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Forord

Upprinnelsen till denna studie var att Rono férsamling ville installera tva stycken
luft-luftvarmepumpar i Ludgo kyrka. Efter ett inledande samrad beslots att ge-
nomfora en pilotstudie i samverkan mellan férsamlingen, stiftet, lansstyrelsen
och lansmuseet. Hogskolan pa Gotland fick i uppdrag att gora en utvdrdering.

En del av klimatundersdkningarna har genomforts av Elisabet Lindén och Svante
Lindstrom vid Hogskolan i Gavle.

Denna studie har haft ekonomiskt stod fran Energimyndigheten, Riksantikvarie-
ambetet, Strangnas stift samt Mal2 Oarna.

Forskningen kring luft-luftvarmepumpar for kyrkor har resulterat i tva vetenskap-
liga artiklar vilka finns med som bilagor till denna rapport.

Convective heating in a medieval church — Effects of air-to-air heat pumps on air mo-
vements, particle deposition and temperature distribution. (Publicerad vid konferen-
sen Roomvent 2009 i Sydkorea)

Heat pumps for conservation heating. (Publicerad vid konferensen Nordic Building
Physics i Kpenhamn, 2009)

Ett sarskilt tack till forsamlingens representant Sten Mattsson och kyrkvaktmasta-
ren GOran Larsson for deras engagemang och hjalp med praktiska fragor.
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Inledning

Luft-luftvarmepumpar har de senaste aren utvecklats mot allt battre prestanda
och lagre priser. En 6kad anvandning i smahus har lett till 5Snskemal om att instal-
lera luft-luftvarmepumpar dven i kyrkor.

Det har funnits en tveksamhet infor att anvanda luft-luftvarmepumpar i kyrkor.
Det beror delvis pa att det saknats kunskap och erfarenhet om hur varmepum-
parna egentligen fungerar i detta sammanhang och vilka risker som finns.

De skal som gjort att luft-luftvarmepumpar i allmanhet fatt en san framgang i

Sverige ar att:

«  Energiforbrukningen sanks markant, 50% eller mer

« Investeringen ar rimlig i forhallande till besparingen vilket ger en kort ater-
betalningstid

+ Installationen ar relativt enkel, det krdvs inga storre ingrepp

Mot detta stalls de risker och problem som luft-luftvarmepumpar i kyrkor kan
medfora:

«  Luftstrommar som orsakar férsmutsning och drag

« Ojamn temperaturfordelning i kyrkorummet

« Haltagning i vaggen

« Utseendemassiga aspekter

Malet med rapporten ar att underséka om de férdelar som namnts ovan finns
aven da luft-luftvarmepumpar anvands i kyrkor samt att vardera de risker som
finns.

Metoden bestar av sammanstallning och vardering av befintlig kunskap samt en
ingdende vardering av ett pilotprojektet i Ludgo kyrka.

Rapporten inleds med tre grundlaggande kapitel om luft-luftvarmepumpar, upp-
varmningsstrategier samt dimensionering. Dessa kapitel ger en allman beskriv-
ning av hur luft-luftvarmepumpar kan anvandas for skyddsvarme. Darefter foljer
ett kapitel som beskriver risker férknippade med att anvanda luft-luftvarmepum-
par. Det sjatte kapitlet ger en utforlig beskrivning av det pilotprojekt som genom-
forts i Ludgo kyrka. Rapporten avslutas med en diskussion och behov av fortsatt
arbete.
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Luft/luft-varmepumpar

En varmepump tar lagtemperaturvarme fran en kalla som ar gratis, t ex luft, mark
eller vatten och “pumpar” upp varmen till en sa hég temperatur att den kan an-
vandas for uppvarmning eller varmvatten. Det férmanliga med varmepumpen
ar att man far ut manga ganger mer varmeenergi an vad som gar at till att driva
varmepumpen. Det egentliga energiutbytet beror pa driftsforhallanden, typ av
varmepump samt uteklimatet.

En luft-luftvarmepump tar varme
fran uteluften och avger varm luft pa
insidan. Varmepumpen bestar av en
innedel och en utedel. Utomhusde-
len drar med en flakt in uteluft som
kyls av, dvs den avger varme till var-
mepumpen. Med hjadlp av en kom-
pressor hojs temperaturen pa var-
men. | inomhusdelen 6verfors varme
till rumsluften med hjalp av en flakt.
i o . Mellan delarna gar ledningar for el

Figur 1. Schematisk bild av en vdarmepump och kylmedel genom ett hal i vig-
gen. Innedelen har ett eller tva utlopp. Ofta kan man med ledskenor rikta luft-
strommen.

