finned
versions, i.e. with insulated elements placed in finned steel pipes, are also
available. Figure 10 shows a typical electrical heater with unfinned elements in an air handling unit.

FIGURE 10. An air heater
with unfinned elements for
installation in an air handling
unit.

If unfinned heaters are used, the surface temperatures of the elements
will be higher than in finned versions and the power rating can be as high
as 320 kW/m2 front area. Elements in finned piping might only have a
power rating of 130 kW/m2 front area. This latter solution is used when
heating supply air containing a lot of dust (which would otherwise be
burnt at high temperatures), in reheaters placed after air coolers, in
which drops of condensation can occur in the air and might cause short
circuiting of uninsulated elements, or when the elements are easily accessible.
In order to regulate an electric air heater, the elements must be switched
on in steps. Elements with binary power ratings are the easiest to regulate, the steps then being 1, 2, 4, 8, 16, 32, 64, … kW. If the supply air
temperature can be allowed to vary a little, the smallest power step could
still keep any variation within about 2 °C. If more precise regulation of
the supply air temperature is required, then an extra continuously variable 1 kW element will be needed and a thyristor can be used to regulate
the power. If this solution is adopted, then an electric heater can manage
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all the continuously variable heating powers required just as well as an air
heater that uses hot water.
Natural gas air heaters
In many countries natural gas is a common energy carrier. This type of
fuel has the advantage of being easy to handle and, as it does not contain
sulphur, it can also be used in highly efficient condensing boilers. The
supply air can be heated in two ways in a natural gas burner in an air
handling unit:
1. By direct combustion in the supply air.
2. By indirect heating of the supply air via a heat exchanger with flue gas
pipes.

As natural gas is a clean fuel, it can be used for direct combustion in
the supply air. Cooking stoves that use natural gas are common in a lot
of countries and here natural gas fired ceiling radiators (infrared heaters)
are often used in industrial buildings, the combustion products being allowed to exhaust into the premises. This means that it must be acceptable to allow supply air with somewhat higher pollution levels of combustion products. One group of such products comprises the nitrous oxides that are formed by the nitrogen and oxygen in the air when combustion temperatures in the flames exceed 1000 to 1200 °C. It is important to make sure that combustion is complete, so that no poisonous carbon monoxide is formed. When natural gas is combusted carbon dioxide
and a considerable amount of water vapour are, of course, also created.
If direct combustion heating is not possible, gas-fired air heaters can
be used in which the fumes flow through finned or unfinned fume pipes
and then via a flue into the open air.
Natural gas heating means that a very simple type of flue can be used.
Air heated by using natural gas requires a burner that can be finely
regulated.
Heating supply air via condenser coils in a refrigeration unit
A simple way of making use of the heat derived from condensation in refrigeration units is to allow the supply air to cool the condenser. This
means that there has to be a demand for heating the supply air at the
same time as there is a need for cooling the refrigeration unit. The principle can be applied, for example, in refrigerated and frozen food displays. However, if the refrigeration unit is only used for comfort heating,
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the cooling need will mostly occur in the summer when there is no corresponding need to heat the supply air and it will be also more difficult
to use the heat from the condenser.
One way of utilising the condenser heat would be to let the hot water
circuit, used for the air heater, cool the condenser. This will most probably increase the likelihood of needing simultaneous cooling and heating, especially if the system also supplies hot tap water and, quite often,
an accumulator tank. This means that there will always be some way of
using at least some of the heat from the condenser. This type of system
is discussed in the final sub-section below on systems for heat recovery
from refrigeration units.
SUPPLY AIR
HEATING SYSTEMS

Air heaters can be supplied with heat in a number of different ways:
• Via a waterborne heating system based on
– a central heating boiler
– a district heating system
– heat recovery from refrigeration units and district heating systems as
well as central heating units with condensing boilers
• Direct acting electrical heating, i.e. electric air heaters, as described
above.
• Natural gas heaters, i.e. air heaters with direct or indirect natural gas
burners, as described above.
The following sub-sections look at the principles behind how air
heaters are connected to the first three systems mentioned above. Only
the essential components for the primary functions are included, which
means that shut-off valves and adjustment valves are not discussed. For
detailed design of pipe systems for convenient commissioning and control, [Nilsson, 2003] and [Petitjean, 2004] are recommended.
The capacities of air heaters that use hot water are regulated in two
principally different ways: by varying the temperature of the water and
by varying its flow. These two solutions require the air heating batteries
to be connected in different ways on the water side.

as being carbon dioxide neutral. For small-scale use, wood pellets are
common while wood chips are used in large-scale set-ups.
When a fuel that generates corrosive fumes is used the temperature in
the furnace must be maintained at a high level so that the water vapour
in the fumes cannot condense. This requires specially designed shunt
groups, so that the water returned to the boiler is not too cold.
If the fuel has a low sulphur content, like natural gas, or is a bio-fuel
with quite a high water content, condensing boilers can be used and these
often provide a desirable solution as the condensation process raises the
efficiency of the boiler. To achieve effective condensation it is desirable
to have a low return temperature and this means that the heating system
can be designed in a similar way to a district heating system, in which as
low as possible return temperatures are aimed for. See the sub-section
below on waterborne heating systems based on district heating.
Figure 11 shows the connection diagram for air heating in a waterborne heating system based on a central boiler. Radiators and other heat
users, such as hot water systems, are also connected to the heating system.
If there is a danger of an air heater freezing, it is usually connected so
that it can be supplied with a constant flow of water. The temperature of
the water supplied to the air heater is then regulated using a three-way
valve. In small air heaters, under about 5 kW design power rating and
that are used as duct heaters in which there is no danger of freezing, a
variable water flow can be used through the air heater. This means that
there will be no need for a circulation pump with a bypass circuit and a
non-return valve.
Control
unit

Air heaters

Radiators

Outdoor air
temperature
sensor
Control
unit
Control
unit

Waterborne heating systems with a central heating boiler
A central heating boiler can be run on a number of different fuels. The
traditional fuel since the Second World War has been oil, but this is now
becoming much less common. In a number of countries, natural gas is a
common fuel while bio-fuels in other countries are now often regarded
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FIGURE 11. Connecting an air heater to a non-condensing central heating boiler.
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The flow temperature in the pipes that supply the air heaters can be
regulated via a shunt, set according to the outdoor air temperature. The
mains that supply radiators can be regulated in a similar way. In large
buildings, radiator mains are normally fitted with a shunt per facade, so
that the radiators can be regulated independently. Room temperatures
are then regulated by using self-acting thermostat valves fitted to each
radiator. This means that the water flow in the radiator circuit will vary
and, when there are large heat surpluses in many of the rooms, for example when there is intense sunshine through windows in spring, the
flow of water will be greatly reduced, as nearly all the valves connected
to the supply pipe will close.
The flow temperature from the boiler is kept constant by regulating
the capacity of the burner in steps or by switching it on and off.
Waterborne heating systems connected to district heating
Figure 12 shows the connection diagram for air heating in a waterborne
heating system connected to district heating. Radiators and other heat
users, such as hot water systems, are also connected to the heating system.
When a building is heated via a district heating system the piping system is always designed to give the lowest possible return temperature.
This is done by allowing variable water flows in the piping which supplies
the heat transferring apparatuses as well as in the flow pipes from the heat
exchanger in the district heating unit. This is achieved by using two-way
valves. The flow through the heat transferring apparatuses can, however,
be kept constant and this is achieved by using a two-way valve and a byControl
unit

Control
unit

Air heaters

Radiators

Outdoor air
temperature
sensor

Optional
outdoor air
temperature
sensor
Control
unit

District
heating
Heat
exchanger

FIGURE 12. Connecting air heaters to district heating.
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pass pipe, see Figure 12. This connection is sometimes replaced by a
three-way valve, which will then allow an approximately constant flow of
water through the air heater or radiator circuits.
The flow temperature from the district heating unit’s heat exchanger
is regulated by varying the flow of the water in the district heating system. The flow temperature is normally regulated according to the outdoor air temperature. In a similar way to a system with a central boiler,
it is advisable to have separate shunt groups for the radiator and air
heater systems. Connections as shown in Figure 12 are also suitable for
a central condensing boiler. The boiler then replaces the heat exchanger
in the district heating system.
Waterborne heating systems with heat recovery from refrigeration units and
a district heating system or a central condensing boiler
When recovering heat from a condenser in a refrigeration unit via a hot
water circuit there must be a simultaneous need for cooling the refrigeration unit and heating the water system. If the water system supplies heat
to the domestic hot water system it is more probable that these needs will
occur simultaneously.
If the refrigeration unit is to contribute energy to the heating system,
its return temperature must not be too high, preferably not more than
about 50 to 60 °C. This means that it is quite often viable to recover heat
from the condenser and use it for a heating system designed to run on
district heating or a central condensing boiler. The refrigeration unit
must have a coolant that is suitable for quite high condensation temperatures, around 50 to 60 °C.
District heating plant owners are not always keen to allow heat recovery from refrigeration units if this means that the temperature of the return water will be raised. To prevent this, the condenser in the refrigeration unit must be connected in parallel to the district heating heat exchanger.
Figure 13 shows an example of how heat recovery from the condenser in a refrigeration unit can be connected to a hot water system that derives heat from a district heating system. In this example the condenser
is connected in series with the district heating heat exchanger.
To ensure that the refrigeration unit can always be cooled, a separate
connection to a coolant cooler or a cooling tower is needed. At the same
time, a connection is needed so that the condenser, when possible, can
preheat the return water from the heating system before it reaches the
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district heating heat exchanger or the central boiler. A simple but slightly more expensive solution is to use a refrigeration unit with a double
bundle chiller. In this case, a pipe circuit is connected to the coolant
cooler and a circuit to the heating system, as shown in Figure 13.
To prevent the coolant from being heated when the refrigeration unit
is in operation, two two-way valves or one three-way valve, have to be
installed in the heating circuit connection to the condenser. When the refrigeration unit is switched off the return water will be returned straight
to the district heating heat exchanger and, when heat recovery is possible, it will flow through the condenser. When the cooling of the refrigeration unit is insufficient the pump in the coolant circuit will start.
The condenser can, of course, be fitted with a single pipe circuit, but
this will mean that the connections and regulation will be more complicated, and the risk of problems due to poor function will be greater, due
to leakages in valves etc.
Control
unit

Control
unit

Petitjean, R. 2004. Total Hydronic Balancing – A handbook for design
and trouble-shooting of hydronic systems. Tour & Andersson AB.
Ljung, Sweden.
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FIGURE 13. Heat recovery connections to the condenser side of a refrigeration unit
when using district heating or a central condensing boiler. The condenser in the
refrigeration unit is connected in series with the district heating heat exchanger.
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WHY COOL
SUPPLY AIR?

In many buildings, the indoor climate requirements stipulate that, during a normal year, the indoor temperature must not be allowed to exceed
a given maximum for more than a limited number of hours and that it
must never exceed a specified upper limit. How requirements regarding
indoor climate are specified are shown in Chapter 14/The Client and the
building process and in Chapter 10/Thermal climate. It is important
that requirements like these are formulated with great care and judgement: letting the temperature of the room air rise for a few hours during
the warm season, means that the size of the HVAC system and its annual
energy use can be kept within reasonable limits.
This means that, in order to fulfil the indoor thermal requirements,
the heat surplus created in every individual zone in a building must be
removed. This is the job of the HVAC system and cooling is achieved
using air or water. These two solutions are discussed in detail in Chapter
27/Airborne indoor climate systems, and Chapter 28/Waterborne indoor climate systems.
When the cooling medium is air it will have to be cooled when the
outdoor temperature is higher than the desired supply air temperature.
This process takes place in the air handling unit. The lowest supply air
temperature is normally determined by thermal comfort considerations,
i.e. the supply air must not be too cold, as this could cause draught problems. The air flow to an individual zone is determined by the design heat
surplus in each particular zone.
In humid climates, which are also often warm, the supply air must also
be dehumidified so that the relative humidity of the room air lies between the limits used to define acceptable thermal comfort. This dehu-
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midification is often achieved by a cooling process in the air handling
unit.
When the cooling medium is water it is used to chill surfaces in the
different building zones, and, in turn, cool the space or rooms by convection and/or radiation. This can be achieved by using active or passive
chilled beams, induction units (often as window units), fan convectors
and chilled ceilings. The temperature of the water is determined by two
opposing factors: the cooling needed to cool the room air, i.e. the temperature difference between the room air and the chilled surfaces, and
the risk of condensation of the moisture contained in the room air on the
chilled surfaces. The water temperature is required to be as cold as possible to reduce the size of the units in each room and as high as possible
to avoid condensation on the chilled surfaces. In many buildings, in the
summer, moisture is introduced via the supply air. The internal generation of moisture is limited and normally comes from the air exhaled by
the occupants. In cases like these, the moisture content can be reduced
by dehumidifying the supply air by cooling it in the air handling unit. It
will then be possible to lower the temperature of the cooling water in the
room units. This is sometimes even necessary in dryer climates, such as
in Europe.
In buildings with considerable generation of internal moisture, the air
can be dehumidified by placing dehumidifying units in each room or by
recirculating dehumidified extract air via a centrally located circulation
unit.
Supply air is often cooled in the air handling unit by chilled water or an
evaporative cooling medium flowing through finned cooling coils. The
water is normally chilled in an electrically driven refrigeration unit working on a vapour compression cycle. This process, and the absorption process, is described below in the section on systems for generating cooling.
Besides cooling and dehumidifying air using cold surfaces in cooling
batteries, the air can also be first dried and then cooled via humidification in a heat-driven sorptive cooling process in the air handling unit.
A brief description of this method is also given below in the sub-section
on sorptive cooling.
In the following, the principles behind the cooling of air are shown in
Mollier diagrams (psychrometric charts). The processes illustrated are
cooling via evaporative refrigerants and cold water, and the sorptive cooling process.
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HOW IS SUPPLY
AIR COOLED?

When outdoor air is cooled condensation normally occurs and the
moisture content of the air is reduced. For condensation to take place,
the dew point of the air must be higher than the temperature of the cold
surfaces in the cooling coils. If the dew point of the air is lower than the
temperature of the cold surfaces, the air will be cooled without it being
dehumidified. This means that the change in temperature will take place
at a constant moisture content x, i.e. along a vertical line in the Mollier
diagram, similarly to when it is heated.
When condensation occurs on cooling it is not all that easy to determine the change in state of the air. This depends, among other things,
on the size of the cooling battery and, primarily, the area of the cooling
surfaces and their temperatures. A theoretical way of taking this into consideration is to assume that a certain proportion of the supply air (outdoor air) does not come into contact with the cold surfaces in the battery. It is then assumed that untreated outdoor air is mixed with dehumidified supply air after the battery. The theoretical proportion of mixed
air is determined by a battery constant known as the bypass factor.
Whichever way the air is cooled, the require cooling power is derived
from:
.
.
Q cool = V · p · (hafter–hbefore) kW
(1)
where:
.
V is the
p is the
hafter is the
hbefore is the

Direct expansion coils with an evaporative refrigerant
When the cooling coils contain an evaporative refrigerant the surface
temperature of the coils can be assumed to be the same as the vaporizing temperature of the refrigerant. Traditional refrigerants have a constant vaporization temperature at a given pressure. Many new refrigerants are mixtures of two or more different refrigerants and therefore display a variety of vaporization temperatures, a so-called temperature glide,
at constant pressure. The vaporization temperature of mixed refrigerants
can increase by 4 to 7 °C when they flow through the battery, while the
temperature would be constant for traditional refrigerants.
To guarantee complete vaporization, the refrigerant is usually slightly
heated, normally by 3 to 6 °C, before leaving the coils. This means that
a small proportion of the surface area of the cooling coils will be slightly warmer than the vaporization temperature.
Figure 1 shows a typical change of state when cooling air in direct expansion coils from a design outdoor air state to a typical supply air temperature. The change in state of the air takes place towards the surface
temperature of the cooling battery, which can be assumed to be the same
as the vaporization temperature of the refrigerant. The surface tempera-
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As cooling batteries operate at smaller temperature differences between the surfaces of the battery and the air than in heating batteries,
and also often dehumidify the air, they have much larger surface areas
than heating batteries. A cooling battery normally comprises a number
of rows of finned pipes.
As soon as the air has to be dehumidified, and not only cooled, the required cooling power increases significantly. The cooling batteries will
then require larger surface areas, i.e. more rows of pipes.
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FIGURE 1. Example showing the cooling of air, in Berlin, from the design outdoor
state to 17 °C using coils with a vaporizing refrigerant, with a vaporization temperature of + 8 °C. The 29.9 °C dry-bulb temperature and 18.9 °C wet-bulb temperature are only exceeded 0.4 % of the time in a normal year.
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ture of the cooling coils, i.e. the vaporization temperature of the refrigerant, is read off from the saturation curve in the Mollier diagram, which
assumes that the moisture condenses and the surface is therefore wet.
The design outdoor air state is normally chosen according to the stipulated comfort requirements. Here, the most stringent has been chosen,
one that is only exceeded for 0.4 % of the time, i.e. 35 hours per year.
Sometimes, less strict demands are made and the outdoor air state is exceeded for 1 to 2 % of the hours in a normal year (88 to 175 hours per
year). The demands made are often a question of tradition. If a less strict
demand is made, the design cooling power will be lower and the size of
the cooling plant will normally be smaller. The investment costs will
therefore also be smaller. The choice of the design outdoor air state only
affects the cooling energy to the extent that a large plant will be in operation for a longer period of time at reduced load.
Figure 2 illustrates the change in state of the supply air when the dew
point of the outdoor air is lower than the surface temperature (vaporization temperature) of the cooling coils and the outdoor air is therefore
not dehumidified. The state of the outdoor air shown in the example is
not untypical for Berlin, 25 °C and 30 % RH. The change of state of the
air takes place as a dry change, i.e. along a constant value of x.
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Cooling coils with chilled water
When coils with chilled water are used the water is often conditioned in
a liquid refrigeration process, normally operating according to the electrically driven vapour compression cycle. A refrigeration unit normally
supplies chilled water at a constant temperature of around 5 °C, but
more modern units can sometimes be regulated to raise the water temperature when less cooling is required. This will then increase the efficiency of the unit when partially loaded. Cooling coils are normally designed for a water temperature rise between 5 and 10 °C.
In a similar way to heating coils, cooling coils can be connected in a
number of different ways, see Chapter 22/Heating supply air. The most
common type of connection is the counter flow connection, which also
provides the best dehumidification of the air. A counter flow connection
offers the smallest surface area for a given cooling rating. If less dehumidification is required, the coils can be connected for parallel flow operation. In the following, the changes in state of the air are only illustrated in Mollier diagrams for counter flow coils. A Mollier diagram for cooling air using parallel connected coils is shown in Chapter 24/Humidification and dehumidification.
When illustrating the change in state of the air in a Mollier diagram,
when it is cooled in coils with chilled water, it can be assumed that all the
air that flowing through the coils passes over cold surfaces at the temperature of the outflowing water. In a similar way, all outflowing air meets
the cold surfaces at the temperature of the incoming water. This is shown
in Figure 3.
Figure 4 shows the change in state of the supply air from the design
air state to a typical temperature when cooling using counter flow connected coils with chilled water. The water temperature varies between
6 °C, incoming, and 12 °C, outgoing.

tw out
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FIGURE 2. Example showing dry cooling of air when the dew point of the air is
lower than of the surface temperature of the cooling coils, when using coils with
a vaporizing refrigerant. The vaporization temperature is +8 °C.
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FIGURE 3. The temperature conditions in counter flow connected coils using
chilled water.
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The sorptive cooling process in an air handling unit, according to the
Pennington cycle, comprises a number of air handling components with
the following functions:
1. A hygroscopic drying wheel that both dries and heats the supply air
(outdoor air) using extract air heated to its so-called regeneration
temperature.
2. A heat recovery unit between the extract air and the supply air that
does not transfer moisture and that cools the heated supply air with
the help of the extract air. The heat recovery unit can also be used to
cool the supply air using an indirect evaporative cooling process.
3. Direct evaporative cooling using a humidifier in the supply air.

–10
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–25

FIGURE 4. Example showing the cooling of air, in Berlin, from the design outdoor
air state, exceeded only 0.4 % of the time in a normal year, to 17 °C using counter flow connected coils with chilled water. The incoming and outgoing water temperatures are 6 °C and 12 °C respectively.

Sorptive cooling
Another way of cooling air is to combine the processes of dehumidification, heat recovery and humidification in a single process known as
sorptive cooling. One of the advantages of this process is that the cooling and dehumidification processes are heat driven. A disadvantage is
that a larger number of stages are needed in the air handling unit than
when cooling coils are used. This causes a greater pressure drop and increased use of electrical power for the fans. A considerable amount of
water is also needed for humidification.

An air handling unit with sorptive cooling can cool supply air in four different ways, namely by:
• Indirect evaporative cooling – cooling the supply air using a nonmoisture transferring heat recovery unit using humid, and thereby
cooled, extract air
• Direct evaporative cooling – cooling the supply air directly by humidification
• Combined direct and indirect evaporative cooling
• Dehumidification – to make the direct evaporative cooling process
more efficient
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These air handling functions are discussed in greater detail in Chapter
24/Humidification and dehumidification.
Figure 5 shows the principles behind air handling units that use sorptive cooling.
Extract air

Supply air
Outdoor
air

FIGURE 5. A schematic of an air handling unit operating according to the Pennington cycle, showing the three steps for treating supply air.

The change in state of the supply air in a sorptive cooling process,
from the design outdoor air state to a typical supply air temperature, is
shown in Figure 6. The drying wheel heats and dries the outdoor air
along a line that is somewhat steeper than that for constant enthalpy.
The practicability of the sorptive cooling process depends on the state
of the outdoor air, the desired supply air temperature and the regeneration temperature used in connection with the drying wheel. The more
humid the outdoor air and the lower the supply air temperature, the
higher the regeneration temperature must be.
In countries where district heating is available, it can be used in the
summer to drive sorptive cooling processes. However, the flow tempera-
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FIGURE 6. Example from Berlin, showing the cooling of supply air from the design
outdoor air state, exceeded 0.4 % of the year, to 17 °C using a sorptive cooling
process.

FIGURE 7. Curves showing the limits for evaporative and sorptive cooling based on
the performance of components normally used in Sweden [Lindholm, 1998]. The
supply air can be cooled to 17 °C and the heat supplied within the building corresponds to a further 7 °C, i.e. the extract air temperature will be 24 °C. The ratio
of sensible heat supply to latent heat supply is 0.8. The air state limits for Stockholm are also shown in the diagram.

ture from a district heating system in the summer is limited by the fact
that heating is only produced for the production of domestic hot water.
This means that the regeneration temperature in the extract air is limited to about 60 °C. An alternative would be to use solar heat energy to
drive the sorptive cooling process. Even in this case, it would be desirable to limit the regeneration temperature, so that a reasonable heat supply could be maintained from the solar collectors. In other applications,
regeneration temperatures up to 100 °C, and even higher, are used,
which radically increases the practicability of sorptive cooling in warmer
and more humid climates.
Figure 7 shows the limitations of the different techniques for evaporative and sorptive cooling. The diagram shows the air state limits for
Stockholm and the limitation lines for indirect, direct, and indirect and
direct evaporative cooling, and for sorptive cooling. In the air states to
the left of and under each limit line the techniques shown can cool the
supply air down to 17 °C. If the air states are above and to the right, cooling of the supply air can only be achieved to a temperature above 17 °C.
From Figure 7 it can be seen that, with the given equipment properties, only a small range of states can cool the supply air to 17 °C when
using evaporative cooling, whatever the state of the outdoor air. Direct

evaporative cooling can be used for a larger range of states but there
could be a disadvantage, as the supply air might be too humid to meet
good indoor climate comfort demands. If indirect and direct evaporative
cooling methods are combined, the range of outdoor climate states increases dramatically, especially when it is warm outdoors. If the relatively
low regeneration temperature of 60 °C were used, sorptive cooling
would be viable in a number of different outdoor air states. However,
there is still quite a large area in the Mollier diagram where the outdoor
climate lies to the right and above the limiting line for sorptive cooling.
On the other hand, the mumber of hours in Stockholm during a normal
year, during which the outdoor climate lies in this area, is very limited –
fewer than 30.
Figure 8 shows the number of hours that it is probable that the room
temperature will exceed the desired temperature of 24 °C, when using
sorptive cooling, on condition that the desired temperature of the supply air is lower than 17 °C and the regeneration temperature is 60 °C.
In Figure 8 it can be seen that in a Stockholm climate, if the supply
air temperature is 17 °C, the desired room temperature of 24 °C is only
exceeded for 23 hours during a normal year. If, on the other hand, the
desired supply air temperature, to ensure a maximum allowable room
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FIGURE 8. The number of hours that the room temperature in a building in
Stockholm probably exceeds 24 °C as a function of the supply air temperature (the
process temperature) when sorptive cooling is used with a regeneration temperature of 60 °C [Lindholm, 1998].

–20

0

1000 2000 3000 4000 5000 6000 7000 8000

Duration, h/year
Berlin

35
30

USING ENERGY
FOR COOLING

The use of energy for cooling supply air is completely dependent on the
outdoor climate and the desired state of the supply air. In northern
European climates, the use of energy for cooling, and especially for dehumidification, is relatively small compared to the use of energy for heating air, particularly when heat recovery and return air are not used. In
warm and humid climates, the amount of cooling energy used to cool
the air is far greater than all other uses of energy for conditioning indoor
air.
Figure 9 shows the duration curves for outdoor air temperatures
representing three different European climates. The number of hours
during which a typical supply air temperature of 17 °C is exceeded is
shown for each climate. As shown in Chapter 21/Energy recovery, the
required annual amount of energy for dry cooling can be calculated from
the number of degree hours corresponding to these areas.
In Figure 9 it can be seen that a typical intake air temperature of 17 °C
is exceeded for about 1210 hours per year in Stockholm, about 1790
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FIGURE 9. Duration curves for the
outdoor air temperatures in three
European climates.

hours in Berlin and about 3530 hours per year in Rome. These figures
alone show that the use of energy for dry cooling in a Scandinavian climate differs greatly from the use in a Mediterranean climate.
The use of energy for dry cooling must be added to the annual use of
energy for dehumidification of the supply air. This energy use depends
on how cooling takes place and, primarily, on the temperature of the
cooling coils. In Scandinavian climates, this means that the amount of
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FIGURE 10. The climate curve for a normal year in Stockholm plotted on a Mollier
diagram [Bigelius et al., 1983].

energy required for dehumidification in turn means that the dry cooling
energy required, when cooling the supply air temperature to 15 °C, has
to be increased by about 3 to 18 %.
In order to determine the total cooling energy more correctly, the
mean states of the outdoor air can be plotted on a Mollier diagram, for
example, as shown in Figure 10 for Stockholm. Cooling is required when
the states of the outdoor air correspond to a higher temperature than the
desired supply air temperature. The cooling process can be plotted for a
number of these points on the mean climate curve and the cooling required calculated point by point. Knowing the duration of each point on
the mean curve, the cooling energy is then given by the product of the
cooling power and the duration of the outdoor air state in question.
In some cases, an even more accurate calculation of the cooling energy might be required. The durations of small areas in the Mollier diagram, for example, squares of 1 °C by 1 g/kg, can then be used. The
cooling power is calculated for the central point in each square and the
cooling energy required will be the product of the cooling power and the
duration of the conditions in the square.
SYSTEMS FOR
GENERATING COOLING

This section contains a general overview of the different systems that are
used to generate cooling in HVAC systems.
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The vapour compression cycle (electrically driven)
An electric motor is normally used to drive the compressor in a vapour
compression cycle. In countries where electricity is expensive and natural gas is cheap, the compressor is sometimes driven using a motor powered by natural gas. This is especially advantageous if there is a simultaneous demand for heating, as heat from the exhaust gases and the oil
cooling system can be used. An example of this solution is tri-generation,
also known as CCHP – Combined Cooling, Heating and Power generation – in which cooling, heating and electrical energy are produced at
the same time. As an alternative to using the vapour compression cycle,
a heat driven cooling process – the absorption process – discussed below
can be used.
The vapour compression cycle for refrigeration is, today, the by far
most commonly used cooling method. The method has a long history
and dates back to an original patent from 1834, applied for by Jacob
Perkins in the USA. The method has been developed over the years but
its basic function has remained unchanged and builds on the fact that fluids at different pressure levels have different temperatures. The principle
of the vapour compression refrigeration process is shown in Figure 11.
When the pressure of a gaseous refrigerant is raised in a compressor its
temperature will increase. After it has reached a suitably high temperature,
its heat is released in a condenser and the refrigerant returns to its liquid
state. The pressure and, consequently, the temperature of the refrigerant
are then lowered as it flows through an expansion valve. Heat is absorbed
at a low temperature in an evaporator and the medium returns once
more to its gaseous state.
The efficiency of the cooling process can be expressed using the term
.
Q 1 Released heat
High pressure and temperature
levels

Expansion valve

Condenser

Compressor

.
W Electrical power

Evaporator
Low pressure and temperature
levels
.
Q 2 Absorbed heat (cooling effect)

FIGURE 11. A schematic of the principle behind the vapour compression cycle.
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When large refrigeration units are used, the powers of other pieces of
electrical equipment, such as pumps and fans in refrigeration circuits and
cooling towers, are also included in the equation.
The Coefficient of Performance of a heat pump, abbreviated to COP1,
where the subscript 1 refers to the heating side of the process, is defined
in a corresponding way as the heating power released divided by the
power supplied to the compressor. By examining the energy balance for
a vapour compression process it can be shown that:
COP1 = COP2 +1

(3)

In an ideal cyclic process, a so-called Carnot cycle, the COP2 is only
defined using the temperatures at which heat is absorbed and released,
i.e. the evaporation and condensation temperatures expressed in Kelvin:
COP2Carnot=

T2
T1–T2

(4)
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The COP2 for a real vapour compression refrigeration process can be
calculated in a similar way, if it is known to what degree the real process
equals an ideal process. This efficiency is called the Carnot efficiency and
is defined as:
COP 2real
hCarnot =
COP 2Carnot

The Carnot efficiency of refrigeration units is normally between 40
and 60 %. The larger the unit and the higher the evaporation temperature, the higher the Carnot efficiency will normally be.
Figure 12 shows how the COP2 varies with evaporation and condensation temperatures in a vapour compression refrigeration process with a
Carnot efficiency of 50 %.
Both in Equation (4) and Figure 12 it can be seen that the magnitude
of COP2 is totally dependent on the temperature difference between the
warm and cold side (T1–T2). If the evaporation temperature is assumed
to be 0 °C and the condensation temperature 20 °C, then the COP2 will
be just below 7.
If outdoor air is used to cool the condenser, then 20 °C is a reasonable condensing temperature in the spring and autumn, while the condensation temperature in the summer can become as high as 30 or 40 °C.
In Figure 12 it can be seen that the COP2 will then be roughly halved to
between 4.5 and 3.4. If the refrigeration unit is run as a heat pump with
a condensation temperature around 50 to 55 °C, then the COP2 will be
just above 2.5, i.e. the Coefficient of Performance, COP1, will be just
over 3.5.