Varmluft

Varmefaktorn ar det nyckeltal man vanligast anvander for att beskriva hur bra en
varmepump fungerar. Varmefaktorn ar férhallandet mellan avgiven varmeenergi
och tillford energi (el for att driva kompressorn). Pa engelska anvands begreppet
COP ( Coefficient of Performance).

Ekv1

_ Avgiven _virme

COP
Tillford el

For kommersiellt tillgangliga luft-luftvarmepumpar ligger varmefaktorn typiskt i
ett intervall pa 2 till 4 [Energimyndigheten 2009].

Den teoretiska gransen for varmefaktorn, den s.k. Carnotvarmefaktorn, bestams
enbart av ute- och innetemperaturen:

Ekv2
COP = i
1= Tz
T1 temperaturen inomhus (K)

T2 temperaturen utomhus(K)
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Detta innebadr att en luft-luftvarmepump kommer att ge lagre effekt ju kallare
det ar ute. Till slut nar man en punkt dar varmepumpen slas av och man varmer
med en kompletterande energikalla istallet. Ekvation 2 innebdr ocksa att om man
har en lag temperaturskillnad mellan inne- och utetemperatur sa ar det mojligt
att med en sarskilt anpassad varmepump fa en mycket hog varmefaktor, kanske
dubbelt sa stor som for en konventionell varmepump [Brostrém 2008].

Varmepumpens utedel maste vid kall och fuktig vaderlek avfrostas med jamna
mellanrum. D3 kors varmepumpen baklanges. Man tar varme fran inneluften for
attta bortisen. Det innebar att det finns en lagsta rekommenderad innetempera-
tur vilken ligger mellan 8-12 C fér de flesta varmepumpar. Om innetemperaturen
ar lagre an detta rekommenderade varde kan tillverkare inte garantera funktio-
nen.

De flesta moderna luft-luftvarmepumpar har luftfilter som, om de skots pa ratt
satt, minskar partikelhalten i luften.

En del luft-luftvarmepumpar kan anvandas som avfuktare under sommarhalv-
aret. Varmepumpen kors da baklanges sa att innerdelen blir kallare. Luftfukten
kondenserar i varmepumpen och leds ut genom ett hal i vaggen. Detta forfa-
rande innebar ocksa att inomhusluften kyls nagot.

Uppvarmningsstrategier

| landsortskyrkorna ar intermittent uppvarmning den rddande strategin sedan
lang tid tillbaka, Det innebar att kyrkan varms upp enbart till forrattningar. Dar-
emellan har man ndgon form av grundvarme eller ingen uppvarmning alls [Bro-
strom 1996, Brostrom et al 2008, Schellen 2002].

Grundvarmen ligger typiskt i intervallet 8-15°C. Ofta ar det oklart vad syftet med
grundvarmen ar; komfort eller bevarande, utan man foljer en tradition. | det flesta
fall ar uppvarmningen inte motiverad av komfortskal utan for att forebygga fukt-
problem. | denna rapport anvands darfor begreppet skyddsvarme for att tydlig-
gora syftet. Motsvarande begrepp pa engelska ar :"conservation heating” [Stani-
forth et al 1994, Schellen 2002].

Skyddsvarme innebar att kyrkan varms forsiktigt for att forebygga fuktproblem,
inte for att ge komfort. Malet ar inte en viss temperatur utan att halla den relativa
fuktigheten inom ett givet intervall. Rent tekniskt kan detta |0sas pa olika satt:

« Man styr mot en viss grundtemperatur. Det ar den vanligaste styrprincipen.
Den motverkar alltfér hdga varden pa relativ fuktighet men leder ofta till ono-
digt hég energiférbrukning.

« Man styr mot en onskad niva for relativ fuktighet. Termostaten byts ut mot en
s.k. hygrostat. Da RF stiger Over en 6nskad niva slds varmen pa och RF sjunker.
Denna styrprincip resulterar i en innetemperatur som varierar i takt med ute-
temperaturen, fast pa en nagot hogre niva, se figur 2.

Luft-luftvarmepumpar kan anvandas med saval temperatur- som fuktstyrning. |
det senare fallet bor man vara uppmarksam pa vilken lagsta innetemperatur som
varmepumpen medger.
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Figur 2. Den inomhustemperatur som kradvs vid skyddsvdrme for att uppratthdlla en
konstant relativ fuktighet pa 70% i Malmds respektive Ostersund. Av anger olika grader av
fuktbelastning (se bilaga 2).

En lagre grundtemperatur ger alltid en energibesparing, aven om kyrkan varms
upp regelbundet. [Harrysson 2004]. En alltfér lag grundtemperatur ger risk for
fuktrelaterade skador.

Dimensionering

Att valja ratt effekt for varmepumpen har avgérande betydelse for funktion och
lonsamhet. | detta avsnitt diskuteras principer for dimensionering. | en bifogad
artikel [Brostrom, 2008] ges en mer ingdende behandling av dimensioneringsfra-
gan vilken for projektoren kan tjana som ett underlag.

| det typiska fallet har kyrkan redan ett fungerande varmesystem. Luft-luftvar-
mepumpen anpassas efter grundvarmebehovet. Befintligt system anvands vid
anvarmning infor forrattningar.

Varmepumpen ska alltsa dimensioneras for att tacka effektbehovet vid skydds-
varme eller grundvarme. Den typen av uppvarmning kraver en relativ jamn och
lag effekt med laga lufttemperaturer. Det ar villkor som passar mycket bra for
varmepumpar. Effektbehovet beror pa typ av byggnad, uteklimat samt fuktbe-
lastning [Brostrom, 2008]. Bilaga 2 visar hur effektbehovet varierar under aret for
nagra olika platser i Sverige.

Det dr inte Ionsamt att forsoka tacka det totala effektbehovet med en varme-
pump. Intermittent uppvarmning innebar att man har en varmeanlaggning
med hog effekt och kort utnyttjningstid. Den ideala varmekallan for intermit-
tent uppvarmning ska ge en hog effekt till Iag kostnad. Varmepumpar har en
hog fast kostnad och en lag energikostnad. Det passar daligt for intermittent
uppvarmning, den korta drifttiden gor att det tar orimligt Iang tid att betala igen
den hoga investeringen.
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Risker med luft-luftvarmepumpar i kyrkor

Den huvudsakliga utgangspunkten for denna studie ar att man i de inledande
diskussionerna har identifierat ett antal mojliga risker med att anvanda luft-
luftvarmepumpar i kyrkor. Det foljande ar en allman beskrivning och diskussion
av dessa risker. | foljande kapitel behandlas dessa risker med avseende pa pilot-
projktet i Ludgo kyrka.

Luftrérelser

All uppvarmning, i alla typer av byggnader, medfér nagon form av luftrorelser.
| kyrkor, med sina hdga rum, stora fonster och ofta daligt isolerade vaggar, kan
det uppsta mycket kraftiga luftrorelser. Luftrorelserna forsamrar komforten och
bidrar till forsmutsning av vdaggar och foremal [Camuffo et al 2006].

Luftvarmepumparna avger varme genom en varmeflakt. Helt klart ar att det
uppstar kraftiga luftrorelser i narheten av utloppen. Fragan ar hur luftrérelserna i
stort paverkas och vilka effekter det kan fa.

Da luften varms upp av ett varmeelement stiger den uppat. Vid kontakt med
kalla ytor kyls luften av och sjunker mot golvet. Ofta anvands konvektorer for att
motverka kallras vid fénster och kalla vaggpartier. Aven om den grundldggande
fysiken ar enkel sa ar det i praktiken svart att forutspa vilka luftrérelser som kom-
mer att uppsta till foljd av ett visst varmesystem i en viss byggnad.

Det pagar runtom i Europa en intensiv diskussion om hur olika typer av varme-
system paverkar luftrorelser i kyrkor [Schellen 2002, Camuffo et al 2006]. Defini-
tionsmassigt medfor luftvarmesystem och konvektorer alltid luftrorelser, det ar
sa de fungerar. | Tyskland dar man har lang erfarenhet av luftburen varme finns
manga exempel pa att luftburen varme inte behéver medféra skadliga eller sto-
rande luftstrdmmar. A andra sidan finns det gott om exempel p3 att vanliga ra-
diatorer kan orsaka mycket kraftiga luftstrommar i kyrkorummen.