Coefficient of performance COP2

COP, Coefficient of Performance, also known as the cooling efficiency
factor, which is the ratio of the cooling power obtained to the electrical
power supplied. The COP is only valid for a given set of operating conditions and is normally given for design temperature conditions. The efficiency of the cooling unit seen over a whole normal year can be expressed using the term SPF, Seasonal Performance Factor, which expresses the ratio of the annual cooling energy to the supplied electrical
energy. This means that the SFP also takes into consideration the efficiency of the cooling unit when run at partial load.
The Coefficient of Performance of a vapour compression refrigeration
process, abbreviated to COP2, where the subscript 2 refers to the cooling side of the process, is defined as the absorbed cooling power divided
by the electrical power supplied to the compressor:
.
Q
COP2 = . 2
(2)
W

(5)

FIGURE 12. The COP2 in a vapour compression refrigeration process as a function
of the evaporation and condensation temperatures. The Carnot efficiency is assumed to be 50 %

The absorption process (heat driven)
The first absorption process machine was developed in France in the
mid-1800s. The ingeniousness of the process is that it functions similarly
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Absorbed heat
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temperature)
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process to an ideal Carnot process. Even in absorption processes the
Carnot efficiency is around 50 %, reaching 60 % in larger and better systems. Figure 14 shows the absorption process COP2 as a function of the
temperatures in the evaporator and the generator. The temperatures in
the absorber and condenser are assumed to be 35 °C.
2.0
Temperature in the generator, °C
130

1.8
Coefficient of Performance COP2

to a vapour compression refrigeration unit but, instead of using a compressor to raise the pressure, which requires a great deal of electrical energy, a pump is used, and this requires far less energy. To make the
process work, the gas from the evaporator must be somehow converted
into a liquid. This is achieved by absorbing the gas in a salt solution in
an absorber and then pumping it to a generator. Before the gas can be
sent on to the condenser, it has to be separated out in the generator. This
is done by greatly increasing the temperature of the solution. The undiluted salt solution then flows back to the absorber to absorb more gas.
Figure 13 shows the principle behind the absorption process.
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Salt solutions commonly used in absorption processes are water-lithium
bromide and water-ammonia. The former is particularly corrosive and
requires the use of special materials.
The Carnot cycle COP2 can also be calculated for an absorption system
but, in this case, besides the temperatures in the evaporator and condenser, the temperatures in the absorber and the generator are also included,
again expressed in Kelvin.
TGenerator–TAbsorber
TEvaporator
·
TGenerator
TCondenser–TEvaporator

(6)

The Carnot efficiency can be calculated in a similar way to that of a
vapour compression refrigerating unit by comparing a real absorption
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FIGURE 14. The COP2 in an absorption process. The temperatures in the absorber
and condenser are 35 °C and the Carnot efficiency is 50 %.

FIGURE 13. The absorption process.

COP2 Carnot
Absorption process =

–15

In Figure 14 it can be seen that at an evaporation temperature of 0 °C
and a generator temperature of 70 °C, the COP2 is not higher than 0.4.
If the generator temperature is raised to 115 °C, the COP2 increases to
0.8. Generator temperatures are normally between 115 °C and 130 °C,
which means that the exhaust steam in back pressure turbines/non-condensing turbines can be used to drive the process.
In the same way as in the vapour compression refrigeration process,
the COP2 is greatly dependent on the evaporation temperature. If the
cold side of the system can be designed so that the evaporation temperature can be raised using less cooling power, then this will have a positive effect.
The COP2 shown in Figure 14 is for a so-called single-effect absorption chiller, shown in Figure 13. Double-effect chillers are quite common on the market and, slowly but surely, triple-effect chillers are beginning to leave the research laboratory stage. In a double-effect chiller, the
generator is divided into two stages, which also leads to a greater number of heat exchanges than in a single-effect chiller. Triple-effect chillers
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are even more complicated. Triple-effect single-loop chillers comprise intricate connections between the three generators and the three absorbers
while double-loop chillers comprise two cascade-connected single-effect
chillers. The first of these requires such high temperatures that other salt
solutions than water-lithium bromide have to be used. Multiple-effect
chillers also require higher generator temperatures, usually about 190 °C
in double-effect chillers and 200 to 230 °C in triple-effect chillers. The
COP2 for a double-effect chiller is 1.2 and for a triple-effect chiller about
1.8.
In Sweden, research is being carried out into the development of absorption process systems for use in district heating systems in which
moderate temperatures are used. A trial installation in Gothenburg has
attained a COP2 between 0.7 and 0.8 at generator temperatures between
70 and 90 °C.
As absorption process systems are driven by heat, they are suitable for
use in energy processes that produce waste heat at high temperatures or
where district cooling is used, i.e. where high-temperature district heating is used to generate cooling energy. This solution is viable in Gothenburg, where adequate supplies of waste heat are available in the summer
months.
District cooling
District cooling is available in a number of countries, including some in
Europe. In North America, district cooling, as well as district heating, is
available on university campuses, in hospitals and in a few towns. In
Europe, district heating is commonly used in a number of countries, primarily in Eastern and Central Europe as well as in Denmark, Sweden and
Finland.
Just like district heating, it is quite simple for a property owner to install district cooling – only two pipe connections are required. However,
to enjoy the benefits of both district heating and district cooling systems,
the heating and cooling systems used in buildings must be designed for
variable water flows, so that the return temperatures can be low and high
respectively.
District cooling is developing strongly in a number of European countries, for example, in Sweden and Finland. Both district heating and district cooling systems are being developed in Central Europe as environmental considerations now require reductions in the number of decentralized systems in single buildings and favour a smaller number of central
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plants supplying whole districts or towns. The possibility of being able to
generate electricity, district heating and district cooling at the same is also
appealing and solutions embracing these three functions have been
adopted in parts of Lisbon.
In a country like Sweden, district cooling is generated in a number of
different ways. Since the 1980s, as it has been tradition to use giant heat
pumps with 1 to 50 MW capacity to generate district heating, it is now
possible to use the cold side of the pumps to generate district cooling.
Originally, purified waste water was often used as a heat source and subsequent sources have included lake or seawater. Stockholm, the capital
city, is said to have the most extensive district cooling network in the
world, supplying in 2006 more than half of the country’s total district
cooling needs of just under 0.7 TWh/year. About 80 % of the district
cooling generated in Stockholm comes from the naturally cold water
pumped up from the bottom of the sea, while the remaining 20 % is generated by giant heat pumps that are also used to generate district heating.
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WHY HUMIDIFY
– WHY DEHUMIDIFY?

Humidification or dehumidification of indoor air is sometimes necessary
when the usage of the building requires the humidity of the air to be
kept within narrow limits. This is often the case in museums, printing
works and laboratories. In museums, a 40 to 60 % relative humidity (RH)
range is a typical requirement. An even stricter requirement, say between
45 and 55 % RH, might be necessary in special laboratories and this
would fall into the category ‘very strict requirement’. Normally, no demands are made on the relative humidity of indoor air in residential
buildings, offices and other premises and it is therefore quite unusual to
install humidification or dehumidification equipment in buildings like
these. However, dehumidification of supply air might be needed to avoid
condensation on cold surfaces in connection with waterborne comfort
cooling, for example, in chilled ceilings.
Sometimes the interval 30 to 70 % RH is stipulated as desirable to
ensure the comfort of the occupants. Higher relative humidities could
contribute to microbial growth and much lower humidities to discomfort, causing dry mucous membranes and chapped skin. These particular
limits correspond to about 5 to 12 g of water vapour per kilogram of dry
air at 22 °C. The moisture content expressed in this way is called the humidity ratio.
In residential buildings, offices, schools etc, in northern European climates, the relative humidity of indoor air often falls to around 10 to 15 %
in winter. However, the air is still not humidified as the benefits are not
sufficiently strong, i.e. the advantages from a comfort point of view are
too small, and the consequences from operating and energy points of
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view are too excessive. In buildings located in humid climates, for example in Miami, USA, it is seldom dryer than about 30 % RH indoors.
In Nordic climates in the summer, the relative humidity indoors is
rarely more than about 60 to 70 %. In a building in Miami, the corresponding level would be about 90 %, if the air were not dehumidified.
This is far above the recommended 70 % RH and dehumidification will
most probably be needed to prevent problems caused by moisture and
mould growth within building structures.
The need for moisture control in buildings is primarily determined by
the demands related to their usage. On the other hand, loads created by
the outdoor climate can also be significant. In buildings where relative
humidity requirements are stipulated, the operating capacities of the humidification and dehumidification equipment mainly depend on the state
of the outdoor climate.
In northern Europe, the humidity ratio of the outdoor air varies between
about 1 and 10 g/kg during the year. It only becomes dryer or more
humid than this a few percent of the time. In southern Europe, the corresponding interval is about 2 to 20 g/kg. In Florida, USA, the humidity ratio is rarely below 4 g/kg but can quite often rise to about 20 g/kg.
This means that widely different outdoor climate conditions can exist
that affect the humidity of the indoor air and the size the equipment
needed, if humidification or dehumidification is required.
If the humidity ratio of the outdoor air is, for example, 2 g/kg and its
Humidity ratio x, kg water/kg dry air
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The black line describes a change in the state of
air when it is heated without the humidity ratio x
being changed.
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they have the same humidity ratio.
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FIGURE 1. A Mollier diagram showing
the change in state of air when heated
at a constant humidity ratio. The air
at the final state, 20 ºC and 15 % RH,
has a dew point of about –9 ºC. The
energy content of the air, its enthalpy, is
25 kJ/kg and its wet-bulb temperature
is + 8.3 ºC.
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OUTDOOR CLIMATE

temperature is ±0 ºC, then its relative humidity will be about 60 %. If the
indoor air in a building under these climate conditions is 20 ºC, its relative humidity will be about 15 %, provided no moisture is supplied or removed within the building itself or by the air handling equipment. This
indoor and outdoor data has been plotted on a Mollier diagram, named
after its inventor Rikard Mollier (1863–1935), see Figure 1. This type of
diagram is used when investigating the changes in state of moist air and
to provide the values of important condition parameters, such as enthalpy and wet bulb temperature.
INDOOR MOISTURE
GENERATION

RELATIVE HUMIDITY IN
BUILDINGS WITHOUT
HUMIDITY CONTROL

A person who is sitting down and engaged in light work will release
about 40 g of moisture per hour into the air and about 200 g per hour
when carrying out more strenuous physical work. This latter figure corresponds to a work level of 3 met, see Chapter 10/Thermal Climate. If
the outdoor air flow rate is 10 l/s per person, this means that the additional amounts of moisture in the air will be in the region of 1 g/kg
dry air and 5 g/kg dry air respectively.
Depending on the moisture content of the surrounding air, up to
400 g of moisture per m2 could evaporate every hour from an indoor
swimming pool with a water temperature of 25 ºC. Here, the temperature of the water is important: if the temperature of the air is 25 ºC and
its relative humidity 60 %, the amount of evaporating water would be almost doubled, if the temperature of the water were raised from 25 to
30 ºC. It is also important to note that evaporation from other wet surfaces, for example the floor surrounding the pool and the bathers themselves can significantly increase the moisture load.
In spaces where there are hygroscopic surfaces, the variations in the
moisture content of the air will be smaller, as the material used will adsorb moisture when the humidity is high and release moisture when the
humidity is low. A wood-wool building slab is a typical example of such
a material.
Table 1 shows examples of relative humidities of indoor air in buildings
without moisture control or comfort cooling. The table shows, among
other things, that in a cold and dry winter climate, such as in Stockholm,
the relative humidity can fall to as low as 10 %.
On humid summer days in Stockholm, the relative humidity can rise
to about 60 %. If the temperature is lowered by using comfort cooling,
for instance, by using chilled beams, the relative humidity will rise to an
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even higher level. For example, if the temperature were lowered to 24 °C,
without the air being dehumidified, the relative humidity would rise
from 60 to about 70 %. If cooling coils are used to cool the supply air,
the relative humidity in the room will be lowered, as the supply air, besides being cooled, will also be dehumidified. This process is described
in more detail below. In a climate like this, the humidity of the room air
will almost always be lower than the recommended highest level, as mentioned above (70 % RH). In this case, dehumidification, for comfort reasons, will not be required.
It can also be seen in the table that in a building in Rome or Miami,
without any dehumidification, the relative humidity would rise to nearly
100 %, if the room air were kept at 26 °C. If the room temperature were
allowed to rise, for example, to 30 °C, the relative humidity would still
be close to 80 %. This suggests that there is quite a large need of dehumidification in buildings located in climates like these.
The humidity of the air in a building in Stockholm can be presumed
to be lower than 30 % for about 3200 hours per year, assuming that the
room temperature is 22 °C in winter. In most cases this is acceptable, as
the consequences of installing dehumidification equipment would not be
reasonable from an operational and energy point of view. In buildings
where usage dictates a minimum relative humidity, such as museums and
special laboratories, the air must, however, be humidified for a large part
of the year. If requirements state that the relative humidity must not fall
below the above mentioned limit of about 30 %, then humidification will
be required for about 37 % of the time. The corresponding figure for
Rome would be about 2 % of the time, i.e. about 200 hours per year.
TABLE 1. Examples of limit values for outdoor air humidity ratios in a number of
locations, and for relative humidities in buildings without moisture control or
comfort cooling. It has been assumed that the internal generation of moisture is
50 g/h per person and that the supply air rate is 10 l/s per person.
Location

Stockholm
Paris
Rome
Miami

Humidity
ratio of the
outdoor air*
g/kg
0.8 to 11.5
1.9 to 13.2
2.3 to 19.1
4.5 to 20.3

Relative humidity of the room air
Winter – at a
Summer – at a
room temperature room temperature
of 22 °C
of 26 °C
12 %
60 %
19 %
68 %
21 %
95 %
34 %
100 %

*Climate data: 2005 ASHRAE Handbook-Fundamentals. The lower values of the humidity ratios of
the outdoor air represent winter conditions and the high values summer conditions.
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In Stockholm, the relative humidity of the air in a building will seldom
exceed 70 %, even without dehumidification, if the summertime temperature of the room air is assumed to be 26 °C. In a building in Rome, it
might be necessary to dehumidify the air for about 600 hours per year,
i.e. for about 7 % of the time, to prevent the relative humidity from rising above 70 %. The room temperature is still assumed to be 26 °C. In
Miami’s very humid climate, the corresponding figure is estimated to be
about 4700 hours per year or 55 % of the time.
BASIC
HUMIDIFICATION
METHODS

Humidification of room air can be carried out by either humidifying supply air in the air handling unit or direct humidification of indoor air.
There are two basic methods that can be used: one is based on the introduction of moisture that has been pre-vaporized, i.e. humidification by
the use of steam, and the other based on direct vaporization, so-called
evaporative humidification. The last three solutions in the list below are
examples of evaporative humidification methods.
• The introduction of steam
• Circulating water
• Spray humidification
• Ultrasonic humidification
When water is boiled steam is generated and microorganisms are
killed. If the water used contains other pollutants, these can be transported by the steam and contaminate the humidified air. This is why it is important to make sure that the water is clean before the steam is produced.
A simple type of evaporative humidifier can be created by wetting a
large surface area in contact with the air flow to be humidified. The excess water that is not absorbed by the air is collected in a tray at the bottom of the unit and recirculated by pumping it up to the top of the unit
and using it again to keep the surface wet. As the water is used up, more
water is supplied to the tray. As the circulating water is neither heated nor
cooled but only circulated over the wet surface, the temperature of the
water and that of the wet surface will assume the wet-bulb temperature of
the air. The wet-bulb temperature of the air always assumes a value between the dew point and the dry-bulb temperature of the air.
When evaporative humidification is used the amount of moisture
transferred per unit time increases as the temperature of the water increases. To humidify the air, the water temperature must be higher than
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the dew point, otherwise no water will evaporate. If the temperature of
the water is the same as the dew point of the air, the humidification process will cease and the air will only be cooled and its humidity ratio remain
unchanged. If the temperature of the water is lower than the dew point,
the moisture in the air will condense onto the cold and wet surface.
When so-called spray humidifiers are used the water is vaporized with
the help of compressed air and a fine aerosol is formed. The efficiency of
this method can be increased by spraying the water onto a large surface
and keeping it wet. Any excess water can also be recirculated.
If the humidifiers described above, with circulating water, are not very
carefully maintained, there will be a great risk of microorganism growth.
This could cause problems in the form of smells and even ill-health.
Solutions like these should therefore be avoided.
A more efficient version of a spray humidifier can be created if the
pressure of the water is raised using a high-pressure pump, which will
mean that the aerosol will be more finely atomized. When extremely fine
high-pressure nozzles are used the incoming water must be carefully filtered. High noise levels could limit the use of this type of solution when
direct humidification is used indoors.
When ultrasonic humidification is used small droplets of moisture are
formed with the help of ultra sound. Here, too, it is important to make
sure that the water is very pure to avoid any damage to the equipment.
Every solution used for humidifying air entails moisture being converted
from its liquid phase to its vapour phase. The same amount of energy is
required no matter whether the change of state is a result of humidification using steam or if it is achieved by any of the other methods described above, for example by introducing sprays of water droplets or
vapour. In the first case, energy is used to boil water and convert it into
steam and this is then introduced into the air. On the other hand, when
vaporization takes place in the air, the heat required to vaporize the
water will be removed from the air, causing its temperature to fall. If this
fall in temperature is undesirable, the air will have to be heated. This
means that more energy will be required and the amount will equal that
used for humidification by steam.
As a consequence of the above, if humidification is required at the
same time as the indoor air needs to be cooled, it could be advantageous
to consider humidification by allowing cold water to be vaporized in the
air, for example, by spraying it with an aerosol, as this will mean that the
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temperature of the air will also be reduced (this is also known as evaporative cooling).
Steam at 100 °C has an energy content (enthalpy) of about 2700 kJ
per kg of steam. If this steam is used to increase the humidity air at 20 °C
from 10 % RH to 50 % RH, the humidity ratio of the air will increase by
about 6.5 g/kg and its temperature will increase to about 21.5 °C. If the
air flow is 1 m3/s, this will require a supply of 28 kg of water per hour,
equivalent to 8 g/s. The power required to evaporate this amount of
water is about 21 kW, which is derived from the product of the flow of
water and the enthalpy of the steam. Basic relationships for this type of
calculation can be found at the end of this chapter.
To reduce the considerable amount of energy required in connection
with humidification, the unit should be fitted with a rotary heat exchanger, or thermal wheel, that is capable of transferring moisture. The rotor
in this unit is hygroscopic, which means that moisture is adsorbed by the
rotor on the extract air side and is released from the rotor on the supply
air side, see Figure 2.
Exhaust air

xExh

Outdoor air

xOut

–

+

xExt

Extract air

xSup

Supply air

FIGURE 2. The principle behind a rotary heat recovery unit with a hygroscopic
rotor. The humidity ratio of the air x is given using the indices in Equation (1).

The moisture transferring capacity of the unit is given its so-called humidification efficiency, see Equation 1.

hx = xxSup–xOut
–xOut

(1)

Ext

where:
hx is the
xSup is the
xOut is the
xExt is the

humidification efficiency of the hygroscopic rotor
humidity ratio of the supply air in gsteam/kgdry air
humidity ratio of the outdoor air in gsteam/kgdry air
humidity ratio of the extract air in gsteam/kgdry air

The humidification efficiency is defined in a similar way to the socalled temperature efficiency, see Chapter 21/Energy recovery. At full

438 E

speed, the humidification efficiency of a hygroscopic rotor is approximately the same as its temperature efficiency and a typical value at full
speed is 80 %. As the speed of the wheel is reduced, the humidification
efficiency decreases at a greater rate than the temperature efficiency.
Dehumidification of air can be carried out either in the air handling unit
that supplies the whole building or by using dehumidification units in individual rooms, with the room air being circulated through the dehumidifier. There are two basic principles behind the processes for dehumidifying air:
• Cooling by condensation
• Hygroscopic transfer
Cooling by condensation
Heat energy is released when water in the vapour phase is condensed into
the liquid phase. The amount of energy is the same as that bound in the
steam when it was formed by the vaporization of water from the liquid
phase. When air is dehumidified this so-called condensation energy must
be removed by cooling, for instance by using cooling coils in a so-called
wet cooler. In this process, the temperature of the cooling surface is so
low that the air will condense on it. Dehumidification of supply air can
therefore be achieved using different types of cooling coils: direct expansion coils and parallel flow or counter flow cold water coils. As shown
below, the changes in state of the air are somewhat different depending
on the type of coils used. Counter flow cold water coils provide somewhat poorer dehumidification than parallel flow coils over the same temperature drop in the air. The degree of dehumidification will be greater
the colder the surfaces of the cooling coils.
As mentioned above, air can be humidified and cooled by spraying it
with an aerosol or letting it flow over a large wet surface. In fact, this
same technique can be used to dehumidify air, on condition that the
temperature of the water is kept below the dew point of the air. The
moisture in the air will then condense on the cold wet surface.
Hygroscopic transfer
A rotary heat exchanger, or thermal wheel, in the form of a so-called hygroscopic rotor, transfers moisture from the air to be dried, for example,
from the supply air side to the exhaust air side. The moisture adsorbed
by the hygroscopic rotor material is evaporated by an air heater, which
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When air is dehumidified by condensation onto a cold surface, as mentioned above, the heat of condensation will be released and must be
removed by cooling. If an air flow of 1 m3/s (about 1.2 kg/s) is to be
dehumidified, so that the humidity ratio is reduced by 1 g/kg of air,
the rate of condensation will be 1.2 g/s. For each kg of water that condenses the amount of energy released will be 2500 kJ and this will have
to be removed by cooling. As 1.2 g of water condenses every second, the
required amount of cooling power to achieve the desired reduction of
humidity ratio by 1 g/kg will be 3 kJ/s, i.e. 3 kW.
As the process also entails the air being cooled, the cooling power required will be much greater than this, as illustrated in Figure 3. If the air
to be dehumidified has a temperature of 20 °C and a relative humidity of
70 % and if cooling is achieved across a surface at 5 °C, the temperature
of the air will fall by about 4 °C for every g of water per kg of air that the
humidity ratio of the air decreases. This reduction in temperature of an
air flow of 1 m3/s is equivalent to a cooling power of about 5 kW. These
figures indicate that a total of about 8 kW of cooling power will be needed to dehumidify the air. If the air temperature is then raised to 20 °C,
the air will have to be heated by 4 °C, which will require about another
5 kW.
Quite often, the need to dehumidify coincides with the need to reduce the temperature of the air, as the relative humidity of the outdoor
air is high when its temperature is high, i.e. in the summertime. It is then
possible to say that the dehumidification process is, in fact, included in
the price of an airborne comfort cooling solution. The relationship between the degree of dehumidification and the reduction in temperature
can be changed by connecting the cooling coils in different ways (parallel flow or counter flow) and by adapting the temperature of the chilled
surfaces (changing the coolant temperature). As mentioned above, the
counter flow coils provide a somewhat greater degree of dehumidification than parallel connected coils and the degree of dehumidification
will be greater the lower the temperature of the coolant.
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1.
Humid air
at 20 °C

2.
Dryer and
colder air
after cooling

3.
Dryer air at
20 °C

–

+

t1 = 20°C
1= 70% RH
x1 = 10 g/kg

t2 = 16°C
2= 80% RH
x2 = 9 g/kg
Cooling power
8 kW.
5 kW are used to
lower the temperature and 3 kW are
used to reduce
the humidity ratio
x from 10 g/kg to
9 g/kg.

t3 = 20°C
3= 63% RH
x3 = 9 g/kg
Heating power
5 kW.
5 kW are used to
raise the temperature to the original
20 °C. The humidity ratio x is not
changed but the
relative humidity
RH is reduced.

FIGURE 3. The principles behind dehumidification by cooling and heating air. The
example assumes that the air is cooled by a surface at a constant temperature of
+5 °C and that the air flow is 1 m3/s. The method for plotting the change of state
in a Mollier diagram, when cooling on a surface with constant temperature, is
shown in Example 3 at the end of this chapter.

A Mollier diagram is used to study how the thermodynamic state of the
air changes during different processes, for example, humidification. This
was illustrated in Figure 1. There is also an American/British version of
this diagram, the so-called psychrometric chart, shown in Figure 4. Both
diagrams can be used in exactly the same way – the only difference is that
the axes have been transposed.
100% RH

0.020
Humidity ratio x, kg water/kg dry air

greatly increases the temperature of the extract air before it reaches the
wheel. The wheel becomes warm and the temperature of the dried air
rises significantly as its moisture content decreases. The air downstream
of the dehumidifying rotor must therefore be cooled. If this cooling
effect is achieved by using evaporative cooling, the rotor is said to be a
sorptive heat exchanger.

50% RH

0.015
Enthalpy h, kJ/kg dry air
Wet-bulb temperature tw, °C
0.010

0.005

0.000
–20 –15 –10 –5

0
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35 40

Dry-bulb temperature t, °C

FIGURE 4. Psychrometric chart.
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Description
air flow
water flow in cold water circuit
water usage (evaporation)
enthalpy of steam
enthalpy of the air before change of state
enthalpy of the air after change of state
humidity ratio of the air before change of state
humidity ratio after the change of state
temperature
specific thermal capacity of air
specific thermal capacity of water
density of air

Unit
m3/s
kg/s
kg/s
kJ/kg
kJ/kg
kJ/kg
kgw/kga
kgw/kga
°C
kJ/(kg · °C)
kJ/(kg · °C)
kg/m3

Humidity ratio x, kg moisture/kg dry air
0.000 0.005 0.010 0.015 0.020
40
50% RH
35
30
25

100% RH

The amount of water required is
calculated using the following
equation:
. .
M = V · p · (x2–x1)

20
15

And the power requirement for
steam generation using:

10
5
0

.
.
.
Q = M · hå = V · p · (h2–h1)

–5
–10
–15
–20

Enthalpy h, kJ/kg dry air
Wet-bulb temperature tw, °C

–25

Supplied steam

Symbol
.
V.
M. v
M
hå
h1
h2
x1
x2
t
cpa
cpw
p

Example 2. Humidification using steam.

Dry-bulb temperature t, °C

The following symbols and units are used:

Air flow
x1

x2

Steam
generator
Water

Example 1. Evaporative humidification.
Example 3. Dehumidification using direct expansion cooling.
0.000
40

0.005

0.010

0.015

0.020

The efficiency of the evaporative
humidifier is defined as:

50% RH

30

15
10

30

100% RH

20

100%

5

The amount of water required is
calculated using the following
equation:
. .
M = V · p · (x2–x1)

0
–5
–10
–15
–20

Enthalpy h, kJ/kg dry air
Wet-bulb temperature tw, °C

Air flow

–25
x1
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0.000 0.005 0.010 0.015 0.020
40
50% RH
35

h = xx2–x–x1
100%
1

35
25

Humidity ratio x, kg moisture/kg dry air

Dry-bulb temperature t, °C

Humidity ratio x, kg moisture/kg dry air

Circulating
water

PROCESSES

Wet surface

DEHUMIDIFICATION

In the following, Mollier diagrams are used to provide an overview of the
principles behind the different processes that take place when the humidity of air is changed. How to calculate the power required to change of
the state of the air is also shown. In all examples, the state of the air before the change has a subscript ‘1’ and the state of the air after the
change a subscript ‘2’.

Dry-bulb temperature t, °C

EXAMPLES OF
HUMIDIFICATION AND

25

The cooling power is calculated
using the following equation:
. .
Q = V · p · (h1–h2)

100% RH

20
h1
t1
x1 Air flow

15
10

h2
t2
x2

5
0

te

–5
–10
–15
–20
–25

te

Coolant (evaporates
in the coils)
Enthalpy h, kJ/kg dry air
Wet-bulb temperature tw, °C

The temperature of the cooling surfaces in the
direct expansion coils is t s

x2
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Example 4. Dehumidification using condensation cooling (counter flow
connected coils).
Humidity ratio x, kg moisture/kg dry air
0.000 0.005 0.010 0.015 0.020
40
50% RH
35
Dry-bulb temperature t, °C

30
25

100% RH

20
15

The cooling power is given by:
. .
Q = V · p · (h1–h2) on the air side
and
.
.
Q = Mv · cpw · (tw2–tw1) on the water
side.

10
5

The magnitudes of these two
power requirements are the same.

0
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Enthalpy h, kJ/kg dry air
Wet-bulb temperature tw, °C

h1
t1
x1 Air flow

h2
t2
x2

–25
tw2

Example 5. Dehumidification using condensation cooling (parallel flow
connected coils).
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The purpose of a fan is to create a flow of air and it is this parameter that
has the greatest influence on the power requirements and use of electrical energy in an air conditioning system. The net power requirement can
be calculated by multiplying the air flow volume by the total pressure rise
in the system. In order to determine the energy use, the operating time
must also be taken into account. An effective way of reducing energy
costs is to investigate the actual air flow requirements and optimize operational times for fans. Energy savings, however, must never be made at
the cost of the quality of the indoor air. The most effective way of ensuring the quality of the indoor air and reducing the use of energy is to regulate air flows according to demand.
The Specific Fan Power, SFP, is a measure of how much power is required by a fan to transport a given volume of air and is expressed in
kW/(m3/s). By stipulating a maximum SFP, it is possible to limit the
power requirements for transporting air for a fan, for an air conditioning
unit or for an entire building. The consequences of this limit value and
other requirements, for example, concerning heat recovery, must be considered jointly to provide an overall picture of how energy is used. If the
stipulated SFP is too low, this could cause problems, as the air conditioning system will then be more susceptible to external disturbances, for example, due to wind loads. An SFPV rating (V stands for validation according to SS-EN 13779) for an air conditioning unit can and must always
be checked after installation to verify that requirements have been met,
as the design of the air conditioning unit and ducting system are based
on them being correct.
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The primary function of a fan is to create a specified air flow, normally expressed as a volume rate of flow in m3/s, but also expressed as a mass
flow in kg/s, for example, in process industries. In other instances, for
example, where fans are used for pneumatic transport, the air speed
through a particular cross-section is specified. Depending on the ventilation system in which it is installed, the fan will have to create either a
high or a low total pressure rise. The total pressure rise is the sum of the
static and dynamic pressure rises. The static pressure is created by the irregular omni-directional movements of air molecules, resulting, for example, in the same resistance being experienced when pressing any part
of a balloon. The dynamic pressure, due to the speed of the air, is created by the molecules moving in a certain direction and, for example,
causes a tree to bend in the direction of the wind. Static pressure can be
converted into dynamic pressure and dynamic pressure can be reconverted
to static pressure. The total pressure, however, is the same, if conversion
losses are disregarded. The effective capacity of a fan can be calculated
from the following expression:
Effective capacity in W = Air flow in m3/s ⳯Total pressure rise in Pa
The power that is supplied to a fan can be expressed in two different
ways:
• As the power to the impeller (i.e. the mechanical power transferred to
the impeller), used when choosing a suitable motor
• As the electrical power supplied to the motor (including the electrical
power to the frequency converter or – if not fitted – directly to the
motor), used when calculating energy use. The electrical power includes the power to the whole drive system, from the mains supply via
the frequency converter, motor, belt drive and bearings to the impeller. The subsequent use of electrical energy (power x operating
time) is what has to be paid for when the fan is in operation.
The efficiency of the fan is defined as the effective capacity divided by
the supplied power. The following relationships can therefore be derived:
The impeller
efficiency in % =
Total
efficiency in % =

Air flow in m3/s⳯Total pressure rise in Pa
10⳯ Mechanical power supplied to the impeller in kW
Air flow in m3/s⳯ Total pressure rise in Pa
10⳯Electrical power supplied to the fan in kW
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THE FUNCTION
OF A FAN

If a complete fan, including its motor, is placed in an air stream, then
the temperature of the air, after passing through the fan, will rise to a
level corresponding to the total power supplied to the motor. This is a
welcome side effect in cases when the air has to be heated anyway, for instance, after passing a supply air fan during the heating season.
Another side effect is that fans generate noise. Sound attenuators are
often needed in ducting systems and the impeller, or the whole fan unit,
might also have to be encased to achieve acceptable noise levels in occupied rooms. This will require extra investments and possibly more use of
electrical energy to compensate for pressure drops across attenuators.
In some situations, it might be necessary to determine the new operating point when the speed of a fan is changed. This is where the affinity
laws for fans can be used. These laws are valid when the total pressure
rise created by the fan is less than 2000 Pa (incompressible flow, i.e. the
compression of the air by the fan is negligible). Additionally, the laws
0
2500
Pa

50000

1800*1800
max

800

1500

m3/h

150000

n=900 r/m

2000
Total pressure rise

100000

700

Operating point

600

1000

must be applied along a system characteristic (the lines along which the
pressure varies with the square of the air flow), see Figure 1. A fan will
operate uniformly along a system characteristic and the fan efficiency will
remain constant.
The affinity laws:
Air flow = Original air flow ⳯
Total pressure rise =

Original total
pressure rise ⳯

fan speed
original fan speed

(fan speed)2
(original fan speed)2

Power = Original power ⳯

(fan speed)3
(original fan speed)3

To satisfy the requirements specified in different applications, a number
of different types of fans have been developed and these, in turn, can be
classified using a number of sub-groups and versions. In this chapter, the
discussion is limited to fans used in air conditioning units.
The most common type of fans used today are centrifugal fans with
double inlets, backward curved blades and spiral casings, as shown in
Figure 2, and plug fans, i.e. centrifugal fans with backward curved blades
without spiral casings, as shown in Figure 3.
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FIGURE 2. A double-inlet radial fan.
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FIGURE 1. Fan characteristics showing a specific operating point.
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FIGURE 3. A plug fan.