En erfaren projektor kan konstruera ett varmesystem som, efter injustering, kan
minimera men inte eliminera luftrorelser. Problemen med luftrorelser ar som
storst vid anvarmning da man anvander mycket hdga varmeeffekter. Mer sallan
ar det problem vid grundvarme da varmeeffekten ar mycket lagre.

| ett forsok att fa en mer allmangiltig forstaelse for vad som orsakar luftrorelser i
kyrkor genomfér Hogskolan i Gavle en undersékning med olika typer av varme-
kallor. Den undersékningen kommer att vara slutférd 2010.
(www.sparaochbevara.se)
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Férsmutsning

Luften inne i kyrkan innehaller alltid partiklar, t ex damm och sot fran ljus. Par-
tiklarna svavar i luften och fastnar pa de ytor som de kommer i kontakt med. Ett

fenomen kallat termodiffusion gor att man far en koncentration av partiklar vid
kallare ytor. Svartningen blir darfor markbart varre pa kalla ytor [Camuffo 1998,
Brostrom et al 2008].

Svdrtningen beror pa:

«  Hur mycket och hur lange kyrkan ar uppvarmd
« Luftrorelserna i kyrkan

« Mangden och storleksfordelningen av partiklar
« Ytans beskaffenhet

Luft-luftvarmepumpar kan a ena sidan tankas bidra till forsmutsning genom kraf-
tigare luftrorelser & andra sidan har de inbyggda filter vilket reducerar mangden
partiklar.

Vi vet i nulaget inte tillrackligt mycket om hur de olika faktorerna faktorerna pa-
verkar forsmutsningen for att kunna gora en kvantitativ riskbedémning.

Komfort

Kalla eller svala luftrérelser 6kar varmeforlusten fran kroppen och har pa sa vis
en inverkan pa komforten. Effekten beror bade pa lufthastigheten och tempe-
raturen. Den sjalvklara dtgarden ar att ta bort eller minska luftrérelserna. | annat
fall far man kompensera med en hogre lufttemperatur. Turbulenta luftrérelser,
varierande hastighet och riktning, upplevs mer obehagligt an jamna luftrorelser
[Fanger 1970].

Eftersom luft-luftvarmepumparna huvudsakligen ar avsedda for grundvarme ar
komfortfrdgan i detta sammanhang av underordnad betydelse

Temperaturférdelning

Vid uppvarmning med varmluftsflaktar finns det risk for att det uppstar en ojamn
temperaturférdelning bade horisontellt och vertikalt. Temperaturférdelningen
hanger ihop med luftrérelserna. Paradoxalt nog ar det sa att laga luftrérelser kan
leda till en ojamn temperaturférdelning. Aterigen &r detta ett omréde dar det &r
mycket svart att pa forhand bedéma riskerna.

Vid grundvarme med laga effekter ar det sallan ndgot problem med temperatur-
fordelningen i horisontalplanet. Kontinuerlig uppvarmning, aven grundvarme,
kan ge upphov till en vertikal temperaturskiktning dar det ar betydligt varmare
under taket an vid golvet [Brostrém et al 2008].

En rimlig hypotes ar att luft-luftvarmepumpar, som ju ger viss omrorning, inte
forsamrar temperaturfordelningen jamfort med konventionella varmesystem.
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Antikvariska aspekter

De antikvariska riskerna, dvs att kyrkans kulturhistoriska varden ska forstoras ar

relaterade till:

-« Haltagning genom yttervagg.

« Installationer av virmepumpens innerdel pa vagg.

«  Uppkomst av luftrorelser och temperaturer vilka inverkar negativt pa innekli-
matet.

« Placeringen av inne- och utedel kan verka storande ur estetisk och arkitekto-
nisk synvinkel.

« Varmepumpen kan dven ge upphov till stérande buller.

Vid installationen behéver man borra ett hal genom vaggen med en diameter pa
cirka 5 cm for att fa igenom elkablar samt rérledningar for kdldmediet. Varme-
pumpens innerdel fasts oftast pa vaggen vilket kraver mindre haltagningar.

Luftrorelser och temperaturfordelning har behandlats i tidigare avsnitt. Har bor
framhallas att placeringen av innedelen ska vara sadan att den varma luftstrom-
men inte riktas direkt mot kansliga ytor eller féremal.

Placeringen av varmepumpens inne- och utedel har avgérande betydelse for hur
installationen uppfattas. Har finns for olika typer av luft-luftvarmepumpar en be-
gransning pa avstandet mellan inne- och utedelen. Tidigare var det avstandet
10-15 m, nu finns det varmepumpar som tillater upp till 40 m. Ett langre avstand
innebar att man har storre frihet vad galler placeringen av utedelen.