Traditionally, centrifugal fans with double inlets and forward curved
blades and, to some extent, axial fans have also been used. Both of these
offer compact solutions, as they can deliver high air flows despite their
small size. This means high outlet velocities, a high proportion of
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dynamic pressure and a great risk of pressure losses, so-called system losses. The use of fans with forward curved blades has fallen, as these are less
energy-efficient.
When a fan is encased in a housing there will be pressure losses and
increased noise. These effects must be taken into account when looking
at performance but, unfortunately, this is not always the done.
Many ventilation equipment manufacturers only state performance
data for fans when they are not subject to a load, i.e. data that was supplied by the fan manufacturer. Figure 4 shows how the intake air flow
pattern for an enclosed fan with double inlets differs from that of a similar unenclosed fan.

FIGURE 4. Air flow patterns around an enclosed and unenclosed centrifugal fan
with double intakes.

Centrifugal fans with double intakes are the most suitable choice when
relatively high outlet velocities (>8 m/s) are required and the ducting is
straight, without any restrictions caused by changes in cross-sectional
area, or by dampers or attenuators, on the output side of the fan. Conditions like these are most common in large ventilation plants. This type
of fan, with backward curved blades, offers the highest fan efficiency.
Centrifugal fans with double inlets are normally belt driven but this also
means that they will require maintenance and will create dirt and belt
dust.
Plug fans are used where the ducting is designed for low velocities
(<6 m/s) and small pressure drops. The ducting after the fan can be designed without limitations – the fan is said to be of “wide-tolerance”
type. However, flows must always be considered from a practical point
of view, so that low pressure drops can be avoided. The impeller is normally mounted directly on the motor shaft and the motor requires a frequency converter to adjust the operating point. The frequency convert-
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er makes it possible to maintain a constant flow of air or to meet different demands, for example for day/night operation or for VAV (Variable
Air Volume) systems. Plug fans are very easy to access for cleaning.
The electrical power requirement of a fan and its use of electrical energy
in an air conditioning system depend on the air flows, total pressure rise
and operating time. Consequently, the functional requirements specified
for the fan will affect the air flows, the indoor temperature and noise levels. These factors will, in turn, affect the pressure drops in air heaters and
air coolers, and the pressure drops in the attenuators. Furthermore, the
size of the fan, the type of drive and motor, the system components
(dampers, heat recovery systems, etc), ducting dimensions and available
space for the plant will all have an affect on the use of electrical energy.
The air flow and operating time have, however, the greatest effect. The
air flow affects the power required both directly and indirectly, as the
pressure drop depends on the air flow for a given size of plant and given
dimensions of the ducting. If the air flow increases by 10 %, the power
required will increase by about 30 % (in a VAV system at constant pressure the power required will increase by about 20 %). Very low air flows
are undesirable, both for a building itself and its occupants, while high
air flows will require a greater use of energy. It is therefore essential that
both the design and measured air flows are correct. Today, most fans
used in air conditioning plant can be fitted with reliable flow meters.
Operating times have a direct affect on the use of energy. When operating times are reduced, there is a corresponding reduction in the variable costs. Energy savings, however, must never be allowed to impair the
quality of the indoor air. The best way to ensure the quality of the indoor air and to reduce energy costs is to regulate the air flows according
to demand. The demand is governed by a number of factors: the number of people in the building, the use of the building, whether it is summer or winter, day or night, and the orientation of the building. A
change in the air flow also affects the energy costs for heating and cooling the supply air and indoor air.
The pressure drop across an air conditioning unit depends, to a large
extent, on the size of the space available for the equipment and the
choice of components. If plenty of space is available, a larger unit can be
installed and there will be fewer problems when installing the ducting. If
a heat recovery system is chosen, the pressure drop will increase as will
the amount of energy required to transport the air. In most cases, how-
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OPERATING TIMES AND
PRESSURE DROPS

ever, this will mean a substantial reduction in the power requirements
and use of energy for heating and cooling. Low velocities in the ducting
also result in lower pressure drops.
LOSSES IN ROTARY
HEAT EXCHANGERS

Rotary, regenerative heat exchangers are the most temperature-efficient
heat recovery units. However, they are not completely airtight, which
means that steps must be taken to ensure that contaminated extract air is
not allowed to leak into the supply air. This can be accomplished by ensuring that the pressure balance in the air conditioning unit is such that
any leakage takes place from the supply air side to the extract air side, i.e.
by ensuring that the pressure on the extract air side is lower than on the
supply air side. If the pressure balance is incorrect, then an extra pressure
drop must be created on the extract air side. Another potential source of
contamination of the supply air by the extract air is the small amount of
air that is trapped in the impeller and carried over from the warm extract
air side to the cold supply air side. This trapped air mass must be replaced
by clean outdoor air – the so-called venting or purging flow – in a venting or purging section placed between the supply air and the extract air.
As shown in Figure 5, the venting flow is created on the outdoor air side
and is evacuated with the extract air. When specifying the extract air fan
the extra pressure drop required to ensure the correct leakage direction
must be taken into account. The flow through the extract air fan is also
increased due to the leakage and venting flows (the magnitude of this increase depends on the pressure conditions and seals, and is stated by the

Extract air
Rotating
heat exchanger
Venting flow

Supply air

FIGURE 5. Air conditioning plant with a rotary heat exchanger.
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supplier. It is often more than 10 % of the extract air flow). These compensatory flows are described in EN 13053 and SS-EN 13779.
The energy used by a fan depends on the efficiency of the motor and
what is included in the drive system, i.e. if direct drives or belts are used,
and whether a frequency converter has been installed.
A fan with direct drive, in which the impeller is mounted on the motor
shaft, has no transmission losses. If the fan is belt-driven, the transmission losses can be calculated from the drive efficiency, which depends on
the type of belt used (V-belt, flat belt, etc), and the size of motor. V-belts
are the most common type of belts. A motor rated at 1.5 kW will have
an efficiency of about 93 % while a 30 kW motor will have an efficiency
of about 96 %. The efficiency of the motor will depend on its type, size
and class. The most common type of motor on the market is the asynchronous motor but, thanks to technical advances, permanent magnet
motors have become more popular. Permanent magnet motors are always controlled electronically. They have high efficiencies over the whole
of their operating ranges, i.e. from low to high loads and from low to
high speeds. Asynchronous motors are robust and can be connected directly to the power network but they have somewhat lower efficiencies,
especially when operating at low speeds. In the 1990s, the EU and the
European manufacturing organization CEMEP produced a joint classification system for motor efficiency ratings. Standard motors are classed as
EFF2 and high efficiency motors are classed as EFF1. The efficiency of
a four-pole 1.5 kW motor is at least 78.5 % in class EFF2 and at least 85 %
in class EFF1. Corresponding figures for 30 kW motors are 91.4 % and
93.2 % respectively.
Today, it is quite common for fans to be fitted with frequency converters to regulate their speeds, for example, when demand-controlled air
flows are required. When calculating the efficiency of a fan with a frequency converter, the effect of the frequency converter on the motor
losses as well as the losses in the electronic filters, needed to minimize
electromagnetic interference, must also be included. The nominal efficiency of a single-phase frequency converter, with an active PFC (Power
Factor Correction), is about 95 % and about 97 % for a three-phase converter. To a reasonable degree of accuracy, the losses in a frequency converter, in absolute figures, can be regarded as being constant no matter
what the operating speed, which means that the following formula can
be used for calculations along a system characteristic:
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POWER LOSSES

Electrical power = Reference power ⳯
power losses

shaft speed
+
reference shaft speed

where:
Reference power = Measured (or calculated) electrical power at the
reference shaft speed – power losses
Figure 6 shows the efficiency of a frequency converter at different relative shaft speeds when the motor, operating at full load at a relative shaft
speed of 100 %, has an efficiency of 80 %.
The efficiency of the frequency converter, which falls as the relative
shaft speeds fall, does not cause any problems as such, as the power required falls at an even faster rate. However, this does put a limit on how
low the SFP can be for an air conditioning unit. A frequency converter
of reasonably good quality will have a high power factor (small proportion of harmonics) and a phase shift close to 1, i.e. the undesirable reactive effect caused by electric motors will be minimized.

ditioning unit or even a whole building. An important consequence of
this is that both the equipment chosen and the flow system solutions will
be included in the evaluation of the performance of the fan and that the
specified rating can be checked.
The disadvantages of specifying an SFP rating can be seen when evaluating alternative system solutions (constant flow as opposed to variable
flow) and when heat recovery is used. In this latter case, the use of energy for heating and/or cooling can be reduced by choosing a recovery
system with a higher temperature efficiency and, in turn, a higher pressure drop. Consequently, this type of solution would require a higher
SFP rating. It should be noted that if cooling recovery is required, the
total use of electrical energy might be reduced when the SFP rating is increased, as less power has to be supplied to the refrigeration compressor.
Unfortunately, the use of electrical energy for building services is not
always considered as a whole. To ensure that the grounds on which decisions are made are correct, and to avoid sub-optimisation, it is recommended that a thorough analysis, in which all available solutions are included and evaluated, be carried out.
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The SFP rating is primarily defined as follows:
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FIGURE 6. The efficiency of a frequency converter as a function of the relative shaft
speed.
SPECIFIC FAN POWER

The Specific Fan Power, SFP, is the power that has to be supplied to a
fan so that it can create a flow of 1 m3 of air per second. The SFP rating
is given in kW/(m3/s). By specifying a maximum rating, it is possible to
place an upper limit on the power made available to a fan, an air con-
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Power supplied from the mains in kW
Air flow in m3/s

It is easy to convert the formula so that the rating can be calculated
from the total pressure rise across the fan divided by the total efficiency
of the fan. It is then quite clear that the SFP rating primarily depends on
the location of the air conditioning unit, as most of the pressure drops
occur in the unit itself (at least if energy recovery is used) and, if a lower
SFP rating is required, the size of the unit will have to be increased.
Very low SFP ratings and pressure drops in equipment and ducting
can also lead to problems, as the system will become more sensitive to
external disturbances such as wind, or to doors and windows being left
open or closed. Furthermore, filters will have to be changed more frequently and it might also be necessary to clean the extract air ducts more
often, if pressure drops are to be kept as low as possible. The air in an extraction duct is not filtered and, if velocities are low, the air will not be
able to remove particles and dust, allowing them to precipitate in the
ducting system.
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DIFFERENT
DEFINITIONS OF
SFP RATINGS

VERIFICATION

As mentioned previously, SFP ratings can be defined within different system boundaries. The Swedish Indoor Climate Institute proposed the following: An SFP rating is the combined total fan power of the supply and
extract air system fans when operating at a design air flow equivalent to the
total air flow through a building. The industrial association Swedish
Ventilation reduced the scope of the definition to apply to individual fans
and air conditioning units by using the notation SFPV. The subscript V
was originally derived from the name of the association but in EN 13779
it stands for ‘validation’. Contracts with suppliers on the Swedish market
are normally based on this definition. Furthermore, agreement was
reached regarding the prevailing conditions under which calculations are
to be made, e.g. with regard to air flows (the larger of the supply and
extract air flows), filters (clean), cooling batteries (dry) etc, and to rotary
heat exchangers (including the extra pressure drop to ensure the correct
leakage direction and the increase of the exhaust air flow due to the
leakage and venting flows). To facilitate control and validation it is assumed that the filters are clean and the working conditions dry.
A working group within Eurovent, the European industrial organization, has created another rating, SFPE (the subscript E originally referred to Eurovent, but the word ‘evaluated’ is also appropriate) based
on the design pressure drops for filters and a mean value of the drops in
cooling coils (both dry and wet) etc. The SPFE rating corresponds more
precisely to the SFP rating for a whole building than the SFPV rating, but
is more difficult to check. All these ratings have been deemed relevant
and are included in Appendix D in EN 13779.
Unlike the fan efficiency, which can only be measured and checked in advanced air testing laboratories, the SFPV rating can be easily verified.
Verification of the SFPV rating should be carried out to a far greater extent than is the case today, as the rating is used when selecting the size
of the air conditioning units. A competitive edge can be gained if lower
ratings are specified (smaller and cheaper fans and units can be chosen)
and every client should demand that checks be made to ensure that requirements are met. The filters in the unit must be clean when the checks
are carried out.
Temperatures, flow volumes, external pressure drops and active power
must be measured in the prevailing air flows. Measurements made during periods of very high or very low pressure should be avoided, unless
the barometric pressure can be accurately determined. Otherwise it will
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be necessary to allow for a larger uncertainty when calculating the density of the air.
Nowadays, it is nearly always possible to carry out flow measurements
for fans after they have been installed in air conditioning units.
Systematic errors as low as 5 % are common. Air flow measurement
methods for fans are normally more accurate than the methods used for
measurements in ducting systems. When measuring air flows in ducting
systems, the temperature must be measured not only at the same crosssectional point as for the air flow measurement but also at the fan inlet,
to ensure that the temperature difference does not exceed 15 K. Otherwise, the results will be directly affected, if the fan speed has not been
temperature compensated.
Active power must be measured directly using a wattmeter and not indirectly by measuring voltage and current. If a frequency converter is
used, the measurements must be carried out on the power input side
using a TRMS, true root mean square, instrument with a bandwidth of
at least 1 kHz.
WARNING!
NEVER CARRY OUT MEASUREMENTS BETWEEN
THE FREQUENCY CONVERTER AND MOTOR.
THIS COULD BE LETHALLY DANGEROUS!
The operating conditions for the calculated SFPV rating are often different to those when the rating is checked. It is therefore recommended
to recalculate the rating according to the prevailing conditions. The
measured electrical power should then be recalculated for an air density
of p = 1.2 kg/m3.
Manufacturers, whose products are certified by Eurovent, must guarantee certain performance data, for example, regarding air flows and
power, i.e. the data used when calculating the SFPV rating. Measurement
errors need only be taken into account when comparing measured and
declared ratings.
EN 13053:2006. Ventilation for buildings. Air handling units. Ratings
and performance for units, components and sections.
EN 13779:2007. Ventilation for non-residential buildings –
Performance requirements for ventilation and room-conditioning
systems.
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This chapter is a supplement to Chapter 11/Building acoustics in which
the theoretical background, quantities and units used in acoustics are explained. This chapter can also be seen as a supplement to Chapter 19/
Ducting systems, which discusses the importance of designing and installing functional ducting systems, how they are integrated into buildings, the quality demands made and how airtightness is essential to function and operating costs.
This chapter takes a look at system components, primarily fans, that
can create noise and how different attenuation measures can be taken,
how ductwork and components create and dampen noise and how ducting can convey sound from one room to another, so-called crosstalk.
Noise is usually regarded as one of the factors threatening our living
environments. In our mechanized society, we are surrounded by numerous sources of noise and, unfortunately, they seem to be ever increasing
in number and strength – noise from traffic outdoors and from installations indoors. Silence is becoming an increasingly scarce commodity.
When designing and building HVAC systems, to provide us with better
thermal indoor climates and better air quality, it is important to realize
that this must not be done at the cost of polluting the indoor environment with unwanted noise.
Many of us experience a feeling of relief when the ventilation system
shuts down at the end of the working day and silence reigns once more.
This type of dissatisfaction with noisy ventilation systems must be avoided and it is important that as much care is taken when planning the
acoustics in a system as when tackling factors affecting our well-being
and comfort.
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Silence – the absence of noise – is now often a rarity and this can lead
to stress and discomfort. It is also important to remember that prevention is better than cure – reengineering is a more difficult, more expensive, more time-consuming and more troublesome way of reaching acceptable solutions. In addition, it is more difficult to persuade those who
have already been disturbed that they should now be happy with a new
solution.
HVAC equipment, and especially fans, pumps and compressors, is the
dominating source of noise in a building and it can even disturb people
in the nearby surroundings. It is therefore important that all equipment
is selected and located in such a manner that noise emitted disturbs
neither building occupants nor neighbours.
Noise created by a component in an installation, for example, a fan, is
transmitted through a building in different ways: via walls, floors and
leakage points to adjacent rooms and via the supply and extract ductwork
to the rooms connected to the ducting.
Vibrations from equipment can also cause structure-borne sound to
be propagated through a building. These vibrations can cause walls,
floors and other installations, such as piping, to vibrate and thereby create airborne noise. This, in turn, can cause disturbing noise in rooms a
long way from the plant room.
Building services installations for ventilation, heating, cooling and sanitary purposes have a common feature: the noises that they create come
from flowing media – air, water or coolants. This applies to fans, air
terminal devices, ducts, pumps, pipes, valves, compressors and flushing
toilets. In every case, the amount of noise created is not only determined
by the speed of the media and the pressure drop across the components
but also by how well the components were originally designed from a
noise point of view.

INSTALLATIONS AS

Ventilation systems in buildings are often regarded as noisy and Figure 1
illustrates how noise can be spread.
a) Vibrations can cause structure-borne sound.
b) Airborne sound can be transmitted via the inlet to the fan and via the
outlet ducts into the building.
c) Airborne sound can spread from the fan room to adjacent rooms.
d) Noise can be created in ductwork, dampers and terminal devices.

FANS AS SOURCES
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SOURCES OF NOISE

OF NOISE

a = vibrations
b = airborne sound
c = airborne sound
d = noise
c

d
a
b

FIGURE 1. Fan noise can spread in different ways and in different directions.

Airborne sound, however, is not the only type of noise arising from a
fan. The fan can also cause vibrations in the building structure, ‘a’ in
Figure 1, if it is not statically and dynamically balanced, mounted on a
correctly dimensioned and vibration-free foundation and connected to
the ducting system via anti-vibration mounts. Power cables to the fan
and any drainage pipe connections must also be flexible. This means that
there must be a total avoidance of rigid vibration bridging between the
equipment and the structure of the building. Otherwise, the other sound
attenuation measures will be hardly meaningful.
If vibrations are transmitted to the structure of a building, these will
create structure-borne sound that will be able to create new airborne
sound in other rooms. Once structure-borne sound has occurred there
is nothing that can be done, other than to remedy the source of vibration and inhibit any vibration bridging. It is not sufficient to count on
the effects of other measures, as the system contains too many variables
and is therefore completely indeterminate.
If the fan room has hard surfaces and, consequently, long reverberation times, see Chapter 11/ Building acoustics, the noise from the fan
will result in the sound level in the room being too high and the airborne
sound in the fan room, ‘c’ in Figure 1, will disturb surrounding rooms –
above, to the side and below – as the walls and floors between them will
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start to vibrate and thus create new airborne sound in the adjacent
rooms.
To prevent the fan noise from disturbing adjacent rooms, the walls,
floors and doors must have high sound reduction indices, see Chapter
11/Building acoustics. And, as the airborne sound easily passes through
small gaps and cracks, the penetration points for pipes, cables and ducts
through the walls must be well sealed. The fan room doors must also be
fitted with rubber sealing strips.
The most efficient and easiest way to avoid the problems described
above is to locate the fan room as far as possible from sound-sensitive
rooms and plan the building so that the fan room is adjacent to store
rooms, corridors and other similar spaces where there are no permanent
workplaces. If the fan room is located in the basement of a building, this
is usually easy to arrange. It is considerably more difficult and demands
much more care, if the fan room is located in a loft above the highest
floor level. Top floor offices, for example, are usually the most attractive
and this is where demands regarding low noise levels are the most stringent.
It is also important to have a sufficiently spacious fan room, so that
the ductwork can be connected in the most suitable way possible from a
flow point of view, i.e. without sudden bends or high flow speeds, and
so that sound insulation material and silencers can be fitted correctly.
Back to Figure 1 – the noise from the fan will also propagate to the
ducting system, ‘b’ in Figure 1, and this can cause high sound levels in
ventilated rooms closest to the fan, as the noise will not have had a
chance to attenuate in the ducting. At greater distances from the fan, the
fan noise is reduced by the ducting system and this is where secondary
sources of sound, from dampers and terminal devices, ‘d’ in Figure 1,
will dominate.
Choice of fan
A low self-noise level is an important criterion when specifying and
choosing equipment. Fans should be chosen so that they can operate at
high levels of efficiency within their normal operating ranges. Fans that
are made to run at unsuitable operating points, with subsequent poorer
efficiencies, are often noisier than those that have been chosen correctly.
In CAV (constant flow) systems, fans should be chosen so that their
maximum efficiencies are at the design air flows. In VAV (variable flow)
systems, fans should be chosen so that they can operate with optimal
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efficiencies and stability in the most frequently used working ranges. A
correctly chosen and installed fan reduces the need for noise attenuation
in the ducting system. The following points should be kept in mind:
• Design the systems – the ducts, terminal devices and components – for
low pressure drops.
• Compare sound data for different types of fans and from different
manufacturers and choose the quietist.
• Choose variable speed control for air flows rather than damper control.
SOUND CREATED
BY FANS

Fans generate two main types of sound:
• Rotation sound
• Turbulence and vortex sound
Rotation sound
Rotation sound in a fan occurs when the rotating field of flow passes
fixed parts in the fan casing, for example, the narrowest passages in a centrifugal fan, the bars in an axial fan or the vanes in the inlet to the fan.
The speed profile at the periphery of the impeller will have a minimum
at the edges of the blades and a maximum between them. The blade
passing through the narrowest section in the fan casing, past the socalled tongue in a centrifugal fan, will give rise to pressure changes – and
thereby sound – the sizes of which depend on how much the pressure
drop is affected, i.e. the distance between the fan blade and the tongue.
The frequency of the sound will depend on the speed of the fan and the
number of blades on the impeller. The natural frequency of the fan, also
known as the blade frequency, can be expressed as:

fs = n · s

(1)

where:
fs is the natural frequency or blade frequency in Hz
s is the number of impeller blades
n is the fan speed in rps
The blade frequency is the most characteristic and noticeable frequency but it is also often possible to discern the next two overtones. Higher
overtones are generally drowned by other sounds from the fan.
The sound power radiating from the fan is therefore dependent on the
air speed profile at the narrowest section of the fan casing. This means
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that a fan with a large number of blades will create a lower sound power
level than a fan with fewer blades, on condition that the distance between
the impeller blades and the casing is the same in both cases. This is because a large number of blades will even out the variations in air speeds.
For the same reason, the blade frequency will not be noticeable in a
fan with a large number of blades, for example, so-called squirrel cage
impellers or sirocco impellers. The natural tone and overtones, dependent on fan speed and number of blades, will drown in the sound from
other sound sources.
In fans with double inlets, the rotation sound will be reduced if the
impellers are evenly offset to each other. For example, two six-blade impellers would be offset by 30 degrees to each other. In this way the
amplitude of the rotation sound will be displaced half a wavelength out
of phase, which means that the total amount of radiated sound will greatly decrease.
Turbulence and vortex sound
Turbulence and vortex sound occurs in fans for a number of reasons, including:
1. Turbulence in the air in the fan.
2. Turbulent boundary layers next to the blade surfaces.
3. Shedding of vortices at the edges of the blades.

These types of sound dominate in fans as soon as the frequencies, at
which the blade frequency and its first overtones dominate, are exceeded. Shedding of vortices is especially noticeable in centrifugal fans that
are heavily throttled. The air leaving the blades causes loud vortex noises on release.
When sound power level data for fans is not available or when a given
value has to be checked, it is often possible to calculate the sound power
level to a reasonable degree of accuracy. A number of formulae are available for providing rough estimates and common to them all is that the
sound power is given as a function of the flow speed to the power of five,
i.e. v5. The same speed dependency is also applicable to other components in a ventilation system with fixed damping and turbulent flow.
As pointed out above, the operating point of a fan has a great effect
on the generation of sound. A fan that is chosen for its high efficiency
also generates, in general, the least sound for a given flow and pressure
rise.
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CALCULATING
THE SOUND POWER
OF A FAN

When the air flow and, consequently, the air speed in the system are
increased or decreased, the change in sound power level can be written as:
⌬L = 10 · log

( )

5

v2
v1

= 50 · log

( )
v2
v1

(2)

Pressure rise across the fan pr, Pa
104
9
7
5
4

130

3

Example:
When doubling the flow through a fan or ventilation system the sound
power level in dB will increase by:

⌬L = 10 · log

()
2
1

5

= 50 · log (2) = 50 · 0.3 = 15 dB

2
103
9
7

120 dB
(relative
to 1 pW)

5
4
3

110

2

If the flow is halved, the sound power level will decrease in a similar
way, by 15 dB.
Using SI units, the formula for calculating the sound power level will
be as follows:
Lwtot = 40 +10 · log q + 20 · log pr

(3)

where:
Lwtot is the total sound power level for the fan in dB(relative to
1 pW)
q is the air flow through the fan in m3/s
pr is the pressure rise across the fan in Pa
‘40’ in Equation (3) represents the so-called specific sound power
level. This value assumes a normal fan efficiency (53 % for axial fans and
63 % for centrifugal fans) and that the constants connected to the units
used are taken into account. If q and pr are replaced by older units (m3/h
and mm water column, i.e. kp/m2) the specific sound power level will
have a value of 25 for similar fan efficiencies.
In general, the equation has an accuracy of about ± 4 dB, on condition that the fan has been correctly chosen and operates within the
range of maximum efficiency. The values obtained by the equation denote the sound power levels at the inlet to and outlet from the fan when
the fan has been installed, i.e. when both the inlet and outlet are connected to the ducting.
The extent to which the sound power level in the fan room will be
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FIGURE 2. Graphical representation of Equation (3) when using SI units.

reduced depends on the type of fan, the thickness of the fan casing and
the number of duct connections. The following values can normally be
used as approximations:
• The total sound power level at the inlet or outlet after connecting the
fan to the ducting: Lwtot
• The total sound power level in the fan room after connecting the fan
to the ducting: Lwtot – approx. 10 dB
• The total sound power level in the fan room for an unconnected fan:
Lwtot – approx. 6 dB
It is more difficult to predict the sound power level for fans installed
in air conditioning units, as they will be affected by the acoustic surroundings in the unit in such a way that the level cannot be calculated
but has to be measured.
As the acoustic properties of sound sources and absorbents etc are
strongly frequency-dependent, see Chapter 11/Building acoustics, sound
calculations regarding the total sound power level for a fan are normally
carried out for specific octave bands. If supplier’s figures are not available, the following calculation method can be applied:
The total sound power level of a fan is spread over the different octave
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OCTAVE BAND
DISTRIBUTION OF
THE SOUND POWER
LEVEL OF A FAN

bands, with most of the sound within the octave band corresponding to
the natural frequency. The natural frequency of the fan is calculated first,
see above, and placed in the correct octave band.
Within the natural frequency octave band and the octave bands that
have a higher frequency than the blade tone, i.e. higher up in the frequency scale, the sound power level will decrease by about 4 dB per octave band, and lower down, below the octave band of the fundamental
tone, the octave levels will fall by about 3 dB per band.
Example:
Fan data:
Air flow q = 4 m3/s; pressure rise pr = 1 kPa; number of blades s = 6; speed
n = 2700 rpm.

What is the sound power level in the 1000 Hz band?
Using the fan data in Equation (3)
Lwtot = 40+10 · log 4+20 · log 1000
= 40+10 · 0.6 +20 · 3
= 106 dB(relative to 1 pW)

bends, junctions, dampers and terminal devices becoming sources of
sound that will disturb room occupants more than remaining fan sound.
As the sound created by these components is strongly affected by the
speed of the air in the ducting, it is important to keep speeds as low as
possible and especially near occupied rooms. This can also have beneficial effects with respect to energy use. For the same reasons, ducting systems should be designed so that throttling dampers and other components that cause pressure losses, such as 90° bends and expansions and
contractions to new cross-sectional areas, can be avoided.
The starting and finishing points for the air in a ducting system – the
supply air and extract air terminal devices – must be chosen carefully.
The sound data supplied by the manufacturer must be checked to see
whether it is applicable to the type of duct connection chosen. If there
are a number of terminal devices in a room, the sound from these will be
added logarithmically. As shown in Chapter 11/Building acoustics, the
resultant sound level at a particular point in a room depends on the distance to the terminal devices, directivity factors and the equivalent sound
absorption area of the room. Sound data for terminal devices and other
components in rooms is normally given as the sound level in dB(A) in a
room with an equivalent absorption area of 10 m2 when they are placed
in the reverberant field of the room.

Using the fan data in Equation (1)
2700
fs =
· 6 = 270 Hz
60
This means that the blade tone belongs to the 250 Hz band, see
Figure 3 in Chapter 11/Building acoustics.
Octave band, Hz
Total sound power level Lwtot , dB
⌬L/octave band, dB
Sound power level in octave band Lwoct
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Sound power level in the 1000 Hz band = 94 dB(relative to 1 pW).
SOUND CREATED IN
VENTILATION DUCTING

Sound can be both created and dampened in the ducting system. Close
to the fan, the sound from the fan will dominate but at a distance from
the fan this sound will have been dampened in different ways and secondary sound sources in the ducting system will then dominate, with
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To avoid disturbing flow-generated noise, one should:
• Design ducting and duct fittings for low air speeds.
• Avoid unnecessary turbulence by providing adequate distances between components (at least three duct diameters, but preferably
more).
• Choose components that allow smooth flows through the ducting,
bends, junctions and terminal devices.
• Avoid sudden cross-sectional changes or sudden changes of flow direction in the ducting system.
Fan noise is reduced in a number of different ways when it is transmitted through the ducting system:
• As a result of sound power distribution.
• By attenuation in suction and pressure chambers.
• By leakage or so-called break out through duct walls.
• By attenuation in internally insulated ducts and bends.
• By using silencers in the ducting system.
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ATTENUATING SOUND
IN THE DUCTING
SYSTEM

Sound power distribution
The sound from a fan, like the air from a fan, is normally distributed between the branch ducts leading to the rooms served by the ventilation
system. The proportion of the total sound power entering a given branch
duct can be calculated from the ratio of the partial air flow to the total
air flow, by using the following equation:

⌬L = 10 · log

qpartial
qtotal

(4)

where:
⌬L is the reduction of sound due to the sound power distribution in dB(relative to 1 pW)
qpartial is the air flow in the branch duct in m3/s
qtotal is the total air flow from the fan in m3/s
Example:
The air flow through the fan is 10 m3/s and through the branch duct
100 l/s.

The attenuated sound power entering the branch duct is given by:
⌬L = 10 · log

qpartial
0.1
= 10 · log
= 10 · log 10–2
qtotal
10

= 10 · (–2) = –20 dB(relative 1 pW)
If the flow conditions are expressed in percent, [(qpartial/qtotal ) · 100], the
following values will be obtained:
Flow ratios, %
Attenuation, ⌬L, dB

50
3

33
5

25
6

20
7

10
10

5
13

2
17

1
20

0.5
23

As in all sound calculations, sound level values have to be treated logarithmically.
Attenuation in suction and pressure chambers
A ducting system for supply air can be designed with a pressure chamber
immediately downstream of the fan. Air is then distributed from this
chamber via circular ducts to the different ventilated rooms. This is an
excellent solution, as it prevents the transmission of disturbing fan noise
through the ducting.

468 E

The sound, when it passes through the absorbent lined chamber, will
be attenuated in proportion to the difficulty it has in finding its way out
of the chamber. The smaller the outlet opening in relation to the total
lined area, the more the sound will be forced to reverberate between the
lined surfaces and the more it will be reduced. It is, of course, important
that the inlet and outlet openings are not located opposite each other in
the chamber, as there is a risk of the sound radiating straight across the
chamber. If an outlet opening has to be located in this way, the chamber
should be fitted with an internal baffle, lined on both sides with absorbent material and placed between the openings, so that the sound is
forced around it.
The approximate attenuation in the chamber can be calculated as follows:
⌬L = 10 · log

S0 · ␣
dB
S1

(5)

where:
S0 is the lined surface area of the chamber including the openings
in m2
␣ is the sound absorption factor of the lining, see Chapter 11/
Building acoustics
S1 is the size of the outlet opening for the branch duct in question
in m2
The equation can also be solved graphically, see Figure 3. The diagram
presented here is for a chamber lined with 10 cm mineral wool.
Unlined ducts
Unlined sheet steel ducts can attenuate low frequency sound, as the
sound energy causes the thin walls of the duct to vibrate and thus function as a membrane absorbent, see Chapter 11/Building acoustics. The
duct has a relatively high attenuating effect around the natural frequency of the sheet steel but is selective and only provides low attenuation
above or below this frequency. This attenuation cannot be calculated as
it is determined by too many variables, such as the thickness of the sheet
steel and how it is stiffened, the ratio of the free area to the circumference of the duct, and how the ductwork is attached to the structure of
the building.
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Unlined circular ducting
Circular spiral ducts, so-called spiro ducts, are considerably stiffer than
rectangular ducts and therefore provide much less low-frequency attenuation and, consequently, less sound break-out, see Table 1.
TABLE 1. Attenuation in straight sections of 1 mm thick sheet steel ducts.

20

Duct size

18
16

Rectangular ducts
75–200 mm
200–400 mm
400–800 mm
800–1000 mm
Circular ducts
⭋ 75–200 mm
⭋ 200–400 mm
⭋ 400–800 mm
⭋ 800–1600 mm
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6
4
2
0
7

10

20

40

70 100
200
400
The ratio of lined area to outlet area

FIGURE 3. Equation (5) expressed graphically. Attenuation in a suction or pressure
chamber internally lined with 10 cm of mineral wool.

When sound inside a duct causes it to vibrate, it will also vibrate externally and generate new airborne sound in a room: the inside of the
duct acts as a microphone membrane and the outside of the duct as a
loudspeaker membrane. Sound will leak, or break out, of the duct. This
type of attenuation can, therefore, often have negative consequences, as
the sound level in the surrounding space will be raised.
When rectangular ducting is installed in sound-sensitive rooms the
ducts should be stiffened by cross creasing, scoring or grooving or by
using external stays or stiffeners, and possibly by lining the ductwork with
mineral wool or lagging it with gypsum board – see below in the section
on crosstalk between ducts and rooms.
Unlined rectangular ducting
Straight unlined rectangular ducts that are not stiffened or strengthened
– just like other membrane absorbents, see Chapter 11/Building acoustics
– provide relatively good low frequency damping, see Table 1.
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Attenuation in dB/m for different
octave bands, Hz
63
125
250
500
≥1000
0.60
0.60
0.60
0.45

0.60
0.60
0.60
0.30

0.45
0.45
0.30
0.15

0.30
0.30
0.15
0.10

0.30
0.20
0.15
0.06

0.10
0.06
0.03
0.03

0.10
0.10
0.06
0.03

0.15
0.10
0.06
0.03

0.15
0.15
0.10
0.06

0.30
0.20
0.15
0.06

Unlined bends
Depending on the dimensions of the ducts in relation to the particular
wavelengths of the sound passing through them, a proportion of the
sound will be reflected back into the duct at bends in the system. In
round bends, reflection will be naturally quite small but will increase as
the frequency of the sound increases, having a maximum value of about
3 dB, see Table 2.
TABLE 2. Approximate attenuation in round bends.
Duct diameter mm
125–250
280–500
530–1000
1050–2000

Attenuation in dB for different octave bands, Hz
125
250
500
1k
2k
≥4k
0
0
0
1
2
3
0
0
1
2
3
3
0
1
2
3
3
3
1
2
3
3
3
3

In rectangular lined bends, the damping will be considerably greater,
especially at frequencies with the same approximate wavelengths as the
width of the ducting. If a bend is lined with an absorbent, the damping
will increase significantly.
Lined ducts and bends
Attenuation in lined ducts can be calculated using the following equation:
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⌬L = 1.05 ·

P
· ␣1.4
A

(6)

where:
⌬L is the attenuation in dB/m
P is the circumference of the lining in m
A is the cross-section area, the open area, in m2
␣ is the absorption factor of the lining material in the relevant
octave band
There is no point in lining a longer length of ducting than about five
times its width. After this, the sound wave will have become flat and will
be transmitted, primarily at its higher frequencies, relatively unattenuated in the middle of the duct (a certain amount of attenuation will, however, occur here by so-called diffraction).
When sound is attenuated using internal linings in the ducting the
correct quality of material is essential – it must be able to withstand the
air flow through the duct, it must not erode or emit particles, and it must
be possible to clean the ducting using standard methods. This is also discussed in Chapter 19/Ducting systems. To avoid erosion of the lining
material, the absorptive surface can be protected by using perforated
metal sheeting, sometimes with the addition of a thin underlying layer of
textile fabric. The metal sheeting will not reduce the absorption capability of the lining, compared to when the lining is completely unprotected, as long as the sheeting is chosen with an open area of at least 20 %,
i.e. with a maximum of 80 % of the surface area of the lining covered by
the sheeting.
Lining ducts with absorbents is an effective way of reducing noise, on
condition that the material is placed so that the sound waves actually
strike it. The absorption materials must therefore be attached to the
ducts after changes in size and after bends, points where the air flow is
turbulent. For example, lining the inside of the duct connecting to the
fan outlet with absorption material is very effective. Here, the sound
waves are very turbulent after leaving the fan impeller before they are realigned by numerous reflections against the duct walls. The placing of
absorbents like this is called cross-wave attenuation.
When an absorbent lines a bend in a duct system it will attenuate directly incident sound as well as reflected sound both upstream and
downstream of the bend. The extent to which the sound is attenuated in
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the bend will depend on the relationship between the duct size and the
wavelength of the sound in the duct.
Table 3 shows the attenuation data for a bend in which the lengths of
the lined duct sections before and after the internal bend are at least
twice as long as the internal duct width and the lining material has a
thickness t corresponding to at least 10 % of the duct width, as shown in
Figure 4.

≥ 2B

FIGURE 4. A lined bend.

B
t

TABLE 3. Attenuation data for rectangular bends with and without absorbent
linings.
Internal duct width
Attenuation in dB for difference octave bands, Hz
in mm
125
250
500
1k
2k
4k
8k
Bend without absorbent lining
125
6
8
4
3
250
6
8
4
3
3
500
6
8
4
3
3
3
1000
6
8
4
3
3
3
3
Bend with absorbent lining before the bend
125
6
8
6
8
250
6
8
6
8
11
500
6
8
6
8
11
11
1000
6
8
6
11
11
11
11
Bend with absorbent lining after the bend
125
7
11
10
10
250
7
11
10
10
10
500
7
11
10
10
10
10
1000
7
11
10
10
10
10
10
Bend with absorbent lining before and after the bend
125
7
12
14
16
250
7
12
14
16
18
500
7
12
14
16
18
18
1000
7
12
14
16
18
18
18
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Flexible ducts
A flexible duct connection between a sheet steel duct and a supply air terminal device can be a convenient way of ensuring that the device can be
positioned to fit the frame pattern of the suspended ceiling. However,
care must be taken – if the flexible duct is pulled out of shape this could
lead to a significant rise in the sound emitted in the terminal device, compared to that emitted when a straight connection is used.
SOUND TRANSMISSION
BETWEEN DUCTS
AND ROOMS

Sound leaking from ducting – break-out noise – can be regarded as a
sound source in the room through which the duct passes. The sound
power level created by a duct, as a source of sound in a room, can be calculated as shown below.
When a duct passes through a room, without either supplying or extracting air, the leakage of sound into or out of the room can cause problems, requiring the duct to be lined or other remedial measures to be
taken.
The calculations are similar to those carried out for airborne sound insulation between two rooms, see Chapter 11/Building acoustics. The
symbols and the influencing factors are, however, somewhat different:

( )

S
L w(outside)= L w(inside) +10 · log
–Rduct
A

(7)

• If the duct sheeting is stiffened, for example by cross creasing, it will
have a higher sound reduction index than an unstiffened duct of the
same dimensions.
• The frequency of the sound. The sound reduction index varies with
frequency and rectangular ducts have a higher index at higher frequencies than at lower frequencies. In spiral ducts the opposite is true.
At the point where a duct is connected to a terminal device there will be
a low-frequency damping effect due to reflection back into the duct. The
damping will depend on the size of the opening and its location in relation to the walls and ceiling, i.e. its directivity factor Q, see Chapter 11/
Building acoustics, and Figure 5.
Attenuation, dB
24
22
20
18
16
fm

14
10

The sound reduction index Rduct varies, depending on:
• Duct shape – whether rectangular or circular. A spiral circular duct is
stiffer than a rectangular duct with the same free cross-sectional area
and has, therefore, a higher sound reduction index.
• Duct size – the greater the width of a rectangular duct the more it will
vibrate and emit noise.
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25
0H
z
500 H
z

4
2
8
4
Directivity
2
factor Q
1
0.003 0.005 0.01

0.06

63
Hz

12
5H
z

8
6

where:
Lw(outside) is the sound power level emitted from the outside of the
duct into the room in dB(relative to 1 pW)
Lw(inside) is the sound power level of the sound in the duct in dB(relative to 1 pW)
S
is the surface area of the duct emitting sound to the room
in m2
A
is the cross-section area of the duct in m2
Rduct is the sound reduction index of the duct wall in dB

END REFLECTION

0.08 0.1

0.03 0.05

0.15 0.2

0.3

0.1

0.4

0.2 0.3 0.5
1
2 3
5
Areas of openings in rectangular ducts, m2
0.5 0.6 0.8
1
1.5
2
3
Diameter of openings in circular ducts, m

FIGURE 5. Attenuation in terminal devices and duct openings. The dashed line illustrates the following case: Directivity factor, Q = 4 and the duct diameter = 0.5 m.
Attenuation at a frequency of 125 Hz will be 4 dB.

Silencers, or attenuators, should normally be placed as close to the sound
source as possible but at a sufficiently large distance to ensure that the
air flow in the duct has a reasonably stable speed when it reaches the
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SILENCERS

silencer. As in other natural phenomena, sound also flows from a higher,
louder, energy level to a lower, quieter, energy level. This is why a silencer, fitted to reduce the fan sound transmitted by the ducting, should
be positioned next to the fan room wall connection. This prevents the
sound emitted in the fan room, which would be at a higher level than the
sound in a duct section after the silencer, from being transmitted into the
duct through the duct walls. If this silencer location is not possible for
space reasons, this section of the duct should be lined with mineral wool
or lagged using gypsum board.
Equation (6) above shows how attenuation in a lined duct depends on
the sound absorption factor ␣ and the relationship between the circumference of the lined duct area and the open area, P/A. If the P/A ratio
is increased for a given open area, then the attenuation will become more
effective. Advantage of this fact is taken in prefabricated silencers in
which the surface area of the lining is increased by placing walls lined on
both sides, baffles, parallel to the air flow. The attenuation depends on
the distance between the surfaces and the shorter the distance the more
effective the silencer will be. This solution will, however, cause an increase in the pressure drop across the silencer.
To improve the attenuation properties at low frequencies, where
porous absorbents have low attenuation, see Table 6 in Chapter 11/
Building acoustics, porous material is sometimes combined with the excellent low frequency properties offered by membrane absorbents. This
can be achieved by lining part of the porous absorbent surface with sheet
steel.
The silencer not only attenuates sound but also generates sound, just
like any other duct-mounted components, and, like these, its self noise
increases as the air speed increases. When choosing a silencer it is important to check the manufacturers data for both of these properties, i.e. attenuation and self noise.
To facilitate operations when cleaning ducts, it should be possible to
remove the silencers, especially those with baffles and those installed inside the supply air ducting. Cleaning ducts is discussed in Chapter
19/Ducting systems.
Crosstalk attenuators
It is often important to prevent speech from being transmitted between
workplaces and other rooms in a building, not only for reasons of secrecy
but also to reduce disturbing noise. How this affects the choice of parti-
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FIGURE 6. Crosstalk between two rooms via ducting.

tion walls, and their sound reduction indices and airtightness, is discussed in Chapter 11/Building acoustics.
When rooms are connected to a common supply air duct and/or extract air duct it is important that speech cannot be conveyed between the
rooms, so-called crosstalk. In the daytime, when the ventilation system is
in operation, this is normally not a problem – sounds from the system
create a background level that is sufficiently high to drown speech. When
the system is turned off at the end of the working day the conditions
change and the ventilation system no longer has an attenuating effect.
Supply and extract air terminal devices should therefore also provide sufficient attenuation, to prevent crosstalk, when air flows in the ducting
cease. As an alternative, duct connections to the terminal devices can be
fitted with attenuators to reduce crosstalk.
The location of the supply and extract air terminal devices will affect the
sound distribution in a room as the walls and ceiling will reflect sound
from the terminal devices. This means that terminal devices have directional characteristics, directivity factors, see Chapter 19/Ducting systems. If a device is placed in the corner of a room it will be surrounded
by three reflective surfaces. A higher sound level will then result, at a
given distance from the device, compared to that from a device placed at
the junction of a wall and the ceiling (two reflective surfaces) or in the
middle of the ceiling (one reflective surface). For each additional surface
the sound at a given distance from the device will increase by 3 dB.
Sound data for a terminal device is normally expressed as the sound
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TERMINAL DEVICES

level in dB(A) in a room with a 10 m2 equivalent absorption area measured in the reverberant field of the room. It is therefore important to
check the following conditions, which can affect performance, in the installation in question:
• The setting of the terminal device to provide the design air flow and
correct distribution pattern.
• The connection of the terminal device to the duct – is this via a straight
section or a bend?
• The directivity factors.
• The effects of turbulent flow through the device (disturbances, for example, caused by balancing damper in the duct).

Active silencers should only be used in ducts where the air speed does
not exceed about 8 m/s and at a sufficient distance from components
creating turbulence, i.e. more than about 5 duct diameters upstream and
about 3 diameters downstream from them.
Andersson J. Akustik & Buller – En praktisk handbok, 4:e upplagan,
AB Svensk Byggtjänst, Stockholm
Andersson, J., Carrie, R. and Wouters, P. Improving Ductwork
– A Time for Tighter Air Distribution Systems, EU Project
SAVE-DUCT, Brussels, 1999

Adjust the sound level value if actual conditions do not agree with the
product data, for example, for distances and the equivalent absorption
area of the room, and add the increase due to multiple parallel devices in
the room.
ACTIVE NOISE
ATTENUATION

Although active silencers are unusual today, they might become more
common in the future. They are especially suited to attenuating low frequency noise, for which standard attenuators are ineffective. An active attenuator produces sound waves that are out of phase with those in the
ducting.
An active silencer functions as follows: A reference microphone is
placed upstream on the wall of the duct and measures the sound. After
it has been analysed, a mirror image of the measured noise with the same
amplitude is fed into the duct via a loudspeaker placed on the duct
downstream of the reference microphone. This anti-phase (180 degrees
out of phase) sound will effectively interfere with the noise in the duct
and attenuate it. The system is also fitted with an error microphone that
measures the resulting sound levels after the attenuator and adjusts the
analyser to refine the signal to the loudspeaker. As all parts are mounted
remote from the air flow the silencer does not create a pressure drop or
any self noise.
The air speed and the turbulence of the air flow must not be too high,
if the attenuator is to work properly. The microphones used to measure
the sound cannot differentiate between sound, i.e. pressure propagation
in an elastic medium, and pressure changes caused by air movements in
the duct. This is why TV reporters, when interviewing people outdoors,
use special windshields to protect their microphones.
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2 7. A I R B O R N E I N D O O R C L I M AT E S Y S T E M S
M AT S B E R G L U N D

WHAT IS AN
AIRBORNE INDOOR
CLIMATE SYSTEM?

Product Coordinator, Swegon AB

What is the first thing you think about when you hear the expression ‘climate system’? Most people usually think of the sun, wind, sea, air and the
atmosphere, now being destroyed by mankind. This is not at all strange,
as we are constantly reminded in the media about the dangers to which
our global outdoor environment is being subjected. Far fewer people
think about how indoor climates affect us. It’s perhaps sufficient to point
out that living in modern society means that we spend more and more
time indoors, in fact, as much as 90 % of our time. We can note that our
daily intake of food is 0.75 kg and we drink about 1.5 l of liquids. This
can be compared to the 15 kg or so of air that pass through our lungs
every day. These intakes affect our health and the more pollutants and
poisons we consume, the more our purifying systems will have to do. If
we consider the possible contents of the air we breathe and what happens
in our body cells when blood is oxygenated, it is clear that it would be a
good idea to make sure that the air we breathe indoors maintains a sufficiently high quality. Ensuring this quality is one of the most important
tasks of an airborne indoor climate system and this and other functions
of such systems are discussed in this chapter.
An airborne indoor climate system is a system in which conditioned
ventilation air in a building is the carrier of the cooling and heating energy required to provide a correct indoor climate and to satisfy the occupants’ needs for a good indoor climate. It must ensure that all the different rooms in a building are provided with an adequate climate with
respect to air quality and the thermal environment. And, of course, it
must also provide an acceptable acoustic environment.
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Practical applications
Airborne indoor climate systems are often used in industrial buildings
and shops, especially outside Scandinavia, but they are much less common in other types of commercial buildings and residential buildings.
Here, heating is often achieved by using radiators under windows or underfloor heating systems. However, the opportunities for using air as an
energy carrier are increasing, as buildings are being developed to meet
requirements for less heating. An argument against heating using ventilation air is that it is not sufficiently efficient. A critical factor is the ability of a system to meet temperature demands along the insides of external walls. Today, there are many good examples of office buildings where
this has been achieved. An office building often has a sufficiently large
heat surplus during the whole of the year, while the building is in use,
which means that heating is only required while the building is empty.
An important condition, however, is that critical building components,
such as external walls and windows, have adequately large thermal insulation properties. Another important condition is that the HVAC system
has effective and efficient supply air terminal devices, ATDs, that can discharge air at an over temperature in an efficient manner. Finally, a good
control system is required. Both full-scale tests and field tests have shown
that airborne indoor climate systems work extremely well, if all the requirements are properly analysed and the plant installed can work in conjunction with the structure of the building and the materials used.
In the following, we will concentrate on how airborne indoor climate
systems work in individual rooms.

FIGURE 1. Schematic of an airborne indoor climate system.
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THE CLIMATE
IN A ROOM

A building is a structural envelope in which people can live and work. If
rooms are to be used for their intended purposes, a number of technical
climate factors must be kept within suitable limits. The first three factors
in the following list are directly dependent on the air handling system:
–
–
–
–

Air quality
Thermal climate
Acoustic environment
Visual environment

flow ceiling mounted device, where the air speed beyond the boundaries
is less than 0.2 m/s.
Figure 3 shows an example of the spread in the near zone across a
floor from an ATD used in a thermally controlled displacement ventilation system.
m
4

m
2.7

3

2
1.8

2

These factors and the effects they have on people’s health, comfort
and work performance are described in Chapter 1/Health and wellbeing in indoor environments, and the chapters in Part D/The indoor
environment – in a wider sense.
THE DISTRIBUTION
OF AIR IN A ROOM

In the parts of a room that are occupied by people, it is important that
the speed of the air is not too high and its temperature not too cold, so
that no uncomfortable draughts are experienced. To be able to provide
the correct temperature and ventilate a room at all, zones are required
into which air can be supplied. This is why the concept of a so-called occupied zone has to be defined. There are a number of definitions and the
following is taken from the Swedish Building Regulations:
An occupied zone in a room is limited by two horizontal planes, one
0.1 m above the floor and another 2.0 m above the floor, and by a vertical
plane 0.6 m from the external wall or other external limit, or 1.0 m from
a window or door.
In practice, the size of the occupied zone is greatly dependent on the
choice of supply air system and, above all, by the type of ATDs used.
Air speeds within the occupied zone must not, as a rule, be allowed to
exceed 0.15 to 0.25 m/s. The speed of the air, at which it can be regarded as accepable, will depend on its temperature. The lower the temperature, the more its speed has to be limited. Speed limits can, therefore, be
different in summer and winter.
ATD manufacturers supply data for so-called throws, sizes of near
zones, functional distances etc, so that air speeds in the occupied zone
can be taken into account during the planning phase of a project. These
details describe the spread of the air jet from the ATD into a room or
space. The spread is often defined as the boundary distance at which the
air speed has fallen to 0.2 m/s. Figure 2 shows the throw for a mixed
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FIGURE 2. The throw of a ceiling
mounted ATD.
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FIGURE 3. Horizontal near zone spread
pattern.

Air jets
Three main types of air jets are normally used in comfort ventilation systems. In free radial and axial jets, the supply air jet will follow the surface
of the ceiling or a wall. In jets like these, the supply air is discharged at
high speed and the room air is inducted into the air jet. At the other end
of the scale are jets with low speeds and low momentum, into which the
room air is not inducted.

FIGURE 4. Radial free
air jet.

FIGURE 5. Axial free air
jet.
FIGURE 6. Low
momentum air
jet.

As cold air is denser than warm air, it is important when designing
supply air systems to choose terminal devices with correct throws, to prevent draughts from being created in the occupied zone. Here, it is a
question of being able to control the direction and spread of the air flow
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in a room. If there are a number of ATDs in the same room, this feature
will be even more important. And, just as in acoustics, there are additive
effects of air jets placed close to each other. Jets colliding with each other
or with walls, pillars, fittings and ceiling beams etc must, of course, also
be avoided. Collisions like these normally lead to the air jets being deflected into the occupied zone, resulting in annoying draughts.
Lm

Lv

2700

2000

FIGURE 7. Collision risks between air jets.
The green volume represents the occupied
zone.

– The speed of the supply air
– The temperature difference between the supply air and the extract air
– Obstacles in the room, heat sources, type of activities, sizes of windows etc.
Figures 8 and 9 illustrate the air flow principles for mixed flow ventilation and thermally controlled ventilation. Thermally controlled ventilation can be divided into two types: displacement flow ventilation and
so-called equalizing ventilation.
Mixed flow ventilation is characterized by the room air being inducted into a high-speed air jet. When displacement ventilation is used supply air at low speeds is discharged into a room close to floor level. The
supply air must be cool so that it can spread across the surface of the
floor. When the air is subsequently heated by heat sources in the room it
will rise towards the ceiling, carrying with it pollutants from the occupied zone. In equalizing ventilation systems the room air is mixed with
the supply air. This means that the supply air gains a temperature level
close to that of the room air. The different air flow principles are discussed later on in this chapter.

The safest way to introduce an air jet at high speed is to direct it parallel to the ceiling, or the walls, in the room. This will create an under
pressure above, or behind, the air stream, helping it to cling to the adjacent
surface. This effect is often called the ceiling effect or Coanda effect,
after the Rumanian scientist Henri Coanda (1886–1972).
VENTILATION
PRINCIPLES

There are three different ways in which an airborne indoor climate system can ventilate a room. The two most common are based on the properties of mixed flows and thermally controlled flows. In very special instances the air flows can be created by so-called piston flow, which is used
in clean room applications. To get a picture of how good these different
flow techniques work, a number of efficiency concepts can be used, such
as ventilation efficiency, air change efficiency and temperature efficiency.
These different efficiencies and how they can be determined are discussed in Chapter 16/Air change and air flow.
To achieve suitable air flows with high degrees of efficiency, the design
engineer must pay great attention to the following parameters:
– Where the terminal device is mounted
– The type of supply or extract air terminal device
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FIGURE 8. Mixed flow ventilation.

FIGURE 9. Thermally controlled
displacement ventilation.

When can the air in a ventilation system be used as a cooling medium?
To achieve a cooling effect using the ventilation air, the supply air temperature must be lower than the room air temperature. As mentioned
above, there are limits regarding how cold the air can be without it causing discomfort in the form of draughts.
The risk of draughts increases the higher the air flow. A typical temperature of the supply air in a mixed flow ventilation system is about 8 °C
below the room temperature. In displacement ventilation systems, the
supply air temperature might have to be limited to being 3 or 4 °C below.
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COOLING WITH AIR

An alternative to airborne cooling is to remove the heat surplus in a
room using cold water in ceiling mounted cooling coil units, so-called
chilled beams. Systems like these are discussed in Chapter 28/Waterborne indoor climate systems. Both methods have advantages and limitations.
Advantages of using air as a cooling medium:
• In large parts of the northern hemisphere, it is possible to make use
of so-called free cooling, as the outdoor air is sufficiently cold for most
of the year
• No extra water systems are required, i.e. no extra piping, pumps or
control systems.
• The same system is used to meet the requirements for good air quality and good thermal comfort.
Disadvantages of using air as a cooling medium:
• Larger air flows than otherwise are needed, if the ventilation is only
designed with respect to the quality of the air. This, in turn, requires
larger diameter ducting.
• Great care is required when choosing the correct size and type of air
terminal device, so that draughts can be avoided.
Different ventilation principles have different surplus heat removal
properties.
Table 1 shows a number of recommended values for maximum cooling powers when using different types of ventilation. The table is for a
room with a ceiling height of 2.8 m and an occupied zone as in Figure 10.

2,0 m
1,0 m
0,6 m
0,1 m

FIGURE 10. The occupied zone.
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TABLE 1. Recommended values for cooling powers for different ventilation principles, expressed in W/m2 floor area.
Ventilation principle
Mixed flow ventilation
Ceiling mounted with nozzles
Other ceiling mounted types
Rear wall mounted
Front wall mounted
Window sill
Displacement ventilation
Floor mounted
Wall mounted, base 0.6 m above floor level
Equalizing ventilation
With induction unit, 1.2 m above floor level

Max. cooling power W/m2
90 to 120
60 to 80
50 to 60
60 to 70
50 to 70
30 to 35
35 to 40
40 to 45

A distinction is made between CAV, constant air volume, systems and
DCV, demand controlled ventilation, systems. The principles governing
these systems are described in detail in Chapter 17/Demand-controlled
ventilation.
To ensure a comfortable indoor climate and good air quality without
wasting energy, the ventilation flows must be utilized as efficiently as
possible. A good way of doing this is to install a DCV system. This type
of system ensures that proper ventilation is achieved where it is required
and that air flows are minimized, if temporarily not required. This, combined with the fact that it is now possible to make these systems selfregulating and self-diagnosing, means that it is now possible to design
very energy-efficient indoor climate systems.
To create a well-functioning ventilation system, user-friendly, purpose
built and reliable components will be required. The components in the
central air handling unit, for example, heat exchangers, fans and filters,
can, in principle, be the same, irrespective of whether they are used in a
CAV or a DCV system. Components like these are discussed in other
parts of this book. When it comes to components for flow control these
can often be simpler in CAV systems than in DCV systems. These components are discussed briefly below.
Components for flow control
To attain the correct size of air flow, it must be possible to measure, balance and control it. This is done using different types of components:
• Sensors for measuring pressure, flow, temperature and air quality.
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SYSTEMS AND
COMPONENTS

• Regulators and room thermostats etc.
• Dampers for balancing and flow control.
• Air terminal devices with built-in measuring and control functions.
Components used in ducting systems must be fitted with dampers so
that excess pressures can be reduced while keeping the noise level to a
minimum. It must be possible to lock the damper in the required position and clearly see the setting. The functions for measuring pressure and
air flow must be reliable even at low flow rates. To achieve acceptable
measuring accuracy, straight and uninterrupted sections of ducting are
required before the measuring point. It is, of course, best, if these straight
sections are not required to be too long. The components should also be
easy to install.
The room components should be user-friendly with respect to those
authorized to use them and it should not be possible for unauthorized
persons to change their settings. It must also be easy to reset desired values. Even these components should be easy to install.
Examples of components for flow control in CAV and DCV systems
are shown in Figures 11 and 12.

1

2

1 Main regulator

2

2 Zone regulators

FIGURE 12. A DCV system.

Examples of system solutions using room products in a DCV system are
shown in Figures 13 and 14 below.

24 V
䊳

KSO
RTC

FIGURE 13. An active ATD with an
external room thermostat and sequentially controlled radiator valves.