Varmepumpens utomhusdel kan skylas pa olika satt; med en hack, en spaljé eller
ett plank. Det viktiga ar att luftcirkulationen inte stors. Radgor med tillverkaren i
tveksamma fall.

Inomhusdelen placeras ofta mot en yttervagg. Men den kan dven placeras mer
centralt i kyrkorummet. Forutsatt att luftvaxlingen inte hindras kan innedelen
byggas in. Ett exempel pa detta visas i fig 3.

Fragan om forfulning eller forvanskning
diskuteras vidare i den i den avslutande
diskussionen.

Tystnad kan vara en viktig kvalitet i aldre
miljoer som saknar "vanliga” ljud fran kyl-
skap och liknande. Det ljud som uppkom-
mer vid drift ar dock inte sarskilt stérande
och kan undvikas genom avstangning av
varmepumpen under kortare perioder.

Figur 3: Inbyggd varmepump i Garda kyrka pa
Gotland.
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Pilotprojekt i Ludgo kyrka

Bakgrund

| Ludgo kyrka, norr om Nykoping, instal-
lerades i maj 2006 tva stycken luft-luftvar-
mepumpar. Syftet med detta var att san-
ka uppvarmningskostnaden. | samarbete
med forsamlingen, lansstyrelsen och stif-
tet har Hogskolan pa Gotland genomfort
en studie med foljande fragestallningar:

« Hur paverkar denna I6sning inneklimatet; Luftrorelser, temperaturférdelning
mm, med avseende pa bevarande av kansliga foremal och material?

« Hur kan man I6sa installationen in- och utvandigt utan att man forstor eller
forvanskar byggnadens kulturhistoriska varden?

«  Hur mycket energi kan man spara?

i 9

N

Figur 5. Varmepumparnas placering markerade med réda rektanglar.

Vdrmeanldggning

Den befintlig varmeanlaggningen bestar av elektriska bankvarmare och vagg-
monterade radiatorer med sammanlagd en sammanlagd effekt av 26 kW.

Varmepumpar: 2 st. Mitsubishi MFZ-KA35VAH

Effekt: 0,9-6,0 kW

Varmefaktor: 2,5-3,0 (Energimyndigheten 2009)

Styrning: Termostat och hygrostat (fr o m januari 2008)
Placering: Se figur 5 samt nedanstaende bilder.

11
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Driftserfarenheter

Erfarenheterna fran vaktmas-
taren och forsamlingens rep-
resentant kan sammanfattas
med att alla & no6jda. Upp-
varmningen har fungerat bra
och det har inte varit nagra
driftsstorningar.

Placeringen av varmepumpar-
nas yttre enheter har medfort
att sno fran taket rasat ner pa

dem.

Fram till 2007-01-12 anvandes
bade varmepumparna och be-
fintliga bankvarmare for att
halla en konstant grundtempe-
ratur pa 12°C. Darefter anvands
enbart varmepumparna vid
grundvarme.

Figur 6. Varmepumpens placering ut- och invandigt.

Figur 7. Varmepumpens placering ut- och invandigt.

Klimatmdtningar och funktionskontroll

Temperatur och relativ fuktighet har matts kontinuerligt under hela forsékspe-
rioden, fran maj 2006 till december 2008.

Vid tva tillfallen, i februari 2007 samt i februari 2008, gjordes en mer ingdende
kartlaggning av inneklimatet med tonvikt pa temperaturférdelning och luftro-

relser.

12
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Temperatur och relativ fuktighet 2007-2008

Temperatur och relativ fuktighet i kyrkan fran februari 2007 t o m november 2008
redovisas i fig 8. Under 2007 styrdes grundvdarmen mot en konstant temperatur.
Den styrningen har inte fungerat helt tillfredsstallande, grundtemperaturen har
varierat for mycket. | januari 2008 installerades en hygrostat vilken styrde den re-
lativa fuktigheten vid grundvarme mot ett borvarde pa 60% med en viss tillaten
variation. Som framgar av diagrammet har det fungerat bra. Under vintern har
grundtemperaturen legat nara eller strax under den av tillverkaren rekommende-
rade lagsta temperaturen som ar 10°C

Vid forrattning hojs temperaturen kortvarigt till cirka 20°C och den relativa fuktig-
heten sjunker med 10-15 procentenheter.

Under sommarmanaderna da varmen varit franslagen stiger den relativa fuktig-
heten 6ver 70%. For att fa en sakerhetsmarginal mot mégelangrepp kan man lata
fuktstyrningen vara igdng daven under sommaren. Varme skulle da ha slagits pa
nar RF steg dver 60%.