Measuring and regulating dampers, of
blade and iris type.

FIGURE 11. A CAV system.
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FIGURE 14. Passive nozzle diffusers
with centrally controlled flows governed by duct dampers, air quality
sensors and sequentially controlled
radiator valves.

In addition to the solutions shown in Figures 13 and 14, there are a
large number of other solutions that can be used when there is a central
communications system.
No matter what the conditions, it is very important that the systems
are simple to install, to use and to maintain.
Locating supply ATDs in mixed flow ventilation systems
Room air can be well-mixed in a number of ways. Most important to remember, however, is that it must be done in a controlled way. This is
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LOCATING TERMINAL
DEVICES

why this section concentrates on supply and extract mechanical ventilation systems. Natural ventilation and extract air ventilation systems, in
which the outdoor air is admitted via trickle ventilators/slot air valves
above or below windows, is not discussed.
Centrally placed, ceiling mounted, built-in supply ATDs
The ceiling is the best place to mount a mixing or swirl diffuser, as the
air can be discharged over 360° with an excellent Coanda effect. This
means that air at an under temperature can be used without any great
risk of causing draughts. The jets must be prevented from colliding with
obstacles such as surface-mounted light fittings, ceiling beams etc. Otherwise there is a risk that the flows will be directed into the occupied zone,
with draughts as a result. If there are a number of diffusers on the ceiling in the same room, care must be taken so that the jets cannot collide
with each other. This is avoided in most modern ceiling diffusers by
using deflecting vanes. Convective flows from radiators, office equipment
etc must also be taken into account.
Another great advantage of ceiling mounted diffusers is that there is
sufficient space for the connecting ducts. And the straighter the ducting
leading into the diffuser, the quieter and more precisely adjusted the air
flow will be.

When air at an under temperature is used a design throw that is slightly
greater than the depth of the room is recommended, so that the jet will
not deflect down into the occupied zone too soon.

FIGURE 16. A front wall, ceiling mounted,
built-in diffuser.

Back wall mounted, built-in supply ATDs
Sometimes it is not possible to mount the diffuser on the ceiling. An economical way of solving this problem is to mount it on the back, or corridor, wall immediately next to the ventilation ducts in the corridor.
As wall diffusers do not have the same performance characteristics as
ceiling devices, it is essential to choose the correct type of device for this
application. The throw here is very important. When air at an under temperature is discharged into a room it is recommended that the throw be
at least 75 % of the depth of the room. The device should preferably be
placed 100 to 200 mm below the ceiling and its air jet directed at about
45° towards the ceiling, to attain the best possible Coanda effect. In this
application, there is hardly any space at all for connecting the ducting to
the device in a satisfactory way and this must be taken into consideration

FIGURE 15. A centrally placed, ceiling
mounted, built-in diffuser.

Front wall, ceiling mounted, built-in supply ATDs.
In this case the device is mounted close to an external wall, i.e. far from
the corridor wall. Even this is one of the best locations. Air cannot be
discharged over 360°, only over 180°.
As the diffuser is far from the back wall, the throw has to be somewhat
longer than for a centrally placed, ceiling mounted device.
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FIGURE 17. A back wall mounted, built-in diffuser.
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at the planning stage, so that no unnecessary noise or poorly balanced
terminal devices are created.
Built-in supply ATDs for windowsills and floors
Office buildings are sometimes fitted with so-called perimeter systems,
which are, briefly, systems in which cooled or heated air is discharged
vertically towards the ceiling via a windowsill. In most solutions, the air
is distributed via an induction unit placed under the windowsill. In this
application, it is important to keep an eye on the temperatures of the
supply air and the surface of the window. If both these temperatures are
lower than the room temperature, there is a risk that cold down-draughts
will be created in the occupied zone closest to the window, i.e. next to
the workplace. This means that perimeter systems must have sufficient
pressure to ensure that the air jet has a suitably long throw, so that the
risk of draughts can be eliminated.

The under temperature of the supply air is normally between 3 and
6 °C, depending on the type and intensity of the activities in the room.

FIGURE 18. Floor mounted supply air diffuser
in a thermally controlled displacement
ventilation system.

Locating supply ATDs in thermally controlled ventilation systems
As the air in these systems is often discharged directly into the occupied
zone, it is important that the supply air diffuser is positioned correctly.
The position is, in many cases, dependent on the type and intensity of
the activities taking place in the room as well as the type of room. People
who work sitting down should not be placed too close to the diffusers.
In premises where pollutants are generated to a relatively high degree,
it is even more important that the displacement diffusers discharge air at
low speeds and with a minimum of induction of the room air. It is also
important that premises like these have high ceilings. The higher the ceiling, the more space for the polluted air to collect above the occupied
zone.

Floor and wall mounted ATDs for thermally controlled equalizing
ventilation systems
In these systems, a certain amount of return air is used. This is achieved
either by integrating an induction unit into the diffuser or by placing the
diffuser high up in the room, or by combining both these solutions.
Sometimes both mixing and displacement supply ATDs are used in
the same system, for example in conference rooms. If the cooling power
has been designed based on the mixing function, then there must be
some sort of compensatory function for the displacement diffusers, as
these cannot manage as low supply air temperatures as the mixing diffusers. This is achieved by fitting the displacement supply ATDs with reheaters or an induction unit, which is most probably the most cost-effective solution.

Floor mounted ATDs for thermally controlled displacement ventilation
systems
The supply air in these systems is discharged at low speed from the whole
surface area of the diffuser.
As the air is at a slight under temperature, it will fall onto the floor relatively quickly. How quickly this occurs depends on the flow rate and the
temperature of the air. In normal cases, at a distance of 0.5 to 1 m from
the diffuser, the air jet will have spread out over the surface of the floor
to a depth of 50 to 70 mm above the floor. If the diffuser is fitted with
a function for adjusting the spread pattern after installation, this is, of
course, an advantage, as the diffuser is actually in the occupied zone.

FIGURE 19. A wall mounted supply ATD in a
thermally controlled equalizing ventilation
system.

492 E

E 493

If an induction unit is used, the primary air can be allowed to have an
under temperature of 6 to 9 °C.
When the primary supply air flows through the unit, the room air is inducted into the diffuser. In this way, the temperature of the air that is
blown into the device is evened out. The air is then discharged into the
room at a low speed from over the whole surface of the diffuser. The diffuser then functions as a normal, floor mounted, displacement supply
ATD.

• Adjustable deflector vanes or nozzles that can be set even while in operation, to offer flexible spread patterns.
• Air flow measuring points for adjustment and control.
• An integrated air flow adjustment damper, to reduce the risk of having a poorly balanced system.
• A connection box with effective noise attenuation, to reduce the risk
of crosstalk via the ducting system.
• A design that complies to building standards to reduce building costs.

SUPPLY ATDS FOR

To be able to fulfil all these functional requirements, the ATDs often
comprise a diffuser and a ducting connection unit, the latter in the form
of a plenum box with built-in functions for air flow regulation, noise
attenuation, air distribution and air flow measuring. If only the diffuser
element is used, it will not be possible to control the discharged air.

MIXED VENTILATION
SYSTEMS

Flow regulation

Noise control
Flow measurement
Air distribution

FIGURE 20. A ceiling mounted supply ATD in an office environment.

A wide range of supply and extract ATDs are available on the market
today. Supply ATDs should be able to:
• Discharge large volumes of air without causing draughts.
• Measure and regulate air flows.
• Operate at low noise levels.
• Change their spread patterns.
• Offer aesthetically pleasing designs for greater acceptance by architects.
• Offer simple and cost-efficient installation, commissioning and maintenance.
In order to fulfil these requirements, the ATD must have:
• A high induction capacity for room air to reduce draught risks at low
supply air temperatures.
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FIGURE 21. Supply ATD with adjustable functions.

Passive supply ATDs
The simplest types of supply air diffusers have constant discharge areas.
This means that if the air flow is reduced, it will be difficult for the air jet
to support the air above the occupied zone over a sufficiently long distance. There are, however, passive devices that can accommodate quite
large variations in air flow.
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Active supply ATDs
In recent years, two types of variable or active supply air terminal devices
have come onto the market. Their different functions are described
below.
Active ATDs with automatic direction change of the air jet. These are
supply air diffusers for premises with high ceilings. They are used to supply air either at an under or over temperature, using the same device. The
diffuser is fitted with an electric or thermal motor that drives a damper
arrangement to change the direction of the air jet, depending on the
temperature of the supply air. The main areas of use include arenas, large
shops, industrial buildings etc.
Active ATDs with automatic continuous regulation of the discharge
area. These are supply air diffusers for premises with normal ceiling
heights and are used exclusively for demand-controlled ventilation systems. The continuously variable regulation of the discharge area has two
functions. Firstly, the discharge area is always optimized to suit the flow
at any given time, which eliminates the risk of draughts. Secondly, the
variable discharge area works as an air volume regulator. Active devices
are most often used in office buildings and schools.

There are many different types of ATDs and this is due to a number of
reasons, though all of them are related to room parameters, such as:
• Use – Residential, office, industrial etc.
• Ceiling height – High ceilings require special terminal devices.
• Thermal climate – Air at under or over temperatures requires special
terminal devices.
• Air quality – Demand-controlled air flows require terminal devices
that can manage variable air flows.
• Design – Specially designed terminal devices might be required,
choice of colours etc.
• Type of ventilation system – Perimeter and floor mounted systems require special terminal devices.
ATDs are normally categorized depending on where they are placed in a
room:
1. Ceiling diffusers
2. Wall diffusers
3. Window sill diffusers
4. Floor diffusers
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1a. Passive ceiling diffusers
Nozzle diffusers
Nozzle diffusers referred to here are ATDs with a number of individually adjustable, aerodynamically designed plastic nozzles that interact to
provide an optimal and flexible air jet.

FIGURE 22. Nozzle diffusers.

Important features:
• The design of the nozzle creates an evenly distributed air flow across
the whole surface area of the device, ensuring a low noise level and
even spread pattern in the room.
• A high degree of induction. The nozzles help to quickly and effectively mix the room air with the supply air jet, allowing the temperature
difference between the room air and supply air to be greater than for
other types of devices, without causing draughts in the room. This
makes the device very suitable for handling cooled air.
• The flexible spread pattern can be easily changed, without the set flow,
pressure drop or noise level being changed in the room.

FIGURE 23. Flexible spread patterns.

E 497

• Can manage supply air at large under temperatures.
• Can manage variable flows, as low as 20 % of normal flows rates, thanks
to excellent induction properties.
• Both short and long throws can be achieved, both horizontally and
vertically. Combined horizontal and vertical spread patterns are also
possible. This type of diffuser can be used in rooms with relatively
high ceilings.
Disadvantages:
• The air flow capacities are not as great as those in perforated ATDs.

• Some versions of swirl diffusers have adjustable discharge gaps, making them also suitable for use in rooms with high ceilings.
Disadvantages:
• Limited flexibility with regard to spread pattern.
• Do not have as large air flow capacities as perforated devices (with the
exception of some of the devices adapted to industrial ventilation applications).

Swirl diffusers
These devices are characterized by discharge openings shaped so that the
air stream swirls like a horizontal vortex. This gives the diffuser an extremely good induction capacity.

Perforated diffusers
The advantage of a perforated diffuser is that it can distribute large air
flows over relatively small areas without causing draughts.
Despite its large air flow capacity, this type of diffuser has a comparatively small throw. Perforated diffusers are mostly used in rooms with
ceiling heights lower than 3 m.

FIGURE 24. A swirl diffuser.

FIGURE 25. A perforated diffuser.

Important features:
• The design of the discharge openings creates of an effective circular
and tangential spread pattern.
• High induction capacity. The spread pattern facilitates effective mixing of the room air into the supply air jet. This makes it very suitable
for handling cooled air.
• Can manage large under temperatures.
• The high induction capacity means that the device can easily manage
variable flows, down to 30 % of normal air flows.
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Important features:
• Can supply large air flows to rooms with ceiling heights lower than 3 m.
• Short throws.
• Can manage supply air at quite large under temperatures.
• Can provide flexible spread patterns.
Disadvantages
• The discharge opening is not flush with the ceiling.
• Limited flexibility with regard to spread pattern when compared to
the nozzle diffuser.
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Linear slot diffusers
Above all, linear slot diffusers provide an excellent solution where the
appearance of the diffuser and the ability to match the design of the
room are the most important properties. This type of diffuser is often
used in countries where architects have high status.

induction of the room air. Generally speaking, this type of diffuser has
the highest capacity with respect to air flow rates.
Important features:
• Can manage large air flows.
• High degree of induction when narrow slots are used.
• Relatively large under temperatures can be allowed.
Disadvantages:
• Long throws.
• Limited opportunities for flexible spread patterns.

FIGURE 26. A linear slot diffuser, also shown installed in a suspended ceiling.

Important features:
• Ability to match the interior design.
• High degree of induction of room air.
• Ability, to a certain extent, to manage supply air at under temperatures.
• Can be joined together to form long continuous slots.
• Ability, to a certain extent, to provide flexible spread patterns.
Disadvantages:
• Limited air flow capacity.
• Difficult to supply an even flow along the whole of the diffuser.
• Long throws despite high degree of induction.
Circular and square slot diffusers

Jet diffusers
Jet diffusers are used in premises with very high ceilings. They are often
used in industrial buildings, airports and shopping centres etc.

FIGURE 28. A jet diffuser, also shown installed in visible ducting.

Important features:
• Can manage large air flows.
• High degree of induction.
• Supply air at relatively large under temperatures can be used.
• Extremely long throws (required in large premises).
Disadvantages:
• Most often have to be motorized to attain directional flexibility (often
mounted high up).

FIGURE 27. Circular and square slot diffusers.

This type of diffuser can be divided into two groups: single-slot diffusers and multi-slot diffusers. The narrower the slots, the better the
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Duct diffusers
When supply ATDs are required in rooms without suspended ceilings,
duct diffusers often provide a suitable solution. These combine ventilation ducting and diffuser features so that they can be assembled in long
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uninterrupted lengths. The most common type is the circular duct diffuser with different types of openings for discharging the air. Flexible
duct diffusers made of textiles or plastic are also available.

FIGURE 29. Duct diffuser fitted with
adjustable nozzles.

FIGURE 30. Duct diffuser installed in a
restaurant.

Important features:
• The design of the duct diffuser allows an evenly distributed air flow
across the whole of the face area of the diffuser and ensures a low noise
level and even spread pattern.
• Duct diffusers that are fitted with nozzles offer a high degree of induction. The nozzles facilitate quick and effective mixing of the room
air in the supply air jet. This makes it possible to have a temperature
difference between the room air and supply air that is larger than for
most other types of diffusers, without creating draughts. The diffuser
is therefore well suited for use with cooled supply air flows.
• The induction properties of duct diffusers fitted with nozzles means
that they can manage variable flows as low as 20 % of normal flows.
• The spread pattern for a duct diffuser with rotatable nozzles can be
easily changed while in operation without the set flow, pressure drop
or noise level being changed. In addition, short or long throws can be
set. Horizontal or vertical, as well as combined horizontal and vertical, spread patterns can be created. This type of diffuser is suitable for
relatively high rooms.
• Available in models that can be mounted in corners of ceilings.
• Flexible textile or plastic ducts are light and can be easily repositioned
to suit different furnishing alternatives.
Disadvantages:
• The cross-sectional area of the main duct connection can be a limiting
factor with respect to the full flow capacity of the diffuser.
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1b. Active ceiling diffusers
Active diffusers have openings that are continuously variable between
fully open and fully closed. The openings are controlled by signals from
room thermostats, presence sensors or CO2 sensors. This type of diffuser
is specially designed for use in demand-controlled ventilation systems.

FIGURE 31. Different types of active ceiling diffusers.

Important features:
• Always correct throw, irrespective of air flow.
• Manages very large under temperatures.
• Very high degree of induction.
• Very quiet in operation.
• Air flows can be preset in the factory.
Disadvantages:
• Require electric power.
• In certain cases the throws can be regarded as being excessively long
but, as the flow rates vary, experience has shown that this, as a rule, is
not a problem.
2., 3. and 4. Wall, windowsill and floor mounted diffusers
Back wall diffusers
Back wall diffusers are always mounted on the rear walls of a room and
discharge towards the external wall, hence their name. They often offer
an economical solution from an installation point of view, as the supply
ducts are located in the corridor ceiling behind the back wall. Long
throws are required when back wall units are used and a rule of thumb
says that they should be about 75 % of the depth of the room. The air jet
should also be directed slightly upwards to make full use of the Coanda

E 503

effect. This will also require a space greater than 100 mm between the
top of the diffuser and the ceiling. It is also important that the air jet is
not directed at 90° towards the ceiling.

FIGURE 33. Grille diffusers. Wall, window sill and floor mounted.

FIGURE 32. Back wall diffusers.

Important features:
• Nozzle diffusers offer very flexible spread patterns and can be mounted eccentrically on a wall and still achieve an acceptable spread pattern
by adjusting the nozzles.
• The throw can also be adapted to the required distance by adjusting
the nozzles.

Supply ATDs for thermally controlled ventilation systems – known as
displacement diffusers, low speed ATDs or low momentum ATDs – are
also available in a number of different types. Again, we have to ask ourselves the question, “What are the requirements that good displacement
diffusers must fulfil?” They should be able to:
• Discharge large volumes of air without creating near zones that are
too large, which reduces the risk of draughts.
• Provide an even distribution of the air at low speeds across the whole
of the discharge area, to reduce the risk of draughts and to reduce induction and noise levels to a minimum.
• Measure and regulate the air flow.
• Regulate the air flow in DCV systems.
• Change their spread patterns.

Grille diffusers for wall, floor and windowsill mounting
Grille diffusers have very low pressure drops and poor induction properties and are therefore not suitable when supply air is required at under
temperatures. The grilles are available with fixed or adjustable vanes.
Windowsill grilles are often used together with built-in perimeter induction units to cover the outlet opening and to control the direction of the
air.

Important features:
• Can manage large air flows.
Disadvantages:
• Very poor induction capacity.
• Long throws.

504 E

FIGURE 34. A thermally controlled, wall mounted displacement diffuser.
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SUPPLY ATDS
FOR THERMALLY
CONTROLLED
VENTILATION SYSTEMS

• Offer aesthetically pleasing designs to increase acceptance by architects.
• Withstand mechanical loads when place in the occupied zone.
• Offer simple and cost-efficient installation, commissioning and maintenance.
This means that the diffusers must have the following features:
• Air deflectors or adjustable nozzles for flexible spread patterns.
• A measuring outlet for measuring air flows for adjustment and control.
• A damper for adjusting the air flow.
• Effective internal noise absorption, to reduce the risk of cross-talk via
the ducting system.
• A design that complies with building standards to reduce building
costs.
• Flexible and adjustable spread patterns to facilitate different furnishing
arrangements.
• Sufficiently robust construction, for positioning within the occupied
zone.
• Aesthetically pleasing design for increased acceptance by architects.
• Robust mechanical construction.
When it comes to measuring and regulating the air flow, most displacement diffusers have a built-in measuring outlet and an adjustment
damper in the connecting ducting is used to regulate the air flow.
The air should be discharged into a room at low speed through the
whole of the face area of the diffuser, in order to eliminate unnecessary
noise and undesirable induction of the room air, as well as to achieve the
best possible distribution of the supply air.
As the air jets from displacement diffusers do not have to carry cold
air, as they do in mixed ventilation diffusers, they are insensitive to variations of air flow. These diffusers are therefore well-suited for use in variable flow displacement ventilation systems. The variations in the air flow
can be controlled by a motor driven damper installed in the duct connecting to the diffuser.
In the case of supply ATDs used in equalizing ventilation systems, the
same applies as above, except that an induction unit is also included. This
makes it possible to create a certain amount of mixing of the room air.
Here, it is important to position the induction unit as low as possible
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in the ATD, to keep the “clean” zone in the occupied zone as high as
possible.
Displacement ventilatipon works best in premises with high ceilings.
Typical types of premises include industrial buildings, shops, atriums,
lobbies, classrooms, assembly halls, lecture theatres, cinemas, theatres,
conference halls, arenas, sports centres etc.
In premises with lower ceiling heights, such as conference rooms,
open areas in office landscapes, lounges etc, the diffusers can be used as
a complement to other ventilation systems.
A wide variety of displacement diffusers is available, with the different
designs depending on, among other things, the use of the premises, ceiling heights and room layouts, as well as the structural design of the
building in question.
Flexible spread patterns
As displacement diffusers are normally placed in the occupied zone, it
can be difficult to find suitable positions because of the locations of workstations or other pieces of furniture, the allocation of the floor area, etc.
One way of making it easier to position displacement diffusers is to fit
them with devices so that the spread pattern can be adjusted after the
unit has been installed.

FIGURE 35. Rotatable air vanes
in a displacement diffuser.

FIGURE 36. Adjustable spread patterns.

FIGURE 37. Standard spread
patterns in a conference room.

FIGURE 38. Adjusted spread patterns
in a conference room.
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zontal spread pattern. On the other hand, they do not require as much
floor space.
Displacement diffusers are also available in a range of models to suit
different needs in buildings with large open spaces, such as sports
centres and industrial plants. These diffusers are more robustly built
than those presented above but otherwise function in similar ways.
Diffusers are also available for ventilation systems in which the supply
air can be discharged into the space under raised floor structures. These
diffusers are used to supply air from a number of points equally distributed over the whole of the floor surface. This is a commonly used solution in cinemas, theatres, assembly rooms and congress halls etc.

Diffusers for use in displacement ventilation systems

FIGURE 39.
Circular diffuser.

FIGURE 40.
Semicircular diffuser.

FIGURE 41.
Quadrant diffuser.

Diffusers used in thermally controlled displacement ventilation systems
can be designed in a number of different ways, for example, they can be
completely circular, semi-circular or quadrant-shaped, as shown above.
Diffusers like these can be designed so that the near zone is kept shallow.
For example, there are semi-circular diffusers that discharge sideways
rather than straight into a room. The diffusers can also be fitted with
rotatable air deflectors behind the front panels. This means that completely circular diffusers do not have to discharge air radially over 360°,
but can direct the flows precisely where needed.
Other types of displacement diffusers include bow-shaped and integrated wall units. Diffusers like these cannot discharge air sideways to
any great degree, which means that they have a somewhat deeper hori-

FIGURE 42. Bow-shaped diffusers.
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FIGURE 43. A diffuser built into a wall.

FIGURE 44. Different types of displacement diffusers installed in raised floors.

Diffusers for use in equalizing ventilation systems
Equalizing ventilation systems were briefly discussed at the beginning of
this chapter. These systems are used when the supply air temperature is
too low to be used in a pure displacement ventilation system but where
it would still be viable to use some of the advantages of displacement diffusers. The simplest way of doing this is to place the diffuser high up in
the ventilated space and let the cold air entrain the room air as it falls into
the occupied zone. A disadvantage here is that polluted air, due to the
high position of the diffuser, is also drawn down into the room. In other
words, it is very important to consider what type of activities can be
allowed in the premises.
To ensure that the inducted room air is brought from the clean zone
of the room, it might be necessary to fit the diffuser with a mechanical
induction unit.
Previously in this chapter, we could see that it is not possible to supply air at an over temperature when displacement diffusers are used.
There is, however, a special type of diffuser that is designed to do just
this. The application requires the diffuser to be mounted high up and to
be fitted with a supply air control function for variable temperature. The
diffuser has two discharge settings, for horizontal or vertical flows, and
these are chosen depending on the temperature of the supply air. The
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process must expand their views. It’s not enough if each tends to their
own. We must work together and from an earlier stage in the building
process. In order to create satisfactory and cost-effective buildings with
low energy requirements and comfortable indoor climates, all players
must assume joint responsibility and analyse the consequences of the effects that their products and systems have on each other – not only from
a technical point of view but also from a cost and energy use point of
view.
Only by working together can we find the key to creating perfect indoor climates.

FIGURE 45. Displacement diffusers with both horizontally and vertically oriented
spread patterns.

change in setting from vertical to horizontal discharge is regulated by a
thermostat in the ducting and a damper in the diffuser or by a thermally
controlled damper in the diffuser. This type of diffuser is mostly used in
industrial applications. Further information about thermally controlled
ventilation systems can be found in the REHVA handbook, Displacement Ventilation in Non-residential Premises.
SUMMARY

People spend up to 90 % of their working and recreational time indoors.
Together, we must ensure that indoor climates are both comfortable and
healthy for all occupants in all types of buildings.
The type of space to be treated is always the starting point when designing an indoor climate system. All equipment installed in an indoor
climate system is for the benefit of its users and their activities. This is
why every individual product manufacturer must regard a building, to a
greater extent than today, as a system. It is no longer sufficient to be an
expert on the technology used in one’s own products. We must become
better at understanding how our own products affect, and are affected,
by the other systems and services in a building and how we should
develop our products so that the overall functioning of the building will
be better. In other words, it’s time to look beyond the traditional interfaces of engineering contracts. Every party involved in the building
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2 8. WAT E R B O R N E I N D O O R C L I M AT E S Y S T E M S
GUNNAR SVENSSON

INTRODUCTION

Regional Manager Middle East, Swegon AB

To create a good indoor climate, it must be possible to control the quality of the air, its temperature and its speed as well as any noise created in
the process. When its temperature is not noticeable, its quality is acceptable and no one complains about draughts or annoying noise – only then
can the indoor climate said to be satisfactory. The media used to supply
or remove heat are air and water. Air has an advantage, as it can be used
to change both the quality of the air and its temperature. Water can only
be used to change the temperature of the indoor air and has to be used in
conjunction with fresh air to change the quality of the air. Water, on the
other hand, is a far better energy carrier than air, thanks to the physical
differences between the two media. The density of water is 1000 kg/m3
while the corresponding figure for air is only 1.2 kg/m3. In addition,
the specific heat capacity of water is 4.18 kJ/(kg · ºC) compared to
1.0 kJ/(kg · ºC) for air.

Air duct, 250 mm

Historical background
At the end of the 1950s, the Norwegian engineer Gunnar Frenger
patented the so-called Frenger System, based on horizontal aluminium
panels attached to a piping system, in which hot or cold water was circulated. Via radiation and convection, water can either absorb heat from or
emit heat to the surroundings. The system is based on water, in small
volumes, being able to carry large amounts of energy. The system is often
known as a radiant ceiling.
In order to increase the capacity of the system, the next step was to
develop a product with vertical components, in which the convection
capacity was increased while the radiation capacity remained constant – a
so-called radiant heating panel or beam. The first units were installed at
the beginning of the 1970s.
The next step was to integrate a converter into the beam, creating the
so-called passive beam.
To increase the capacity even further, the supply air system was also integrated into the beam and most of the cooling capacity was then provided by induction. The so-called active beam had been created.
Radiant ceiling beams for heating and cooling
Most radiant ceiling beams are made up of steel or aluminium panels.
Units made of aluminium are more efficient at transferring heat than
those made of steel.

Water pipe, 20 mm

FIGURE 1. A 250 mm air duct and a 20 mm water pipe can carry the same amount
of energy at standard air and water flow rates.
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Waterborne indoor climate systems use a combination of air and
water, the air being used to regulate the quality of the indoor air and
water to maintain the correct temperature. The products and equipment
chosen must fulfil stipulated requirements with respect to draughts and
noise levels.

FIGURE 2. An aluminium panel with
integrated copper piping.
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Function: When used for heating, hot water is circulated in the piping. The heat carried by the water is transferred to the piping and then
to the panel via conduction. The panel becomes warm and transfers its
energy via radiation to the surrounding surfaces and via convection to
the air at lower temperatures than the panel.
The proportions of heat transferred by radiation and convection are
70 % and 30 % respectively.
When used for cooling, cold water is circulated in the piping and the
panels become cooler. Heat is then absorbed from the surrounding surfaces and from air at higher temperatures than the panel.
CLIMATE BEAMS

Beams for cooling, heating and ventilation, so-called climate beams, are
suitable for use in both new and renovated buildings and in a wide variety of environments, including:
– Individual offices
– Open plan offices
– Hotels
– Shopping centres
– Banks
– Schools
Climate beams offer high levels of thermal comfort by combining the
advantages of water as an energy carrier with fresh air to ensure the quality of the indoor air. When compared to all-air systems for cooling and
heating, the air flows can be kept much lower, which means that fan
rooms, duct shafts and suspended ceiling space can be minimized.
As the system is practically static, i.e. with only a few moving parts, the
maintenance required is minimal.
Systems for cooling using climate beams must always be designed as
dry systems. If dehumidification of the outdoor air is required, this must
be carried out in the air handling unit and the flow temperature in the
piping must then be above the dew point of the air. This means that no
condensation will occur in the room where the unit is installed and that
there will be no need for a condensation system or condensation pumps,
which also means less maintenance.
When used for cooling the climate beams are dependent on a supply
of cold water, which means that the chiller must be started as soon as
cooling is required. Unlike in all-air systems, it is not possible to use cool
outdoor air for cooling purposes to the same extent, i.e. by using socalled free or summer night cooling.
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Climate beams can be divided into three main categories:
– Passive beams
– Active beams
– Fully integrated beams, so-called comfort modules
To be able to comply with standard comfort requirements when cooling is used, the power rating ranges given below can be regarded as maximum cooling powers per m2 floor area. If the cooling power is higher
than theses limits, there will be an increased risk of discomfort due to socalled cold radiation or draughts.
• Passive beams, 60 to 80 W/m2
• Active beams, 100 to 110 W/m2
• Comfort modules, 120 to 140 W/m2
General descriptions of the different types of climate beams
Passive chilled beams. In principle, a passive beam comprises a casing of
sheet metal with a built-in finned pipe arrangement and a perforated base
plate. This type of beam, known as a chilled beam, is only used for cooling.

FIGURE 3. Air flows created by a passive chilled beam.

Function: The cooling capacity of a chilled beam is primarily provided by natural convection and a small proportion of radiation. Cold water
circulates in the piping and comes into contact with the surrounding
warm room air, which is cooled and becomes heavier than the surrounding air. The air flows past the piping from above and descends into the
room.
The process continues as long as there is a temperature difference be-

E 515

tween the cooling pipes and the room air. The only way in which the capacity of the beam can be changed is by changing the temperature difference between the air and the cooling surfaces in the beam – either by
changing the water flow rate or by changing its flow temperature.
Passive chilled beams are not connected to the ventilation system.
Supply air is introduced via separate supply ATDs, air terminal devices,
of either mixing or displacement type. The supply air system must be designed so that it does not affect the function of the beams. If ceiling diffusers are used, they must be positioned so that they cannot interrupt the
convection currents around the beam. Otherwise, there is a risk that the
function of the beam will be affected: if the convection currents increase,
this will cause draughts and if they decrease, cooling capacity will be lost.
Passive beams can also be used in conjunction with systems in which
displacement ventilation is used. This arrangement allows the downflowing convection currents and air supplied to the occupied zone to be
well mixed.
The beams can be installed either fully visible or integrated into suspended ceilings.

When the beams are integrated into suspended ceilings a return air
grille will also be needed, so that the room air can circulate.
To avoid draughts from a passive chilled beam, it is recommended to
position it to one side of a workplace.

\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\
\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\
\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\

Passive chilled beam

FIGURE 5. Correct positioning of a chilled beam.

Active climate beams. Active climate beams comprise supply air chambers, finned pipes, supply air nozzles, supply air openings and perforated
base plates for air circulation, as shown in Figure 6. This type of beam
can be used for both heating and cooling.

FIGURE 6. Air flows to and from an active climate beam.

FIGURE 4. An individual office with a passive chilled beam.

516 E

Function: Primary air from the supply air system enters the unit via
one or a number of connections in the end plates or side plates.
Strategically placed nozzles force the air to flow past a heat exchanger in
the form of cooling/heating coils. The high exit speed from the nozzles
creates an under-pressure just above the coils. This under-pressure is
used to induct warm room air. The primary air is mixed with the cooled
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inducted air and is ejected into the room parallel to the ceiling. The socalled Coanda effect helps the cooled air to hug the ceiling, maximizing
the size of the mixing zone, an important feature if draughts are to be
avoided.
The cooling capacity of an active beam is determined by the temperature difference between the room and the water, as well as by the air flow
and nozzle pressure.
Active climate beams are also available with integrated heating functions. In this case a 4-pipe system is used, in which there are two separate coil arrangements, one for circulating the cold water and one for the
hot water. The temperature is controlled by valves regulated by a room
regulator, which operates sequentially. There is normally a dead zone of
1 or 2 °C between the cooling and heating functions to prevent their
simultaneous operation.
Active climate beams can be positioned in a number of different ways
in a room:
A. At right angles to an external wall

A centrally placed beam offers great freedom when it comes to altering the position of the walls.
B. Parallel and close to an external wall

FIGURE 8. An active climate beam placed parallel to an external wall.

Another variant is to place the beam close to an external wall. This solution offers advantages from a comfort point of view when compared to
a beam placed close to a corridor wall. By distributing the air asymmetrically, with the largest proportion being directed towards the corridor
wall, maximum use can be made of the heat loads created at the desk and
window to create a long mixing zone. The distance between the connecting points and the corridor is, in this case, increased and this will require more installation work.
C. Parallel and close to a corridor wall

FIGURE 7. An active climate beam positioned at right angles to an external wall.

In a normal office module, the beam is usually placed centrally at right
angles to the external wall. This provides a good solution, as large areas can
be used as mixing zones and the under temperature air will have plenty
of time to mix with the warm room air. Excellent opportunities exist here
to vary the air flow without creating problems with draughts. A bookcase, see Figure 7, will not normally cause any problems, as the air speed
will already be low when the air current reaches it and also because the
temperature of the air jet has had time to increase thanks to the induction of the room air. The installation is simple as there is only a small distance between the end plate of the cooling beam and the corridor.
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FIGURE 9. An active climate beam placed close to a corridor wall.

As a third alternative, an active beam can be placed close a corridor
wall. If this solution is to work satisfactorily, it must be well planned with
regard to the distribution of the mixed air. Tests have shown that the
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best effects can be achieved if 50 % of the air flow is distributed along the
ceiling and 50 % along the corridor wall. However, opposing air flows
from heat sources, such as desk equipment or the windows, could still
cause problems. These flows could cause the air jet to deflect down into
the occupied area and increase the risk of draughts.
To ensure a good climate, beams with adjustable deflectors should be
used.
From an installation point of view, the corridor wall solution is just as
advantageous as the centrally placed solution, as the connection points
are close to the corridor.

when planning the ventilation system and if the above-mentioned recommendations are followed, then there are good chances of creating a
draught and noise free environment.
Comfort modules. The basic functions of comfort modules are closely related to those of active chilled beams.
The main difference is that comfort modules distribute air in four directions instead of two. This maximizes the space available for mixing the
supply air with the room air. This, in turn, means that more cooling or
heating power can be supplied to a limited ceiling area.

D. Open plan offices

FIGURE 10. Active climate beams in an open plan office.

The type of room that requires the greatest care in the planning stage
is the open plan office. Climate beams with air flows directed towards
each other, and with short mixing zones, require special attention.
Although wide ranges of air flow rates are acceptable when centrally
placed beams are used in individual offices, the situation here is quite the
opposite. To avoid undesirable down draughts of cold air, the nozzle
pressure must minimized. This is achieved by using different nozzle configurations. To further ensure a good degree of comfort, air flow deflectors can be used. Using these, different air flow patterns can be created
and these will then counterbalance the negative effects of opposing air
jets. In open plan offices, there are often demands for high flexibility
with respect to movable walls etc. This must be taken into consideration
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FIGURE 11. Air flows to and from a comfort module.
A. Tempered air B. Inducted room air C. Primary
air from the air handling unit.

Function: The comfort module is connected to the supply air system.
Primary air from the supply air system is supplied to a plenum fitted with
nozzles. When air is blown into a room through the nozzles the room
air is inducted into the cooling/heating coils. This means that a mixture
of supply air and cooled, or heated, circulation air is ejected into the
room to provide the correct temperature.
The air opening in the comfort module is designed to provide a high
degree of turbulence for quick mixing of the room air, to provide maximum comfort. The unit has a four-way spread pattern and each side can
be individually adjusted. Even the amount of air flowing out from each
side can be adjusted individually.
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Recommended design values: Pressure drop across the nozzles from
50 to 150 Pa (in heating mode not less than 70 Pa).
Comfort modules are available for integrated or visible installation, see
Figures 12a and 12 b.

FIGURE 12A. Comfort module,
integrated installation.

FIGURE 12B. Comfort module, visible
installation.

As mentioned above, the comfort module is also suitable for heating
rooms. The design of the outlet opening means that the supply air will
be well mixed with the room air, even when used for heating. Figure 13
shows results from laboratory measurements. It can be seen that the
temperature gradient in the occupied zone is less than 2 K.

FIGURE 14. An induction
unit for cooling, heating and
ventilation placed next to an
external wall in an office
module.

Function: Primary air is distributed via the ducting system to the
units. The duct pressure forces the primary air through a number of nozzles after which it passes over a heat exchanger. This creates an underpressure, which causes the room air to be sucked into the heat exchanger by induction. There are two separate coils in the heat exchanger, one
for circulating cold water and the other for circulating hot water.
Depending on how the module is used, the room air is either cooled or
heated in the heat exchanger before it is mixed with the primary air in
the outflow spigot. In a wall unit, the mixed air is distributed upwards
along the external wall to the ceiling, where the Coanda effect helps the
supplied air to mix with the room air. When neither cooling nor heating
is required no water at all is circulated in the coils. The only cooling or

FIGURE 13. Temperature distribution in a room when a comfort module is used
for heating.

OTHER UNITS FOR
WATERBORNE INDOOR
CLIMATE SYSTEMS

Induction units for external wall or ceiling installation
Induction units for external wall or ceiling installation are based on the
same principles as active climate beams or comfort modules. The difference lies in where they are placed. External wall units are normally installed under windows, while ceiling mounted induction units are normally installed horizontally, above suspended ceilings.

522 E

FIGURE 15. The air stream from an induction unit.
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FIGURE 18. A ceiling mounted 4-pipe fan convector unit.
Two or more supply ATDs
can be connected to the unit.
The supply air is blown out
above the suspended ceiling
and is then sucked into the
fan convector together with
the air inducted from the
space below.

FIGURE 16. An induction
unit with factory installed
room control equipment.

heating effect will then depend on the temperature of the primary air.
The units can also be ceiling mounted.
Fan convectors
A fan convector is quite simply a cooling, or heating, unit comprising a
finned water element and a fan enclosed in a casing. The lower part can
be designed as an ATD. Alternatively, one or a number of ATDs can be
connected via ducting. The fan, which can be regarded as the generator
in the system, draws in air from the room and forces it past the element.
Fan convectors are not connected to the supply air system in a building
and, for hygienic reasons, the air required has to be supplied separately.
Normally, cold water is supplied at a temperature below the dew
point, which means that condensation takes place in the unit and this, in
turn, has to be drained off. Fan convectors normally have higher power
ratings than climate beams or comfort modules but, on the other hand,
require considerable maintenance, see the section on maintenance below,
and also generate a lot of noise.
Fan convectors are available for installation on ceilings and walls, as
well as above suspended ceilings.

FIGURE 17. A fan convector designed as
a ceiling cassette. The circulating air
from the room is sucked in from directly
beneath the unit and is discharged into
the room, either cooled or heated, via
the four supply air openings.

524 E

A waterborne indoor climate system with climate beams or comfort
modules should always be designed so that the moisture in the indoor air
cannot condense on the cooling surfaces. This means that the temperature of the cooling water must always be kept above the dew point of the
indoor air.
One of the following solutions should therefore be considered, to prevent condensation. It may suffice if the solution is based on one of the
three alternatives below but it can sometimes be advisable to combine
two of them. The size of the plant will depend on the solutions chosen.
Alternative A. When the supply air has to be dehumidified on demand. This is best achieved by cooling in the central air handling unit.

2

3

1

4

5

7
6

1. Storage tank
2. Chiller
3. Air handling unit
4. Control system
5. Overflow valve (can be
replaced by a pressure
regulated pump)
6. Climate beams
7. Main shunt

FIGURE 19. Schematic of
the system design when
dehumidification is
required.
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SYSTEM DESIGN
TO PREVENT
CONDENSATION

Alternative B. The flow temperature of the cold water is regulated by
using a shunt and the water is supplied to the cooling units at a temperature above the dew point of the room air. A dew point sensor is placed
in the extract air at a representative location to measure the humidity of
the air. If the dew point of the air is higher than the supply water temperature, a signal will be sent to the shunt that then raises the flow temperature above the dew point.
1

3

2

5

RC

GX GT

4

1. Storage tank with
heat exchanger
2. Circulation pump
3. Shunt valve
4. Measuring point
for the temperature
and humidity of the
room air.
5. Climate beams or
comfort modules
(induction units)

FIGURE 20. Schematic of the solution using a centrally placed humidity sensor to
regulate the main shunt, so that the flow temperature is higher than the dew point
of the room air.

Alternative C. When local increases of humidity can be expected, for
example, in a room with high occupancy rate or where windows can be
expected to be opened. In this case, a dew point sensor can be installed
in the room itself. With the help of this sensor, and if there is a risk of

On/Off valve
Cooling beam

FIGURE 21. Schematic of the solution when a dew point sensor is placed in a room.
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condensation, the control system can close the valve so that the temperature of the cooling surfaces increases. The valve is reopened when the
humidity in the room has fallen to a level where there is no longer a risk
of condensation. Controlling a system like this means that there is no
cooling capacity when the valve is closed.
When fan convectors are used cold water is normally supplied at a
temperature lower than the dew point of the room air. This means that
condensation will take place inside the fan convector and it will have to
be connected to a run-off system for the condensate. If piping cannot be
installed to provide natural run off, a condensate pump will have to be
installed.
The purpose of room control equipment is to adapt the capacity of the
air conditioning system in a building to the required heating and cooling needs. The most common solution is to let the supply air temperature remain constant and then regulate the room air temperature via the
units located in the different rooms, for example, climate beams and
comfort modules.
It is advisable to adjust the supply air temperature according to the
outdoor air temperature, which means that the supply air temperature
will be lower during the summer than in the winter.
Two basic methods can be applied:
• Zone regulation
• Individual room regulation
Zone regulation means that the temperature is regulated in each separate zone, for example, a group of rooms, whereby a temperature will
be reached that can be regarded as a compromise. If loads vary between
the different rooms, this can mean that some rooms will be too cold
while others will be too hot. The temperature is then often adjusted according to the coldest room, which means, in turn, that a number of
rooms will be too hot.
When individual room controls are used this means that the occupants
can regulate temperatures themselves. Irrespective of whether there are
different cooling or heating needs in the different rooms, the occupants
can always choose their own desired temperatures – on condition that
the system has been correctly designed and commissioned.
Comfort modules are often supplied with factory installed control
equipment, which considerably simplifies the installation work.
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ROOM CONTROLLERS

FIGURE 22. Control equipment for heating and cooling, factory installed in a comfort module.

MAINTENANCE

Climate beams, comfort modules and induction units
Climate beams, comfort modules and induction units have few moving
parts and therefore require a minimum of maintenance. The only moving parts are the control valves and actuators.
Depending on the type of installation, a cooling/heating coil unit can
require vacuum cleaning every 2 to 5 years. There are no filters in the
units as the fin separation is often as much as 3 to 5 mm. The particles
that are sucked in with the circulating air are so small that they will pass
through the coils.
This means that filter changes and fan servicing will only be required
in the central air handling unit. These systems are also dry systems, which
means that neither condensate drainage systems nor condensate pumps
are required.

Active climate beams, comfort modules and induction units described in
this chapter have the common advantage of being able to provide a quiet
supply of tempered air to a room, while only requiring a minimum of
maintenance. By combining the advantages of water as an energy carrier
with air, to ensure the quality of the indoor air, the best of both worlds
can be enjoyed in these air-conditioning systems.
Fan convectors also belong to the category waterborne indoor climate
systems but, just as in the case of passive beams, require a separate system for supplying air to ensure good air quality. As fan convectors have
greater service and maintenance needs, service personnel must be able to
access the rooms where the units are installed. On the other hand, fan
convectors have a greater power rating than correspondingly large climate beams or comfort modules, which means that they can more quickly compensate for rapid increases in heat loads.

SUMMARY

For further information about climate beams, see REHVA Guidebook
no. 5, Chilled Beam Application Guidebook [www.rehva.eu].

REFERENCE

Fan convectors
Fan convectors normally comprise a filter, a fan, cooling coils and automatic control devices. A condensate pump is also normally included.
Filters must be changed at suitable intervals and, depending on the use of
the premises, this usually means once or twice per year. In order to provide the desired capacity, the fans will also have to be serviced, preferably
when the filters are replaced – but not every time. A suitable service interval is about two years. The functions of the fans and condensate pumps
should also be checked and drainage connections checked for blockages.
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2 9. B A L A N C I N G V E N T I L AT I O N S Y S T E M S

Adjunct Professor A N D E R S S V E N S S O N
Dept. of Building Physics, 1994–2002, University of Lund

INTRODUCTION

The process of balancing a ventilation system and the planning of this
work during the design phase are key to creating conditions so that the
design air flows can be maintained. Commitment and competence are
two qualities that both the design engineer and the commissioning engineer must possess, if successful results are to be obtained.
Of course, it would be very convenient if we could skip the balancing
work. It takes time and costs money. Experience data from the Nordic
countries [NVG, 1981] shows that costs for balancing a traditional ventilation system, with both supply and extract air fans, can account for 2
to 4 % of the total cost of the installation. The costs, however, are greatly dependent on how well the system has been adapted to the requirements of the commissioning method to be used.
The commissioning work itself is not only a question of balancing air
flows. The distribution patterns from the different supply ATDs, air terminal devices, must also be adjusted so that draughts can be avoided.
The costs for this adjustment work are not included in the figures above.
The engineers who carry out the commissioning work make up the
last link in the chain of specialists involved in a ventilation contract.
These are the engineers who have to make sure that the functional requirements, originally specified for the system by the client in consultation with the project engineer and according to which the design engineer designed the system, will now be met.
The commissioning engineer must obviously have sound knowledge
of measuring and balancing techniques, as these are essential ingredients
of the main assignment. Furthermore, the engineer must also have a
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good working knowledge of other aspects of ventilation technology, for
example, air flow dynamics and acoustics.
An understanding is also required of how the flow patterns in the
ducting affect the properties of components, such as ATDs and dampers,
with regard to pressure drops and noise creation. The products used and
their properties must also be familiar.
The design designer must also embrace all this knowledge, as he is responsible for designing the system and must, therefore, ensure that the
correct products are chosen with respect to the specified functions.
Different products, for example, have to be connected to different
lengths of straight ducting in order to function properly. The commissioning engineer must, therefore, confer with the design engineer, if he
discovers something that could cause incorrect flow patterns in the ducting and which would subsequently cause difficulties in the commissioning work.
Experiences from a large number of training courses in balancing
techniques have, unfortunately, provided a rather negative picture of the
level of competence displayed by commissioning engineers. In order to
tackle these and other problems, the National Swedish Organisation for
Ventilation Balancing, RSVI, was formed in 1998. One of the main aims
of the association is to provide information about commissioning techniques. A handbook was published in 2005, to provide members with
easily accessible information about current developments in this field
[RSVI, 2005]. Another aim was, and still is, to encourage certification of
active commissioning engineers and to act as advisers to consultants and
clients.
A general problem to be dealt with concerns the recommended methods for measuring, referred to in the Swedish building regulations
[Johansson and Svensson, 1998] and on the agenda of the TC156/WG4
working group of the European Committee for Standardization CEN,
which are rarely used correctly in practice.
The recommended methods have often been simplified, so that the
work can be carried out in a shorter time. Carrying out measurements
accurately is a difficult task and, to meet the normal tolerances required
in Sweden (±15 % including measuring errors), reliable and approved
methods must always be used.
Bearing all this in mind, it is clear that new measuring methods must
be developed. However, it is easy to find oneself at a dead end, as it is
not possible to simplify the methods much further, if traditional system
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design concepts are retained. The development of balancing methods
must therefore proceed hand in hand with work towards improved system design. Developments should aim at the elimination of manual balancing, as used today, and the introduction of automatically distributed
air flows by using active components in the system. Checking to ensure
that the flow distributions are as specified could then be easily limited to
simple pressure measurements in the different parts of the system.
In Sweden, we have long experience of how different system solutions
and their practical applications have performed over long periods of
time. And, since Sweden is unique when it comes to compulsory ventilation inspections, our experience will most probably have great significance for other countries.
System imbalances and noise have always been common problems and
research has shown that we must pay much more attention to the design
of ventilation systems [Engdahl, 2002].
Measurements show that air flows, after a few years of operation, seldom match the specified design rates. This is often due to fouling and
contamination but also to the fact that it might never have been possible
to balance the systems correctly, due to faults in the original system designs.
As a result, a prioritised requirement for many years has been that it
must be possible to carry out simple checks to confirm that the air flows
in the system are balanced and that these checks must be carried out regularly.
It is important that we learn from these findings, mainly from the
Nordic markets, if we want to steer development towards more stable
and functional systems.
When contracting balancing work, the areas of responsibility for the
engineers must be clearly stated and all the necessary documentation
must be presented. This means, for example, that pressure drop calculations, as well as nominal flows and tolerances, must also be included.
Noise levels and maximum allowable velocities in the occupied zones
must also be specified.
It should be pointed out that the scope of the balancing work, i.e.
planning, preparations and execution, as well as the time required and
costs, are all highly dependent on the specified allowable tolerances.
The functions of each sub-system must also be fully described and formulated in such a way that the commissioning engineer can clearly see
how the installation is intended to work.
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It must be clearly stated for which balancing method the installation
has been designed. All measuring points, temporary and fixed, must be
specified and their positions clearly marked in the drawings. It must also
be stated which officially approved measuring methods are to be used.
Balancing work requires competent personnel and the use of recognized
measuring methods. However, it can only be successfully carried out if
the installation is designed to facilitate measurement and adjustment of
air flows in the various branches of the air distribution system and in
the ATDs. Installations in which relevant demands have been met will
require less time for balancing and will, in most cases, also have lower
operating costs.
The design engineer must, therefore, ensure that:
1. The installation can be balanced. The engineer must, where possible,
specify symmetrical ducting so that excessive dimension changes in the
ducting can be avoided. It must be clearly stated in the contract documents for which balancing method the installation has been designed.

Balancing dampers

FIGURE 1. An installation in which the design engineer has taken into account the
properties of the ATDs. Balancing dampers between the different groups of devices ensure that the pressure drops across them are minimized.
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THE DESIGN ENGINEER
HOLDS THE KEY

2. The installation can be checked on completion. The engineer must,
therefore, choose suitable measuring methods for these checks. To
simplify the measuring procedures, permanent measuring devices
should be installed in the branch ducting and main ducting. Supply
and extract ATDs should also have fixed measuring devices.
3. The installation can, at a later date, be checked by service and maintenance personnel without having to alter or remove any permanent
fixtures or parts of the building.
4. The maximum allowable tolerances and deviations from the specified
values are recorded, if they exceed the normal tolerance requirements.
When an allowable deviation is specified, the probable measuring
error must be included in the deviation.
5. The ducting system is correctly designed from a flow point of view.
This means, among other things, that the shortest distance between a
flow restriction, such as a 90-degree bend, and a branch duct must be
at least six times the duct diameter. Supply ATDs must be connected
to the ducting so that the specified design throws and distribution patterns are achieved.
6. No terminal devices are connected directly to a main duct.

Symmetry
Uniformity and, preferably, symmetry in ducting design are basic requirements for creating a balancing-friendly installation. Figure 2 shows
a linearly branched (uniform) system and Figure 3 a symmetrically
branched system.
These two alternatives are quite common and offer solutions that
provide good air distribution and small pressure losses. In the Nordic
countries, it has been noted that supply ATDs combined with measuring
and adjustment functions offer great advantages. The installation of supply
ATDs via connection boxes is now standard.
Figure 4 shows a complete, traditionally designed system with dampers
and ATDs, with sound attenuators after every damper.
GT
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Attenuator
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Adjustable
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FIGURE 4. A balancing-friendly system structure.

FIGURE 2. A linearly branched system.

FIGURE 3. A symmetrically branched system.
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Connection boxes
In Figure 4, it is assumed that the supply ATDs are connected to the
ducting via connection boxes. A connection box should:
1. Include a damper to regulate the air flow
2. Include a measuring device for flow measurements
3. Be able to attenuate noise from the ducting system
4. Generate very little self-noise
5. Distribute the air to the supply ATD so that it can create the desired
distribution pattern.

Dampers must be installed in main ducts, branch ducts and subbranch ducts, so that the necessary pressure drops can be distributed
throughout the system. The pressure drop across every damper can then
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be minimized, which is an advantage from a noise point of view. A balancing damper in the connection box also makes it possible to distribute
the correct air flow through an ATD without causing noise problems.
When fitting connection boxes to the ducting system, it is essential to
follow the installation instructions supplied by the manufacturer.
Depending on the measuring method and the distance to the nearest
upstream restriction, different lengths of straight sections of ducting are
required, if measuring tolerances are to be met. If these requirements
regarding straight sections are disregarded, large flow measurement
discrepancies will result [CEN 1999].
Correct distribution patterns
Another important task for the design engineer is to ensure that the supply ATDs can create the correct distribution patterns, so that the desired
air movements in different rooms can be achieved. This will require
steady air flows and it is therefore not advisable to attach a supply ATD
directly onto a 90-degree bend or a T junction.
Supply air terminal devices should, therefore, always be attached to
suitable connection boxes.

Supply air terminal device attached to a connection box

Supply air terminal device attached to a 90-degree bend

FIGURE 5. The distribution patterns from supply ATDs with and without connection boxes.
DIFFERENT
BALANCING METHODS

The commissioning engineer cannot normally influence the choice of
balancing method, as this will already have been chosen by the design
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engineer when planning the installation. However, if the commissioning
engineer discovers faults in the installation, it is his duty to make this
known before the balancing work starts.
A number of different balancing methods are used today, including:
1. The proportional method.
2. The presetting method, i.e. the dampers and terminals are preset
according to pressure drop calculations.
3. A combination of these, comprising proportional balancing and presetting techniques
4. Own methods used by commissioning engineers.
5. Methods used for modern system solutions.
Proportional balancing method
The proportional balancing method [NVG, 1981] is a systematic balancing method. Unfortunately, knowledge of the method among commissioning engineers is limited and this means that it has often been used incorrectly. If the instructions for this method are not strictly followed,
step-by-step, it will, in principle, be impossible to keep within normal
flow tolerances. Simplified versions of the proportional balancing
method should, therefore, always be avoided.
Presetting method
The presetting method requires carrying out very accurate pressure drop
calculations for the ducting system. The system must also be installed exactly according to design. The commissioning engineer’s task, when this
method is used, is to set the dampers and ATDs according to the design
engineer’s instructions. The only other work that the commissioning engineer then has to carry out is to check that the design flows have been
achieved. If any deviations are noted, these must be discussed with the
design engineer, so that necessary steps can be taken. As it is often difficult to know exactly how the ducting will be installed in a building, this
method is seldom used. On the other hand, it could be advantageous to
use the presetting method for extract air systems with relatively low air
speeds in the ventilation ducts and in which the pressure drops across the
extract ATDs are relatively high.
Proportional and presetting methods combined
This is an excellent combination and one that should be used more
often. However, it does require the design engineer to be very accurate
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in his work. It also means that the design engineer’s choice of products
must not be changed.
Own methods
A commissioning engineer’s own private methods must not be used.
Only a systematic, step-by-step method must be applied, otherwise it will
be impossible to maintain the required flow tolerances.
Methods used for modern system solutions
Methods used for modern system solutions, i.e. those that contain pressure control devices, often mean that the commissioning engineer is only
required to check that the system is functioning as intended.
Today, we know that we can advance quite far along the road to balancing-free installations. These require active components that are able
to manage the distribution of the air and to compensate for any faults
and operational disturbances. A method has been described in which the
balancing work can be reduced to a minimum [Engdahl, 2002]. This
method also leads to more flexible and energy-saving installations.
How the balancing of these systems is carried out varies depending on
how the installation has been designed.
THE PROPORTIONAL
METHOD

In Sweden, the proportional method has been used for many years,
though it was originally developed in the 1960s in England. The method
is based on the relative magnitudes of the air flows in the branch ducting being constant, even if the air flow in the main ducting is changed,
see Figure 6.
This principle is extremely useful when applied to systematic balancing procedures. It means that the ratios of measured air flows to design
air flows through the different ATDs and branch ducts can be gradually

q1
qtot

1

2

q2

FIGURE 6. The principle behind the proportional method of balancing. The relationship between q1 and q2 is constant and independent of variations in the flow
qtot, provided that the settings of dampers 1 and 2 are not altered.
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adjusted to their correct values. Consequently, during most of the balancing work, it is not necessary to measure the absolute air flows.
Relative air flows are quite sufficient, which simplifies the measuring procedures and reduces the time needed for balancing.
One advantage of this method is that it can be used for balancing a number of different types of ventilation systems. The method also means
that:
• The balancing work can be divided into a number of independent
steps. A group of ATDs can, for example, be balanced independently
of the conditions in other parts of the system. Separate parts of the
system can, therefore, be balanced before the whole installation has
been completed.
• The pressure drop in the system will be the smallest possible and the
noise level can, therefore, be kept to a minimum.
• It can be seen at an early stage whether a particular device or part of
the system cannot achieve the design air flows.
• Dampers and ATDs, once balanced, will not require any further adjustment during the balancing process.
The method is extremely simple and efficient but does demand a great
deal of the components used in the system. For instance, dampers and
flow measuring devices must be easily accessible, if the balancing work is
to be carried out quickly. The easiest way to achieve this is to fit all the
supply and extract ATDs with permanent measuring devices and dampers.
If these functions are not installed, the ATDs must be connected to connection boxes fitted with the necessary functions. Branch ducts and main
ducts must also be fitted with balancing dampers and, preferably, with
measuring devices.
Balancing ventilation installations requires precision work. It is therefore important that all the dampers and terminal devices can be locked
in their balance positions and that no unauthorized persons can alter
them. However, experience does show that adjustments are often necessary after the system has been in operation for a while. There are numerous reasons why and one of them, little known to most, is due to the effects of thermal forces on the balanced flows. Unfortunately, notice is
rarely taken of these changes, caused by the different thermal forces
created in summer and winter. If the balancing work cannot be carried
out during more neutral periods, such as in spring or autumn, it will be

E 539

necessary to compensate for these forces, especially in high-rise buildings. This is often one of the reasons why adjustments often have to be
made to damper and terminal device settings, to deal with complaints
about draughts and alike that often occur in winter and summer.
The thermal force ⌬p can be calculated from the following equation:
⌬p = p⳯g⳯h⳯⌬t/
T

Pa

(1)

where:
p is the density of the indoor air in kg/m3
g is the acceleration due to gravity in m/s2
h is the height of the building in m
⌬t is the temperature difference between the indoors and outdoors
in K
T is the temperature indoors in K

This flow change calculation is approximate, but clearly shows that the
thermal driving forces can affect the flow balance to a significant extent.
The proportional method, applied to a branch duct with four ATDs,
is illustrated in Figure 7. When balancing a group like this, it is always
the most remote terminal from the main duct that is used as the reference terminal, R, and the other terminals in the group (CE 2, 3, and 4)
are then compared to it. When balancing the flows, the reference terminal is assumed to have the lowest ratio, i.e. the lowest value of qm/qd,
where qm is the measured and qd is the design air flow.
If another terminal in the group has a lower ratio, this terminal is
called the index terminal, I. The first step is to set the reference terminal
so that its ratio is the same as that of the index terminal. The other terminals are then adjusted, in turn, to the same ratio as the reference terminal.
After balancing, the index terminal must be opened completely to ensure that the lowest possible pressure level in the installation is attained.
Main duct

In winter, if the outdoor temperature varies between –5 °C and –15 °C,
the equation above can be approximated to:

C
1

⌬p = 0.045⳯h⳯⌬t

Pa

(2)

This means, for example, that in a four-storey building with a storey
height of 3 m, the thermal driving force, when it is –15 °C outdoors and
+22 °C indoors, will be about 20 Pa. Depending on the pressure drop in
the system at this particular time, this force can have an effect on the flow
balance.
If this force affects the supply air system that has been balanced during the warmer part of the year and the balanced pressure drop is 50 Pa,
the pressure drop across the most distant ATD, in winter, will be 30 Pa.
This will cause a flow reduction equal to:
q w/ =
qs

冑

30
= 0.78
50

(3)

where:
qw/ is the ratio of winter to summer air flow rate through the reqs
motest ATD, resulting in a 22 % reduction of the air flow through
this device.
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R

3
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1

4
4

I

Damper
ATD
R

Reference terminal

I

Index terminal

CE

FIGURE 7. Balancing four ATDs on a branch duct.

This means that the commissioning engineer will be able to use relative
measurements during the whole balancing process. The following relationship will apply:
qm
=
qd

冑
pm
pd

(4)

where:
pm is the measured reference pressure across the device
pd is the reference pressure obtained at the design flow
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This is important to note, as it means that the commissioning engineer only has to record pressures and does not have to calculate the air
flows for each terminal. This saves a great deal of time and, consequently, reduces commissioning costs.
ATDs and connection boxes should, therefore, as far as possible, be
fitted with measuring devices and be readily accessible to the engineer.
On completing the balancing work, the air flow is derived from the following equation:
qm = k⳯冑
p
m

(5)

where:
k is the correction factor, specified by the ATD manufacturer, for
determining the correct air flow.
As pointed out above, it is essential that the damper in the index terminal, in each sub-system, is fully open after balancing, as the pressure
drop in the system has to be minimized. If the flow ratio for any of the
index terminals is too low, the commissioning engineer must not increase
the air flow to reach the design flow without considering the consequences. First of all, the cause of the low air flow must be investigated.
Sometimes, it might be necessary to leave an index terminal as it is. The
engineer must, however, motivate why this has been done in his report.
If the pressure in the system is increased, so that the index terminal
reaches the design flow, it could become too high and create noise problems.
The following relationships show how sound levels depend on flow and
pressure:
⌬LA = 10 log
where:
⌬LA is the
q1 is the
q2 is the
⌬p1 is the
⌬p2 is the
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q2
⌬p2
+ 20 log
q1
⌬p1

(6)

change in sound level in dB(A)
flow before a flow change
flow after a flow change
pressure drop before a flow change
pressure drop after a flow change

The equation shows that a 10 % increase in flow will cause a 2 dB(A)
rise in sound level. An air flow increase of 15 % will cause a 3 dB(A) rise.
In order to carry out the balancing process correctly, a number of
preparatory steps are required. The following steps should be carried out
when the proportional balancing method is used and are applicable to
both CAV and VAV systems.
Preparatory work – documents and data
• Make sure that all the necessary contract documents, revised drawings
and specifications, as well as technical data for fans, units, devices etc,
are readily available.
• Prepare schematics of every system and sub-system, if these are not
already included in the contract documents provided by the design
engineer.
• Plan the balancing work based on the above documents and facts. If
necessary, revise any previously specified measuring methods, measuring points, schedules etc.
• Prepare the report forms for recording readings.
• Make sure that all the required instruments have valid calibration certificates.
• Inform the client and contractors on the building site when the balancing work will be carried out.
Preparatory work – checking the installation
• Check that the construction work has been completed to a satisfactory
degree, i.e. that all necessary partition walls, doors and windows have
been installed.
• Draw up a check list for each system. Note any special irregularities.
• Check that all the changes made during installation have been noted
on the drawings.
• Check that the sizes of all supply air terminal devices are according to
specification and that they have been correctly installed.
• Check that all fixed measuring devices have been correctly fitted in relation to the direction of flow.
• Check that the measuring devices have been fitted at the specified distances to any flow restrictions.
• Check that the installation is clean and operational.
• Check that all inspection panels/covers have been properly closed.
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•
•
•
•

Fully open all dampers and other balancing devices in the ducting.
Angle slats in all supply air grilles horizontally/vertically.
Check that fire dampers are open and fully functional.
Set all fans to supply an air flow that exceeds the design rate by about
10 %.
• Make sure that any automatic regulation devices in the system cannot
affect the balancing of the air flows.
• Set the system to provide the maximum required air flow.
• Make sure that all supply and extract air systems that can affect the
flow distribution are always in operation during the balancing process.
Preparatory measurements
• Measure the total air flow and flows through every terminal device in
the system.
• Analyse the measured values. If they deviate significantly from the design values, this could be due to faults in the installation. If the deviations are due to faulty design, it is the design engineer’s responsibility, in consultation with the commissioning engineer, to decide
whether remedial work has to be carried out.
• Draw up a programme for the balancing process based on the preliminary measurements.
• Note the positions of all index and reference ducts/terminals on all
schematics and schedules.

• Continue by balancing the terminals on the other sub-branch ducts
connected to this branch duct. Balance the terminals on the subbranch duct with the lowest ratio last. (Sub-branch duct CC)
• Balance the sub-branch ducts, on which all the terminals are now
balanced, leading from the branch duct. (Branch duct C). Use the
proportional method and find the index and reference ducts.
• Continue by balancing the terminals on the sub-branch ducts leading from the remaining branch ducts. In the example in Figure 8,
there are two remaining branch ducts, of which one has no terminal devices shown.
• Balance the sub-branch ducts leading from the all the branch ducts.
Balance those on the branch duct with the lowest ratio last. (Branch
duct A)
Supply air fan
Branch duct
A (0.8)

Branch duct damper
Subbranchdamper

A

ATD

q
Ratio qm
d

C

1234

BE

Sub-branch AE

C (1.1)

B (1.0)
B

CE

(1.3)

1234
ATD
damper
AD

BD

CD

AC

BC

CC

BB

CB

BA

CA

(1.2)

After completing all the preparatory steps, described above, the balancing work can begin.
PRACTICAL
BALANCING WORK

The following list comprises the steps to be taken when balancing a complete installation. The different points refer to the system structure shown
in Figure 8.
1. The balancing procedure for a CAV system using the proportional
method:
• Start in the branch duct or sub-system that has the highest ratio between measured and design air flow. (Branch duct C)
• Find the sub-branch duct, from this branch duct, that has the highest ratio between measured and design air flow. (Sub-branch duct
CE)
• Use the proportional method to balance the terminals on this subbranch duct.
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(0.9)

1234

AB

(1.1)

1234

AA

(1.0)

FIGURE 8. The system structure of the ventilation system used to illustrate the
balancing procedure in a CAV system when using the proportional method.
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• Balance the branch ducts. Use the proportional method and find
the index and reference branch ducts.
• Complete the balancing work by adjusting the speed of the fan so
that the ratio of measured to design air flow is 1.0. Measure the air
flow, for example, at a convenient point close to the fan.
2. The balancing procedure for a VAV system using the proportional
method. It is assumed that the flows are regulated using thermostats.
The following steps must be taken:
• Adjust the system so that the maximum air flow is obtained. This
can be done by setting all the thermostats so that the control system delivers maximum cooling.
• Check the air flow and static pressure across the remotest terminal
and the terminal closest to the fan. If necessary, adjust the total air
flow in the installation.
• Balance all the supply air terminal devices connected to the VAV
unit closest to the fan according to the proportional method.
Check the total air flow through the VAV unit according to the
proportional method and if necessary adjust it to the design value.
Note that if the installation has been designed with a simultaneity
factor less than 1.0, full air flows will not be obtained from all the
supply air terminal devices.
• Adjust the distribution patterns from the supply air terminal devices. Secure and record the position of the dampers and adjustment devices in the supply ATDs.
• Change the thermostat from maximum cooling to maximum heating and check that the VAV device functions as intended.
• Reset the thermostat and continue with the next VAV unit.
• Use the same procedure as above for the other VAV units. This
means that the balancing process must start at the VAV unit closest
to the fan, where the static pressure is greatest, and continue towards the remotest VAV unit, where the static pressure is lowest.
• When all VAV units have been balanced, the static pressure before
the terminals that had the lowest pressures, the index terminals, is
measured. Check that these are subject to the specified minimum
pressure. All thermostats must have been set to maximum cooling.
• Adjust the capacity of the fan so that the index terminals are subject to the necessary static pressure.
• Together with the control systems contractor, adjust the static pres-
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sure regulator that controls the fan speed, normally located in the
main ducting.
• Measure the total air flow delivered by the fan and check that the
fan motor is not overloaded.
• When the extract air system has been balanced using the proportional balancing method, the extract and supply air systems can be
balanced against each other.
Measuring methods
To obtain satisfactory balancing results, it is important that the measuring methods used are recognized methods and have few sources of systematic errors. Demands regarding systematic errors must be reasonably
related to demands regarding flow tolerances. The systematic errors for
the recommended measuring methods used in Sweden are given in
[Johansson and Svensson, 1998]. These are generally followed by a recommendation regarding the choice of measuring instruments and the requirements specified by each method regarding acceptable levels of interference, etc. Practical balancing work requires, primarily, pressure
measurements. However, when carrying out the final checks of the air
flows, it is essential that standardized measuring methods be used.
The recommended measuring methods have been given special symbols, so that it is possible to identify which methods the design engineer
has specified on the drawings.
The design engineer should focus on simplifying the balancing work.
Primarily, this means choosing products that are fitted with built-in
measuring devices.
If we are to rely on measured values, it is important that the instruments used have valid calibration certificates.
Probable measurement error
The probable measurement error, mn, must be shown and calculated according to the following:

mn= (m12+m22+m32)1/2

(7)

where:
m1, m2 and m3 are random errors as desribed below.
m1 is the instrument error, expressed in %. Even when a measured
value has been corrected with respect to the calibration curve, ran-
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dom errors will still occur. These are due to hysteresis effects for
which corrections cannot be carried out.
m2 is the error of method, expressed in %. This is due to deviations
from the calibration method used for the measurement method in
question. Only methods that are carefully specified should be used.
m3 is the reading error, expressed in %. This depends on the scale
divisions and type of instrument.
Experience shows that it is very difficult to achieve field measurements
for which the probable measurement error is less than about 7 %. To attain a maximum specified error of ± 15 % (including measurement errors), the measured deviation from the specified flow must not be greater
than about 7 %. This requirement can be time-demanding and difficult
to achieve, unless the installation has been specially designed to facilitate
the distribution of air in the system.
The requirements specified in Sweden have been adapted to levels
deemed suitable for the majority of the installations where they could be
applied. However, it is always possible for the client to change these requirements to ones that are better suited to the quality levels for the
project in question. Consequently, it must be considered whether negative tolerances can be accepted in cases where air flows have been specified for reasons of hygiene.
Some recommended measuring methods
To minimize the time required for measurements, it is strongly recommended that the installation be fitted with fixed flow measuring devices
at strategic points [CEN, 1999]. Flow measurements in ducting using
Prandtl tubes or hot-wire anemometers should, in most cases, be avoided. This is primarily due to the time required to carry out the measurements but also because of the difficulties encountered, in awkward flow
conditions, in finding suitable places to carry out the measurements. If
the locations of any flow restrictions are at an adequate distance from the
measuring point, i.e. more than about 8 or 10 duct diameters away, then
no problems will arise. If measurements are to be made at the supply and
extract ATDs, it is strongly recommended that they be fitted with permanent measurement devices. Flow measurements using anemometers
with capture hoods should, in most cases, be avoided. The reason for this
is that they are cumbersome and, therefore, difficult to use. Depending
on the pressure drops across the terminal devices and the measuring de-
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vices, it might also be necessary to correct the readings to avoid large
measurement errors. A simple reading of a typical pressure in a terminal
is by far the simplest and quickest way to check the air flow through the
device.
The contractor must fill in a report for the balancing work according to
the stipulations in the contract documents and, immediately on completion of the work, submit copies to the design/project engineer and
the client.
A balancing report should comprise the following details:
1. The name and location of the property and the client’s name and address.
2. The name and address of the ventilation contractor.
3. The name and address of the commissioning engineer and the name
of the person who carried out the actual balancing work.
4. Which ventilation system the report refers to.
5. Date and time when the balancing work was carried out.
6. The balancing method, the measurement methods and the instruments used.
7. The calibration certificates for the instruments.
8. The design values and allowable deviations for the total flow and the
flows through all the terminals.
9. When using the presetting method for balancing, all calculated values and design settings for dampers and terminals must be stated.
10. Measurements of:
a. Total air flows.
b. Flows in all ducts where measurements have been made.
c. Flows through all terminals.
d. The calculated probable measurement errors.
The deviations in relation to the design values must be given for all
measured flows. Measured values greater than the allowable deviations
must be pointed out or noted in a special column and, if possible, the
reason for each deviation stated.
For every measurement, the following must be given:
1. Date and time.
2. Outdoor temperature and barometer readings.
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3. Wind conditions.
4. Notes on whether doors or windows were open or shut.
5. Other conditions that could be of importance for the balancing work.
SUMMARY

It can be seen from the procedures described above, regarding preparations for the balancing work and the different steps to be taken during
the actual balancing process, that the commissioning engineer must be
fully competent and well-acquainted the different steps. A commissioning engineer must have a sound knowledge of measuring and balancing
techniques, as well as hydrodynamics and acoustics. The commissioning
engineer must also be able to:
• Check whether the design engineer has taken the necessary steps to
make sure that the balancing work can be carried out correctly.
• Carry out air flow calculations, based on the measured pressures, and
measurement error calculations.
• Check the effect of driving forces on the measurements, etc.
This means that there are a number of requirements to be fulfilled,
with respect to the commissioning engineer’s competence. Unfortunately, these requirements are not always stipulated when recruiting new
engineers.
One might suspect that steps can sometimes be overlooked, as the
commissioning engineer often works against the clock. Balancing is the
last phase of a ventilation installation contract and the day allotted for the
final inspection work is often decided on before the engineer has commenced his work. Bearing this in mind, it is not surprising that there are
often imbalances in ventilation installations.
Ventilation systems play an important role for our health and wellbeing. It is, therefore, the responsibility of the ventilation industry to improve system designs, so that better guarantees can be given regarding
the stability of design air flows over long periods of time. A natural step
would be to provide installations with automatic devices to maintain the
correct distribution of air flows.
One example of a suitable solution is mentioned above, in which the
control system maintains constant pressures in the branch ducting. This
not only means that a great deal of the balancing work can be avoided,
saving costs, it also makes it easier to a create a functional installation in
which the pressure rise is kept to a minimum and energy use is thereby
reduced.
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The subject of control technology has been addressed and discussed by
numerous experts and there are a number of excellent textbooks that describe the basic principles and functions involved. A great deal has also
been written about recent technological advances and the automation of
building services. These books and other publications have often been
written by authors with in-depth knowledge about control system design
and the electronics employed. Further discussion of control technology
from these points of view is therefore not necessary.
Instead, this chapter focuses on how joint development of control
equipment and mechanical plant can be employed to make better use
and improve the efficiency of the mechanical properties of air handling
equipment. If joint development is to be really successful, then it is also
necessary to be aware of, to understand and to be able to control parameters such as properties of individual components and the state of the
air (humidity, density, etc), and even its thermal properties. This knowledge can then be used to maintain the specified tolerances for the system.
It must be remembered that sensors and measuring equipment always
work within given tolerances and if these devices are not tested together,
then it is not reasonable to expect that specific tolerances can be met.
Individual adaptation of some of the parameters and components to
the complete installation and the air handling unit itself is also important.
For example, if the air heater is to be used in conjunction with waterborne heating, the flow control valve must have a suitable operating
range, i.e. the valve must be designed so that it will operate fully open at
the design water flow. Even the dynamic properties of the system, such
as the running time of the valve actuator, the length of the piping to the
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air heater, the response of the hot water/air heat exchanger and the
length of the ducting system will affect the settings of the regulator’s
control parameters. If the temperature of the room air or the extract air
is regulated, the size of the room will also be a factor that affects the
settings of the regulator.
The dynamic properties of the system are described using the terms
‘deadtime’ and ‘time constant’. Deadtime is the time it takes from a
change being made until a sensor registers it and the time constant is a
measure of the responsiveness of the system. Examples of factors that affect the response of a system are room size, the capacity of the heat
source and the responsiveness of the sensor, though this is of little importance where temperature controlled ventilation is concerned. System
response can also be affected if a direct expansion air cooler is installed.
In this case, the dynamic properties of the cooling equipment must be
taken into account as well. Output is controlled by letting the cooling
compressor start up in steps. Here, it is necessary to adjust the step time
to compensate for the deadtime between the starting of the compressor
and the coolant reaching the air cooler. This means that even when air
treatment units with jointly developed control equipment are used, it
must still be possible to adjust them individually, if they are to function
properly in an installation as a whole.
In general, the integration of control systems with the plant and
equipment (boilers, air handling units, coolers, etc) normally found in
buildings has been very slow compared to that seen in many other fields.
This is especially true for air handling units, most of which are still sold
without any form of jointly-developed or jointly-tested control equipment. A simple analysis of products from other industrial sectors is a relevant starting point.
There are many different industrial sectors in which successful product
development has taken place alongside a significant reduction in energy
demands. And, at the same time, the products have become more userfriendly, offer better performance and safety, and have been given other
new and valuable properties. This would not have been possible, if the
products and their control systems had been developed independently of
each other.
A few examples of consumer-oriented products are given below.
Comparisons with these are especially relevant, as the functions and
properties of the products are well known by the general public.
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GOOD EXAMPLES
FROM OTHER
SECTORS

Washing machines
In older types of washing machines it is only possible to set the temperature of the water and choose between full and half loads, and whether
the pre-wash and spin drying functions are to be used. The latest machines, on the other hand, have a number of new functions that reduce
energy needs and give better washing results. A special sensor now measures how quickly the textiles absorb water. The machine then automatically regulates the amount of water, to provide the correct drop height
in the drum. You do not have to think about putting in a whole or a half
load – the machine measures the load itself. The total amount of water
required is reduced, which means less water has to be warmed up, and
the washing sequence takes less time. The speed of the spin dryer has also
been increased, which means that water can be emptied even faster, again
reducing time and energy use. As the washing then contains less moisture,
less energy will be needed for drying. The spin-drying speed has been
increased by fitting a balance control, which makes sure that the washing is evenly distributed in the drum before the program starts. If there
is still an imbalance, the machine will automatically reduce its speed. To
provide the most efficient rinsing possible, by using as little water as
possible, some washing machines have built-in rinse sensors to measure
the purity of the waste water. This is an example of a machine in which
the mechanical functions and control equipment have been tested and
developed together, providing a more energy-efficient product and increased customer satisfaction.
Cars
There is most probably no other product group in which the advances
made thanks to the integration of electronics are so obvious. Today,
microprocessors control just about every function in a car and numerous
different types of sensors are used to supply information so that all systems can work optimally.
Fuel consumption has been significantly reduced with the help of electronic injection, which optimizes the mixtures of fuel and air. The performances of engines and their power ratings have also been increased
with the help of electronic controls.
Another good example is the brakes. If you look at the brake pedal itself, no great changes have been made for a long time. On the other
hand, the difference between putting your foot on the brake pedal in a
new car and in an old one is enormous. A previous braking distance of
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50 metres at a given speed has been reduced to 30 to 35 metres – valuable metres that have helped reduce accident rates. And there is now no
need to regulate the braking force applied by your foot, as antilock braking systems provide an optimal braking force, even on wet roads. Many
cars are now fitted with anti-skid systems, also controlled by advanced
electronics.
Thanks to successful product development, cars now offer us increased performance, lower fuel consumption, increased safety and improved roadworthiness. This would not have been possible, if the electronic and mechanical systems had not been developed side by side.
There are numerous other examples of products from other sectors,
which, with the help of integrated control equipment, have become considerably more energy-efficient and more user-friendly. HVAC systems
can be seen in the same light and it is quite obvious that system components should be fitted with purpose-designed and jointly-tested control
equipment, if present and future demands for operating efficiency and
energy efficiency are to be met.
In the following sections the functionality of important parameters,
determined by the properties of the equipment and the air, is discussed.
Control equipment can then be developed based on functionality and
not the other way round, as is often the case. For example, control systems are often supplied with pre-programmed functions that can be
adapted to a wide range of air handling systems. These systems are then
installed together and compromises struck to create an acceptable solution. Functionality tests and the joint testing of sensors and measuring
equipment are, unfortunately, still performed in the field using components that have seldom or never been tested together before.
In new directives and standards, the focus is on energy use. A performance indicator that is often used is the so-called SFPv rating of a fan,
which, among other things, gives an indication of its energy efficiency
when installed in an air treatment unit. This is a reasonable criterion, but
will a fan that has the best SFPv rating also require the least energy in the
finished installation?
What happens if it turns out, when a control equipment contract has
been negotiated, that the speed of a fan motor is to be controlled using
the cheapest frequency converter? How efficient will the frequency converter be and will it be possible to adjust it correctly and adapt it to the
fan motor on site?
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Today, many fans are fitted with some form of air flow measuring device and it can, for instance, be installed in the fan’s air intake. Measuring
errors could be in the region of ± 5 %. Even pressure sensors have varying measuring errors, usually around ± 5 %. If the pressure sensor installation is carried out on site, the total measuring errors could be around
± 10 % for each air direction and this, at worst, could mean a difference
between supply air and extract air pressures of up to 20 %. This will, of
course, greatly affect energy use and is hardly acceptable. The fans will
supply more air than they were designed for and imbalances in flows between supply and extract air might give rise to undesirable pressure differences in the building. More energy will be required, comfort problems could arise and moisture might affect the walls and roof of the
building. There are many good reasons why control and mechanical systems should be integrated with each other and some fundamental arguments are discussed below.
Fans
A fan is a centrifugal machine with a load curve that is proportional to
the square of its speed. When a fan is fitted with speed controls it is important that the control unit, the motor and the impeller have been
jointly developed and tested to optimize total performance. Although a
frequency converter has a number of different parameter settings that
can affect its operation, the ratio of supplied voltage to frequency is the
parameter that has the greatest effect on the power requirements. By
studying the fan curve and adjusting the operating parameters of the frequency converter, it is possible to reduce the power required and to
ensure that the fan delivers the required torque.
Modern fans often have direct drives to avoid power losses, otherwise
associated with belt driven fans. The fans are usually fitted with some sort
of speed control device and this is often in the form of a frequency converter. However, the motor might then become sensitive to the leakage
currents that arise when frequency converters are used and these could
damage the motor bearings. If fans, motors and frequency converters
were tested together, it would be possible to eliminate leakage currents
by changing the switching patterns in the converter. A fan that has been
developed in this way requires less energy and offers longer operational life.
Air flows
If energy-efficient operation is to be guaranteed, it must be possible to
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control the air flows. As mentioned earlier, imbalances in air flows can
lead to an increased use of energy and comfort problems. It is therefore
important to have jointly-tested measuring devices that take into account
measuring errors and that can verify the measuring accuracy.
Flow measuring devices are often installed in fan intakes. If the air
treatment unit is fitted with a rotary heat exchanger, the venting air must
also be taken into account when determining the correct extract air flow.
Even the density of the air can affect the air flow rate. The density of
air at –20 °C is 1.39 kg/m3 and at +20 °C is 1.20 kg/m3. When a ventilation system is commissioned the temperature of the air in the ducting
is normally between 20 and 25 °C. If commissioning is carried out in
warm weather, and the air treatment unit is fitted with a highly efficient
heat recovery unit, and with a flow measuring device situated in the fan’s
air intake, the extract air flow in winter could be 10 to 15 % higher than
the design value. This will cause an excessively large under-pressure in
winter and cold unheated outdoor air will infiltrate into the building.
The reason for this difference in air flow is that the exhaust air temperature in the heat exchanger varies depending on the season. In summer,
the temperatures of the extract air and the exhaust air are roughly the
same but in winter, when the heat exchanger is used to recover heat, the
temperature of the exhaust air could be –10 °C or lower. This means that
the densities of the extract air and exhaust air will be different, causing a
flow rate discrepancy. If, on the other hand, a system is commissioned in
cold weather, there could be an over-pressure in the building in the summer. By taking into account the temperature of the air when the control
system measures the air flow, it is possible to compensate for changes in
flow due to the varying density of the air. A well-tested flow measuring
method with carefully thought-out functionality will ensure that the
design air flow will always be attained, no matter what the time of year
or the outdoor temperature.
Heat exchangers
Present and future energy-saving demands mean that air handling units
will always have to be fitted with some sort of heat recovery system.
Rotary heat exchangers offer the highest temperature efficiencies (80 to
85 %) and can also provide full heat recovery in winter, as there is no danger of them freezing up if the extract air is not too humid. It is even possible to use this type of heat recovery unit in summer to help cool the
supply air.
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The maximum speed of a rotary heat exchanger is about 6 to 10 rpm.
The relationship between speed and temperature efficiency is not linear
and even at very low speeds the unit can recover heat. Its temperature efficiency at 1 to 2 rpm is already quite high. In the spring and autumn,
when outdoor temperatures are close to the design supply air temperature, it is important to be able to control the heat exchanger so that the
required torque can be maintained at low speeds, thus avoiding variations in the supply air temperature.
To ensure that the leakage direction is as intended and that the venting sector in the heat exchanger is functioning properly, the extract air
section must be subject to a small under-presure so that extract air cannot leak into the supply air. In addition to these pressure conditions, the
size of the venting sector is the parameter that will determine the size of
the air flow. In air handling units that handle large air flows, it is sometimes possible to adjust and set the venting sector manually. This is not
normally the case in air handling units that handle small amounts of air.
In demand-controlled ventilation systems, which are becoming increasingly more common, the pressure difference in a rotary heat exchanger between the supply air side and the extract air side is reduced
when the air flow is reduced. A consequence of this is that there will be
too little time to vent the venting sector when flows are small and full recovery is required. This can be compensated for by making the venting
sector larger. The disadvantage of this solution is that the temperature efficiency of the heat recovery unit is reduced. As an alternative, the pressure balance can be adjusted to satisfy the lowest air flow rates and this
will ensure correct venting at all higher rates. The disadvantage here is
an increased pressure drop in the whole installation. A third alternative
is to let the speed of the heat exchanger vary as a function of the air speed
through the unit. In this way it will be possible to ensure that the venting function works properly, as the speed of the rotor is reduced when
the air flow is reduced. This low air flow will result in a slightly increased
temperature efficiency, which, in turn, compensates for the negative effect caused by the lower rotor speed. This third alternative is viable when
all, or nearly all, parameters are known, and would be quite achievable,
if the mechanical and control systems were developed side by side.
Filters
Filters are the parts of an air treatment system that require the most
maintenance. They must be changed on a regular basis, so that excessive
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pressure drops and subsequent increases in energy use are avoided.
Changing filters is costly and it is important that they are not changed
more often than necessary. In some systems there is no filter monitoring
unit at all and the filters are just changed at regular intervals. This is a viable solution but will most probably entail unnecessarily high costs, both
for replacement filters and energy.
The installation of a pressure sensor, to check that the differential
pressure does not exceed a certain set level, is a good solution in systems
where there is only one fixed operational flow rate. This type of solution,
however, is not usually satisfactory in a system with variable flows. In this
case, a sensor should be chosen that allows the monitoring system to
continually measure the differential pressure across the filter. The alarm
level for the sensor is set when the air handling plant is started up with a
new filter in place or when it has been changed. When the plant reaches
the design air flow, the pressure drop is recorded and stored in the memory of the control equipment. This value is then used to calculate the different alarm levels corresponding to the pressure drops for the whole of
the flow range. In this way the filter can be monitored to provide optimal results with respect to energy and filter costs.
Reheating and cooling
Air heaters and air coolers in waterborne systems require valves, pumps
and actuators to control the flows and temperature of the water. Valves
and pumps must be designed very carefully to ensure their correct
authority in the water circuits.
When electrical air heaters are used in systems with variable air flows
there could be a risk of the heating rods overheating, if the air speed is
too low when the flows are low. If technical solutions and control systems were developed along side each other, problems like these would be
avoided. As the area of the air heater is known, the speed of the air at a
given air flow rate is also known. If air speeds were too low, the power
supplied to the heating rods could be reduced and their operational life
extended significantly.
Other functions in control systems
Control systems for air handling units also comprise a number of functions that are not directly connected to specific mechanical features.
Nonetheless it is important to include them when the control equipment
forms an integrated part of a system in order to provide sufficient func-
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tionality to deal with other needs that might arise. These extra functions
could include time controls based on weekly or seasonal settings, different types of temperature control and air flow control, and numerous
other functions.
Verification
One of the greatest advantages of integrating controls into a piece of
equipment is that it makes it possible to guarantee quality and define
tolerances beforehand – not only for specific parts of the measuring
process but for the system as a whole. Equipment functionality can be
tested in the field and the experience gained can then be implemented in
future product versions.
The fulfilment of demands for electro-magnetic compatibility, EMC*,
is easier to achieve when the control equipment is integrated into the
equipment. The whole unit can then be sent to a laboratory for testing
and approval, thereby guaranteeing that interference levels are not exceeded. It is not possible to do this if the control equipment is added on
at a later stage. If this is the case, it will have to suffice to ensure that all
the individual components meet the necessary EMC demands in the
hope that they, together, will not affect or be affected by any surrounding equipment.
AIR HANDLING
– ONE OF THE MANY
SYSTEMS IN
A BUILDING

The air handling system is one of the many different systems found in a
building and these systems are very often connected together under a
main control system. This means that the control equipment must have
a communication interface to the main system and, as there are a number of different standards for interfaces and communication protocols,
more than one type of interface and protocol will be needed. This is especially important in control equipment integrated into an indoor climate system, so that compatibility with a wide range of main systems can
be ensured.
Air handling units with integrated control equipment are still regarded as novel ideas, despite having been available for a number of years.
Strong traditions and commercial arguments are the main reasons why
control equipment and air handling units are still purchased as separate
units.

Supplying air handling units with an integrated control system places
much greater responsibility on manufacturers. They must make it quite
clear what is included and what has to be assembled on delivery. Some
components, such as room sensors, exteriorly mounted ducting dampers
and other parts cannot, of course, be integrated into the air handling
units but have to be installed and connected afterwards. Manufacturers
must therefore take great care when stipulating what is included in a
delivery. Greater cooperation will also be required between the design
engineers involved in planning the ventilation system and those involved
in planning the power supplies to the building and to the control and
monitoring systems.
Consultants and companies involved in building services automation
and monitoring systems must be willing to develop a greater understanding of each other’s fields, if air handling units with integrated control
equipment are to function satisfactorily in combination with other automated systems in a building.
Future demands for less energy use will mean that the development of
air handling solutions will never be allowed to slow down. And the only
way in which it will be possible to meet these demands is by initiating
serious joint efforts aimed at the development and integration of control
systems and air handling equipment. This is a challenge that will drive
development forwards, towards even more energy-efficient indoor climate
solutions.

* EMC stands for electromagnetic compatibility and is used in connection with unwanted interference
effects that a piece of equipment can create and to what extent the equipment itself is shielded from
surrounding interference.
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3 1. T H E I N T E L L I G E N T B U I L D I N G – A M AT T E R O F C H O I C E

Managing Director
IntelliCom Innovation AB, Halmstad, Sweden
HENRIK EBEKLINT

There has long been a desire to create intelligent buildings; buildings
that are capable of making necessary and intelligent decisions that enable
optimal indoor climate and optimal energy utilization, etc. Today, this is
more or less a reality; however, it is based on the assumption that various systems in a building, e.g. for lighting, ventilation, heating, cooling,
access, fire safety, carbon dioxide monitoring, etc., can be combined in a
single network. How can this be possible when the various systems come
from different suppliers? As a customer, can I be certain that I am investing in a long-term solution with a reasonable lifecycle cost without leaving myself at the mercy of the supplier? Here, I wish to describe what it
means to create good conditions for an intelligent building with a focus
on freedom of choice.
WHY INTELLIGENT
BUILDINGS?

Naturally, not all buildings need to be intelligent, and the fundamental
challenge is to find the right level of intelligence for each building. We
have to consider the costs of adding intelligence and the functions we
wish to enable. In most cases, the intelligent building allows the property owner, the property manager and the users to improve their situation
and even lower their costs. Consider the following example. Each of us
has at some time or other probably had something to say about our indoor climate; that it is too hot or too cold, the air is poor, it is too dark
or that it receives too much sunlight. It is easy to overlook the fact that
indoor climate is important for our ability to perform. Suppose a company were able to achieve optimal indoor climate. In practice, this would
mean that the indoor climate was continuously adapted according to the
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type of activity, how the premises are used and to suit the needs of the
people who use the building. In addition, we assume that each person’s
individual desires are satisfied to the extent that this is possible. This
would mean that the employees feel physically and mentally livelier and
more alert and, consequently, that each individual can increase his or her
productivity. If we assume a productivity increase of 5 to 10 % and that
the company has 400 employees, this would have a significant impact on
the company’s financial outcome. Furthermore, this may also affect a
number of dynamic values which in turn result in greater profitability.
Examples of the latter include improvements in the quality of the company’s products and services, a greater degree of service to customers,
and fewer absences due to illness, etc – something that is perhaps worth
a little extra consideration.
Another benefit of intelligent buildings is that they allow us to influence energy use. We all wish to reduce energy use, not least for the sake
of the global environment. Energy use is largely determined by how we
use the building; e.g. when we feel the room is too warm we open a window to admit cooler air, while at the same time the radiators continue to
pump out expensive heat. Or, when we neglect to switch off the lights
when we leave the room. Or, when ventilation and cooling systems continue to run at full effect, despite the fact that everyone in the company
has left for the day. Normally, a building’s total energy use is not utilized
to the full. As much as 10 to 20 % of the energy may be lost as a result
of sub-optimal interaction between the systems in the building.
An intelligent building in which different systems work together
therefore offers several benefits, not least if the systems are coordinated
with the aid of a supervisory monitoring system. It is not always easy to
create an intelligent building. First and foremost, the systems must be
able to communicate with each other.
In an intelligent building, the systems for ventilation, heating, cooling,
lighting, access, etc. must therefore be able to communicate with the supervisory monitoring system. For this to be possible, everything must be
integrated in a common network. All systems linked in the network can
send information to each other, depending on how the network is configured when it is taken into operation. This type of network is usually
referred to as a communicating bus system. Quite simply, the equipment
is connected via a so-called computer bus. This set-up resembles an office in which all workstations, printers and servers are linked in a com-

E 563

COMMUNICATION
BUS SYSTEMS AND
PROTOCOLS

mon network and where data is continually sent between units in the
network. In the context of automation, the Ethernet network corresponds to the bus.
Consider this example from a building. A motion detector senses motion in a room and sends information to the access system. The same motion detector can also be used to send information to other systems to
inform them that no one is in the room. The lighting system can then
extinguish or dim the lights, and the heating and ventilation systems can
adjust their output to the right level. In this simple example, the same information about motion is thus sent to different systems that control access, lighting, ventilation and heating.
Communication between different units is decided by a so-called protocol. In simple terms, a protocol is a set of rules governing data transfer between the various units in the network, how the data stream is built
up, and for ensuring that the data reaches the desired destination, etc. A
protocol can also contain much more, such as procedures for security,
encryption, etc., but we will not go into detail here. Since each protocol
describes in detail how information is to be transferred, there is no easy
way of connecting products with different protocols in the same network. This often requires custom solutions and should be avoided.
CLOSED SYSTEMS

Formerly, manufacturers of equipment for buildings developed their
own protocols, thereby creating their own standards for how their products would communicate with other devices in the building environment. This actually implied a limitation in the environment, since only
the manufacturer’s own products, with the same type of protocol, could
communicate with each other in the same network. Therefore, a larger
building with equipment from several different suppliers might contain
several smaller closed systems, each with its own protocol and each living a life of its own. To control and monitor the systems, there was often
a supervisory system in the form of a graphic user interface on a PC.
Similarly, each supplier delivered its own supervisory system, which
matched its own equipment. These companies supplied what is now
known as closed systems. Very often, each closed system managed its
specific task perfectly adequately. The problem was that it was virtually
impossible to integrate the different systems into a single network. One
had to live with the fact that the building was equipped with several
closed systems installed in parallel.
As a building user, one may have had a relatively intelligent building,
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FIGURE 1. Closed systems.

but not without problems and often rather high costs. The suppliers sold
inexpensive systems, but subsequently commanded higher prices when it
came time for spare parts, new components and service. Furthermore,
integrating several different suppliers’ systems into a single network was
complicated. A total integration with a supervisory monitoring system
normally requires a PC equipped with specially adapted software that
brings everything together in a single network. Alternatively, so-called
gateways, which can bridge two different protocol standards, were used.
This was something that proved very costly to develop, but even costlier
to maintain in the future. At the same time, a common drawback was
that these customized solutions could only handle a limited amount of
information, which meant that much of the desired intelligence was lost.
When it came time for expansion or alteration, there was often no recourse but to contact the original supplier and order more components.
This could prove expensive, considering the fact that there were no alternatives – that is to say, if the original supplier was even still in business.
This was rather advantageous for the supplier, who was free to set his
prices accordingly. At the same time, each system from the respective
suppliers required unique expertise for installation and commissioning.
This also applied to daily operation and maintenance. Again, only a limited number of companies were up to the task. In other words, the building owner was at the mercy of the supplier and in no position to invite
tenders from competitors. One simply had to accept the situation or replace the entire system and start anew. The possibilities for providing for
any future need to change the building were thereby restricted.
Over time, the end user has gained a growing awareness of the negative
aspects of dependency on suppliers. This resulted in new demands from
the market, which eventually led to the development of what we now call
open systems, which are obviously the opposite of closed systems. Just
what constitutes an open system may vary depending on who you ask. In
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simple terms, an open system allows the freedom to choose products
from different suppliers, e.g. systems for ventilation, lighting, access, etc.
Despite the diversity implicit in freedom of choice, it must also be possible to integrate the products in a manageable and cost-efficient way in
a common network.
Open systems make use of established, available standards in all phases, in everything from product design to installation and integration with
other products, to enable the exchange of information in a common network. For a system to be open, the standard must be fully available to all
who will use the system. An open system is based on an open protocol,
which is applied by manufacturers when they develop their products.
This is also seen in the computer world, where many manufacturers
develop their products according to open standards and protocols such
as TCP/IP. This is why it is possible to choose freely from a range of
computers, servers, hubs, printers and other peripherals from different
suppliers, and then integrate them into a single network. This has contributed to the rapid development and widespread use of office networks
that are now able to use standard components from different suppliers at
a reasonable cost.
If we turn again to our open systems in buildings, we see that the user
is therefore free to choose products that comply with the standard, regardless of supplier. Compatibility also means that, should the need for
replacement arise in the future, the individual products can be exchanged. Compare this to the closed system, where normally only the
original supplier could solve the problem!
The market now offers a few open systems that comply with different
standards. Just because a system is open does not necessarily mean that
two products with different protocols can communicate with each other,
even though they both use open protocols. For this to work, they must
be of the same type. It is also important to understand that when a system is procured with the requirement that it must be open, the installation, configuration, integration and documentation must be provided in
the correct manner; otherwise, many of the benefits of an open system
are lost and we end up back at square one. It may seem complicated, but
a simple rule of thumb is that if a building is based on open systems, and
thereby on accepted standards, full integration at a reasonable cost is
possible.
Obviously, there are numerous advantages with an open system.
Several of these advantages are described here.
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Lower installation cost
Open systems allow many sub-systems to interact in one and the same
network. This implies a lower material cost, since fewer networks are
used to integrate the building’s various systems. In turn, less cabling is
required, which represents a further reduction in the installation cost.
Compare this to the way installation used to be, when every supplier had
his own closed network! Each system then requires a separate installation
including the necessary cabling, etc.
Lower lifecycle cost
Open systems present new possibilities with respect to operation and
maintenance of the building. An integrated building with open systems
has fewer specific networks. This means that one or a few service companies can assume responsibility for the entire operation, which is more
cost-efficient than the old way, when it was usual for each supplier to
service his own system. Instead, one service call now suffices to maintain
several systems in the buildings.
Energy savings
Sub-systems can provide information that can help to improve the operating efficiency of the building, and thereby reduce energy use. Here, a
supervisory control and automation system fulfils the important function
of analyzing all the information, which we will discuss in a subsequent
section.
Flexibility and expandability
A lot can happen to a building over the course of its life. Perhaps it is extended or renovated. Maybe the function of the building changes when
new tenants move in. This often means that the building-automation system must be upgraded. With closed systems, alterations were often costly – if it was at all possible to retain intelligence in the building. Even a
minor change could entail enormous expense, especially if the building
had custom-made systems that had to be revamped.
But with the freedom of choice offered by open systems, changes can
often be made at a lower cost than previously, while the intelligent functions of the building are retained. The lifecycle cost of the building is
kept at a reasonable level, even if the building or its use changes.
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Freedom of choice
Perhaps the most important effect of open systems, and a feature that is
more or less implicit in all of the advantages mentioned here, is the freedom of choice they afford. With standardized open systems, a greater
range of compatible products is available from the various suppliers on
the market. This allows greater freedom of choice during the procurement of an intelligent building. The knowledge that products are interchangeable often induces suppliers to take better care of their customers.
The same applies to companies that provide services for installation, systems integration, maintenance and operation. When many suppliers are
able to offer components and services, the increasing competition means
lower prices. At the same time, quality may improve, since each supplier
must make a greater effort to maintain his market position. The customer is able to reject the less competent suppliers in favour of those
who offer demonstrably good quality.
In other words, when the need for building alterations or service arises, it’s all about freedom of choice and not being bound to a potentially expensive long-term agreement. With closed systems, it can be very
difficult to change suppliers once the system has been installed. In addition, products and systems in the original supplier’s range may no longer
be available, the supplier may have gone bankrupt or perhaps drastically
increased his prices.
Open systems make a building intelligent, creating a basis for improved indoor climate and helping to reduce energy use. The installation
cost is lower and the lifecycle cost is reduced. The end user is free to
choose suppliers of both components and services for installation, maintenance and operation. Open-systems users can feel secure in the knowledge that they have invested wisely when they are not dependent on
merely a few suppliers. Greater flexibility means that the building can be
developed to keep pace with changing needs. You have doubtless noted
that the key term in this section has been ‘freedom of choice’. Freedom
of choice brings long-term security.
BUILDING
MANAGEMENT
SYSTEMS (BMS)

A large intelligent building often has a so-called BMS (Building
Management System), which is normally a PC with advanced software.
These are also referred to as presentation systems, control and monitoring systems, maintenance systems, etc. All systems in the building, e.g.
ventilation, lighting, etc, are connected to a BMS via the common control network that enables the systems to communicate. The purpose of a
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BMS is to allow the user, via a computer monitor, to oversee the operation of equipment and systems and thereby ensure that all the elements
are working together correctly and efficiently. It must also inform the
user about the status of the building by presenting important information on operating parameters, alarms, etc, and notify the user as to
maintenance requirements.

BMS
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FIGURE 2. Open systems – Building Management Systems.

A BMS can collect information from the systems over a long period,
thus allowing the user to learn about the building’s “behaviour” in different situations. An intelligent building that is based on open systems
generates a lot of information and operating data that can be managed
with a BMS. An increased awareness of the building’s behaviour makes
it easier for the user to discover changes or abnormal patterns, which facilitates identification and preventive action to eliminate problem
sources.
The greater awareness of the behaviour of the building gained via a BMS
vastly improves the possibilities for saving energy and thereby reducing
operating costs. An invoice from the power company really only shows
how much electricity has been purchased during a given period and at
what cost. With a BMS, it is possible to determine where and when the
energy was used. In this way, we can pinpoint undesirable energy use,
e.g., outside office hours, or via a specific piece of equipment that is used
incorrectly or excessively. An example might be a ventilation system that
is running at full capacity after office hours, even though the premises
have been vacated. Defective sensors may lead to excessive heating, and
consequently an increased demand for cooling. In other words, the BMS
can be a tool for finding hidden costs.
I can give a concrete example of how greater awareness of what is hap-
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pening in the building can result in better economy. During the 1990s,
a study was conducted in Borlänge, Sweden, to investigate how awareness of energy costs affects the use of electrical appliances. In each rented apartment in a group of buildings, a small wall-mounted display
showing current energy use was installed. The interesting feature was
that the figures displayed were in Swedish kronor, instead of kWh. The
people participating in the study suddenly became aware of the relationship between their use of electrical appliances and their electricity bill. By
turning on the range, they were able to note instantaneously how much
their energy use increased in monetary terms. Many people soon realized
that, for example, the range, laundry machine and dishwasher use rather
a lot of electricity and subsequently that one should give some consideration to how these appliances are used. The results of the study showed
an average reduction in energy use of 15 %. This can only be achieved if
users are aware of how they are using the equipment.
There are several advantages of linking the systems together with a
BMS via the control network. More information about how the systems
in the building are working means they can be used optimally and correctly. When new equipment is installed or when alterations are made,
set-up and fine-tuning of the systems is facilitated. Once the systems are
operating, the operator can check to ensure that they are working at just
the right level to perform their tasks. At the same time, a BMS can indicate when a specific system is in need of service, which means that the
working life of the equipment can be prolonged. This also enables better planning of maintenance and remedial action, as well as future investments.
Note, however, that if an installation has been poorly planned and executed, it makes no difference how sophisticated the open control system is; it cannot solve the fundamental problem. On the other hand, an
open BMS provides information about problems or history, making it
easier to identify and remedy problems.
WHY ARE THERE
SO MANY NETWORK
STANDARDS?

We will conclude with a classic problem. Today, many closed networks
have been phased out and replaced with open networks together with all
the attendant benefits. But why are there so many different open network standards? Why has there been no consensus on a single network
that can be used for all systems in a building? If this were the case, integration would not pose a problem. Several of the many reasons are discussed here.
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First and foremost, there are several major market players who have
long played a decisive role in their respective geographic areas. They may
have previously worked exclusively with closed networks and now offer
a combination, or perhaps only open networks. Because these players are
so dominant, they also have a big impact on the market since, for example, they have large resources for marketing one or more of the networks
they recommend. Consequently, a geographic division of the market
arises whereby, over a long period, a single large supplier sells and installs
a certain type of network. As a result, new players adopt products and
services that are associated with this network.
Technological advancements are made continually, affording new possibilities for improvements in communication solutions for building automation. Internet and wireless technologies, for example, have spurred
the development of new standards.
Several suppliers of open systems also have a strong profit motive,
since they manufacture and own components that are necessary for designing a product for a certain type of network. The supplier may also be
responsible for performing the requisite certification, which normally entails an expense. Consequently, since he profits when his network technology is spread and used, the supplier markets his product actively. Note
that, even though a supplier has an ownership interest in a network, the
network can still be open and accessible.
In addition to political reasons, there are also a number of practical
reasons. Different types of systems in a building must comply with different types of requirements, which means they have different features
and characteristics. Safety and security-critical systems, e.g., fire protection and access control systems, must satisfy stringent requirements for
delivering a message to the correct recipient within a given time. At the
same time, there must also be some form of encryption to protect sensitive information. Normally, devices such as a heat pump or outdoor thermometer are not subject to such strict requirements. This may be one
reason why manufacturers of different types of systems base their solutions on different standards.
In addition, there may be requirements with respect to the speed at
which information is exchanged. Communication between a circuit
breaker and a light fixture must be fast enough. If it takes too long for
the lamp to light, we instinctively hit the switch again, which turns the
lamp off. Temperature measurement, which often has a much slower
progression, is not subject to the same type of speed requirement.
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All in all, this probably means that there will always be several open
networks on the market. The gradual demise of the closed network is a
big step in the right direction, and different manufacturers now offer
products and systems that are compatible with each other.
As a user, one should always demand open networks and choose suppliers that offer the possibility to communicate according to a palette of
different standards. This ensures freedom of choice in the event that
equipment must be replaced or complemented. At the same time, it is essential that the equipment is installed, configured, integrated and documented in accordance with the open-systems approach. With the freedom to choose from among a range of open alternatives, we can create
a future-safe building that can be managed and developed over time at a
reasonable cost. When creating an intelligent building, there are also
good reasons not to become too focused on trying to minimize the initial material costs. An intelligent building is so much more, which is why
it is always better to focus on the building’s lifecycle cost and the functions one wishes to enable.
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E VA S I K A N D E R

FIGURE 1. The provision of a good indoor environment in a building, one that
does not cause ill health or discomfort, is a basic demand made not only by the
residents but also by society in general.

QUALITY ASSURANCE
– AN ONGOING
ASSIGNMENT

Quality assurance of buildings and their functions is not a clear-cut concept. Some people think that quality assurance just means extra paperwork and the creation of pages of documentation to be filed away and
not used for any practical purpose. Hopefully, most people regard quality assurance as a way of ensuring that the goals that have been set are
actually reached. The idea behind quality assurance is to reach one’s
goals in the most efficient way possible, by improving work and production methods, technical solutions, etc. An important aspect of the quality
assurance process is that goal fulfilment can be checked and verified.
An example of quality assurance work in the building and property
management sector is the following up of goals to ensure that the indoor
environment in a building is, or will be, acceptable. One of the most important aspects of the indoor environment is the quality of the air. Other
important aspects include acoustics, lighting and thermal comfort. A
good indoor environment is assured by carrying out quality assurance
work throughout all the phases of a building project, i.e. when drawing
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up the building program, when carrying out planning and construction
work, and when managing the finished building.
The foundations for a good indoor environment are laid down at an early
stage in the building process, although this can then be ruined by poor
management. On the other hand, good management can, over time,
improve a building with a poor indoor environment through structured
activities aimed at clearly defined goals. In this case, management,
operation and maintenance are planned based on an inventory of the
faults that are in most need of remedial action.

QUALITY ASSURANCE

The client is the player who, throughout the building process, makes the
final decisions regarding the execution of the quality assurance work.
The client’s work to quality assure a good indoor environment mainly
involves:
• Ensuring that there are people in the client’s own organization who
have the necessary competence in the field of indoor environment. In
some instances this competency could be held by one of the project
managers, while in others there could be one or more specialists who
are responsible for and who monitor indoor environment issues. How
this work is organized depends of the size and complexity of the building project.
• Stipulating clear requirements for a good indoor environment. The
level of ambition will vary from building project to building project.
In a rebuilding project, the requirements should be made based on
what is feasible after carrying out a survey of the building. Note that
it is the client’s responsibility to comply with official regulations and,
consequently, requirements regarding good indoor climate. Clients
sometimes choose to go beyond the standard requirements for good
indoor environments.
• Clarifying how responsibility has been assigned with respect to fulfilment
of the requirements. The responsibility for fulfilling the client’s requirements lies with those involved in the project. They must be able
to verify that the stipulated requirements have been fulfilled. The
client must demand that the consultant’s and contractor’s documentation and reports be comprehensive and complete.
• Checking that those involved are sufficiently competent or by ensuring
that relevant competency is available. This can be done by evaluating
their previous experience, reference projects and routines for self inspection as well as by looking at how much they have cost.

THE CLIENT’S QUALITY
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DURING THE BUILDING
AND MANAGEMENT
PROCESSES

ASSURANCE WORK
DURING THE BUILDING
PROCESS

• Following up the requirements and checking that verification work has
been carried out and reported and that the requirements have been
fulfilled. The client should also carry out random checks and measurements.
The quality assurance work carried out to ensure a good indoor climate should, if possible, be coordinated with other quality or environmental work related to the project.
FIGURE 2. A suitable time for
the client to follow up the
quality assurance work is in
connection with planning or
site meetings.

FIGURE 3. Fulfilment of functional requirements stipulated
for the indoor climate must be
verified by carrying out appropriate measurements. The
picture shows equipment for
measuring emissions from
furnishings.

THE CLIENT SPECIFIES
THE REQUIREMENTS
LEVEL

During the planning, building and management stages of a project, requirements must be stipulated for the different functions in a building,
even from an indoor environment point of view. These requirements are
dealt with in more detail in Chapter 14/The client and the building
process. The following are examples of areas in which clear and verifiable
requirements must be stipulated:
1. Sources of pollutants and the spread of pollutants
Sources that emit pollutants must be eliminated or their occurrence reduced. Important aspects to bear in mind include:
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• Emissions from building materials. These can occur, especially if the
materials have been subject to moisture or have been handled incorrectly. In some cases, however, materials can emit significant amounts
of chemical substances without having been subject to moisture or incorrect handling (primary emissions). Choosing low-emitting materials can contribute to better air quality.
• Structures and production processes. These must be protected against
moisture damage, as this could cause fungus growth on building materials or chemical emissions due to reactions with, or decay of, the
materials. Carefully planned moisture prevention measures will help
eliminate unsuitable structural solutions and production methods.
• Radon from the ground. This is an air pollutant that should, primarily,
be dealt with at source, i.e. by preventing it from reaching the indoor
environment. This can be done by making the foundations airtight.
• The domestic hot water system. This must be designed so that the risk
of legionella growth is avoided. The temperature of the water should
be checked regularly when the building is in use.
FIGURE 4. Requirements for
achieving a good indoor
environment can include the
provision of weather and
moisture protection measures
for materials and components,
to protect them against
moisture and dirt.

2. Ventilation
Adequate ventilation must be ensured to remove pollutants emanating
from the activities in the building and from the occupants, or to remove
surplus heat. See Chapter 16/Air change and air flow.
3. Supply air quality
It is important that the air introduced into a building is sufficiently clean.
The quality of the supply air is determined by the location of the air intake and its design. Supply air from outdoors might have to be filtered.
See Chapter 18/Outdoor air intakes, and Chapter 20/Air filters and air
filtration.
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4. Airtightness
The airtightness of building components is important for achieving the
planned ventilation of the all the rooms in a building, for ensuring that
polluted air does not infiltrate into the building, for avoiding moisture
damage, for avoiding poor thermal comfort as a result of draughts and
cold surfaces, and for an efficient use of energy. Although theses requirements apply primarily to the building envelope, they are also important
for protection levels between fire cells. See Chapter 12/Airtightness.
FIGURE 5. An airtight building
envelope is another important
requirement for good air quality
and energy efficiency. There is
sometimes a misunderstanding
about whether or not leakage
and infiltration through the
building envelope is beneficial.
A building must, of course, be
allowed to breathe but this is a
job for the ventilation system.

5. Thermal comfort
Thermal comfort depends on both the outdoor climate and how the
building envelope and the building services have been designed. The requirements specification must make it quite clear how much the thermal
climate can be allowed to deviate from its optimal value, for example,
with respect to high indoor temperatures during hot and sunny days. See
Chapter 14/The client and the building process and Chapter 10/
Thermal climate.
6. Sound and sound attenuation
The acoustic environment is important in all buildings and depends on,
among other things, the ventilation system, traffic noise and other noises
from the surroundings. See Chapter 11/Building acoustics and Chapter
26/Sound and sound attenuation.
7. Cleanability
The quality of the indoor air is affected by how easy it is to clean the
building and how cleaning is carried out. The cleanability of a building
is a measure of how easy it is to reach different surfaces for cleaning and
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also depends on the number of surfaces that collect dust and whether
these surfaces are easy to clean.
If requirements regarding cleanability are stipulated, it is a good idea
to include recommendations relating to the management process.
Comments provided by property management organizations could lead
to solutions that would be of great importance to care and maintenance
routines.
During the planning process, the design/project engineers must be able
to show that it will be possible to fulfil the building’s technical requirements. This must be clearly shown in appropriate documents with specific references to drawings, descriptions and calculations.
The client must also have an agenda for measures to be carried out
during the planning process to ensure that the goals will be met in the
finished building. Steps that are often taken in connection with quality
assurance work during the planning process include:
• Providing information regarding the stipulated requirements to those
taking part in the planning work.
• Carrying out self inspections to verify that the requirements have been
met.
• Carrying out combined inspections to ensure that different technical
solutions do not conflict with each other.
• Providing instructions to those engaged in the building process.
• Compiling information for the property managers about operations
and maintenance, and about weak points to which extra attention must
be paid while the building is in use.

THE PLANNING

During the building process, all work must be carried out so that the
stipulated requirements are met. Verification that the requirements have
been met involves carrying out appropriate measurements and certifying
that the project documents have been followed. Quality assurance work
during the building process often means:
• Checking with the respective engineers that important operations
have been completed.
• Providing on-site training for the contractors, informing about important stages in the building process and clarifying requirements that
must be fulfilled.
• Documenting self inspection work.
• Documenting measurements and verification work.

THE BUILDING
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PROCESS

PROCESS

• Compiling information for the property managers with regard to future operations and maintenance, as well as indicating weak points to
which extra attention must be paid while the building is in use.
•
FIGURE 6. The airtightness of
the building envelope can be
easily assessed by carrying out
airtightness tests. When these
tests are carried out there is also
often a search for leaks, so they
can be identified and sealed.
If the degree of airtightness is
insufficient, this can affect the
ventilation, the quality of the
air, moisture protection
measures, thermal comfort
and energy use.

THE MANAGEMENT
PROCESS

The property owner’s management team can ensure that a good indoor
environment is also maintained after the building has been completed. If
the building is misused and poorly maintained, the quality of the indoor
environment might decline. Some property managers strive to improve
the indoor environment by systematically working towards clearly defined goals. What should a property owner/manager do to maintain or
improve the indoor environment? The following suggestions might help:
• Create a management organization that has clearly defined areas of responsibility, not only to draw up routines, shown below, but also to
make sure that they are followed and properly documented.
• Provide personnel with the right tools, so that they can tackle the necessary assignments. Cleaning staff and operating staff should also be offered training when necessary. Even the tenants might require training or regular information.
• Draw up routines and checklists for operations and maintenance. These
can be based on information from the building process and recommendations from material and system manufacturers. In existing
buildings, an inventory of the building will reveal weak points and
identify risks that should be given extra attention when carrying out
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•

•

•

•

maintenance work. Routines and checklists should be drawn up for
ventilation systems, heating systems, the building envelope and cleaning.
Draw up a maintenance plan. This should comprise measures to be
taken to eliminate weak points and to reduce any risks identified in the
inventory.
In certain instances, it might be advisable to provide information to
the users/tenants about how the premises and the building services
should be used, i.e. if there are any operational limitations. For example, the ventilation system in the building might be dimensioned for
a certain number of people and the quality of the air will be affected,
if this number is exceeded. Cleaning extract air terminal devices and
kitchen fans will also contribute to good air quality.
Create routines for handling complaints so that user’s/tenant’s points
of view can be dealt with expediently. Complaints should be registered, assessed and quickly attended to when necessary. All documentation should be carefully managed, to avoid forgetting to deal with
important complaints. Comments and complaints about measures
that should be tackled immediately, for example, replacing light bulbs,
need not always be registered.
Keep records that show that operation and maintenance routines and
maintenance plans have been followed. To avoid being caught between two stools, it is vitally important that unique responsibility is assigned to each and every aspect.
Create a complete overview of the indoor environment situation by
holding regular meetings to discuss relevant issues. In this way the
users/tenants, cleaners and maintenance staff can report on the curFIGURE 7. Staff must always be
properly prepared, so that a
good indoor environment can
be maintained when the building is in use. Training them in
their areas of responsibility and
creating routines and checklists
for their work is often a good
investment.
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rent situation and put forward suggestions for improvements. These
could lead to improved routines, changes in maintenance plans and
other measures of a technical nature.
FIGURE 8. Issues put forward by
the users/tenants, cleaners and
maintenance staff can be discussed at regular meetings.
This also provides a good
opportunity to put forward
suggestions for improvements.
These could lead to improved
routines, changes in maintenance plans and other measures
of a technical nature.

A TYPICAL BUILDING
AND BUILDING
SERVICES INVENTORY

An inventory can reveal a building’s weak points, risk factors and faulty
systems. These details, together with the proposed remedial measures,
are an excellent basis on which to base operational and maintenance routines and, above all, for drawing up maintenance plans. If a building is to
be rebuilt, it is a great advantage if remedial measures can be planned in
time and not discovered during the rebuilding work or, even worse, after
its completion.
When carrying out conversions or alterations it is often necessary to
make an inventory of the building’s properties, to assess whether it will
be possible to run it efficiently with regard to energy use. To avoid suboptimization, it is often a good idea to carry out energy-saving measures
together with any remedial measures designed to improve the indoor environment.
Improvement measures are normally identified and planned based on
an inventory, which mainly comprises the following:
• A review of all present documentation regarding the design of the
building, the building services and the indoor environment. This often
includes drawings, questionnaires, complaints records, ventilation test
certificates and comments and, if necessary, energy use statistics.
• Details collected from maintenance staff, property managers, cleaners
etc.
• An inventory of the building, carried out as an on-site investigation of
the factors that could affect the indoor environment. These might include the ventilation system, moisture conditions, the existence of any
moisture-damaged materials, emissions and smells, structural risks (de-
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FIGURE 9. An inventory carried out before rebuilding will reveal critical construction solutions and faulty functions that could constitute risks for the indoor environment and the air quality. This means that major problems can be discovered in
time, with great cost savings as a result. The photograph shows moisture measurements being carried out with a moisture meter, to find floor areas with excess
moisture content. If floor coverings are placed on top of damp floors, chemical
substances could be released and affect the quality of the air.

sign drawings will be needed), factors that affect thermal comfort (for
example, the condition of the windows and the building envelope, and the
design of the heating system), airtightness, noise problems and radon.
The inventory should also include an overview of the factors that can
affect the use of energy, such as the condition of the building envelope
and the design of the heating system and control system. The initial inventory is carried out using non-destructive testing. Further measurements, tests and sampling can then be carried out if required.
• Remedial measures, based on the information above, can then be proposed to correct any faults or defects. Some conditions in a building
might be difficult to correct so that all the indoor environment risks
are completely eliminated. In cases like these, the property owner
might have to consider accepting some of the faults and, instead, keep
an eye on them by inspecting them regularly when the building is in use.
All over Europe, clients and property owners are trying to create good
indoor environments and a number of systems for quality assurance of
the indoor environment are now available. One of the systems used in
Sweden is described below.
‘P Certified’ indoor environments
The quality assurance method described above is, to a great extent, sim-
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CONCLUDING
REMARKS

FIGURE 10. Quality assurance of the
indoor environment, in which third
party inspection is included, is used in
schools, day nurseries, office buildings,
blocks of flats, shops etc. When thirdparty inspections are carried out checks
are made to ensure that the requirements for good indoor environments
have been fulfilled and that the management routines have been followed,
so that good indoor environmental
standards are maintained.

ilar to that which is used to quality assure good indoor environments according to the Swedish system for ‘P Certified’ indoor environments. In
‘P Certified’ indoor environments, a yearly third-party inspection is carried out to check that the requirements for a good indoor environment
have been fulfilled, that management routines have been followed and
that complaints have been properly dealt with.
It is a good idea to combine steps aimed at creating a more efficient
use of energy with measures to ensure a good indoor environment.
When drawing up energy declarations for buildings, an inventory of the
building and the building services can also be carried out and, at the
same time, it ought to be possible to evaluate the quality of the indoor
environment. One of the key factors for the efficient use of energy is the
existence of well-functioning building services, which are also of great
importance where the indoor environment is concerned. The system for
‘P Certified’ indoor environments has therefore been extended to include energy use as well.
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The Swegon Air Academy is a forum for
objective and company-neutral sharing of
knowledge and experiences related to air
handling and indoor climate issues.
One of our primary goals is to explain
complex relationships in an intelligible way,
so that those who are interested in a subject
can understand it at a deeper level.
Via seminars, newspaper articles and literature, the Swegon Air Academy contributes
to a greater awareness of the importance of
indoor air quality for health and well-being,
to an increased understanding of the energy
issue and to a higher level of involvement in
matters concerning the outdoor environment.
The Swegon Air Academy provides information and educational activities all over
Europe and co-operates with well-known
experts in relevant fields.
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