100

I [ [
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Temperatur (°C)

90

80
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Figur 8. Temperaturer i Ludgo kyrka februari 2007 till november 2008.
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Luftrérelser

Nar det gamla varmesystemet gick med full effekt uppstod kraftiga luftrorelser,
man fick satta skyddsglas kring en del stearinljus.

Luftrorelserna beddémdes och méttes vid tva olika tillfallen; februari 2007 samt
februari 2008. Genomférande och resultat redovisas utforligt i en vetenskaplig
artikel, bilaga 2. Har ges en sammanfattning av undersdkningarna.

Luftrorelserna har matts med anemometrar fordelade bade horisontellt och ver-
tikalt.

Figur 9. En rokgenera-
tor anvandes for att vi-
sualisera luftrorelserna
ut fran varmepumpar-
na.

Figur 10. En vdrmeka-
mera anvdndes for att
visualisera luftrorelser
och temperaturférdel-
ning alldeles intill var-
mepumpen.

Bilden visar tydligt de tva utgaende luftsrommarna samt hur temperaturen férde-
las ndra varmepumpen. (Rott ar varmt, blatt ar kallt)
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Fyra driftlagen jamfordes i undersékningen:

« Varmepump och bankvarmare

« Enbart bankvarmare

« Enbart varmpump (Termostat satt till 12°C)
« Ingen uppvarming (Temperatur > 10°C)

Foljande iakttagelser gjordes:

« Det uppstar kraftiga vertikala luftrorelser nara utblaset fran varmepumparna.
De vertikala luftrorelserna ut fran flakten avtar efter cirka 1,5 meter darefter
tar de termiska stigkrafterna 6ver och luften stiger langsamt uppat som i en
skorsten.

- D& den uppstigande luften kommer i kontakt med valven kyls den av och fal-
ler langsamt ner langs med vaggar och fonster.

« Inte vid ndgot fonster uppmattes luftrorelser som skulle kunna vara storande.

« Lufthastigheterna i kyrkorummet i stort ar mattliga, lagre an 0,2 m/s, vilket
med hansyn till komfort ar acceptabelt.

«  Om luftstrommen fran varmepumpen riktas langs golvet kommer den varma
luften, till foljd av den s.k. Coanda-effekten, att folja golvet och man far en
battre genomtrangning av varmluften.

« Med undantag for en zon ndra varmepumpens utblds sa ar luftrérelserna
ldangsamma och jamna, utan storande turbulens.

« Enmatningintill en av de stora tavlorna pa den norra vaggen visar att lufthas-
tigheterna inte paverkas mycket av de olika driftsldgena. Utan uppvarmning
var medelhastigheten 0,04 m/s, med uppvarmning var den 0,10-0,15 m/s.

« Varmepumpen gav nagot lagre lufthastigheter vid tavlan an bankvarmarna.
(Skillnaden ar liten och inte statistiskt signifikant)

« Med enbart bankvarme uppstar annorlunda flédesmonster, jamfort med det
varmepumparna ger, dar varm luft stiger upp fran bankarna.

Férsmutsning

Vid borjan av pilotférsoket fanns en be-
tydande svartning av vaggarna i kyrkan.
Svdrtan bildar ett monster med stora
flackar vilket sannolikt kan hanforas till
stora genomgaende stenar i muren vilka
fungerar som koéldbryggor, se figur 11.

@
| X
»

Resultat fran andra studier [Thatcher et al
2002] tyder pa att den 6kning av lufthas-
tighet som uppvarmning ger, oavsett hur
det gar till, har en inverkan pa férsmuts-
ningen. Hur stor inverkan ar beror bl a pa
storleksfordelningen av partiklar i luften.

IRmb,
R

.'
I
l.

Figur 11. Kéldbryggor i muren orsakar flackvis
férsmutsning.
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Skillnaden i lufthastighet mellan olika driftslagen, varmepump eller bankvarmare,
ar sa liten att man inte kan forvanta sig markbara skillnader i forsmutsningstakt.

Varmepumparnas filter borde minska partikelhalten och darmed reducera for-
smutsningen.

En tillstdandsbeddmning av nagra utvalda ytor gjordes av Gabor Pazstor vid Narke
Konservatorn AB fore igangsattning av varmepumparna [Pasztor & Villanyi 2008].
| rapporten konstateras att :

"Under den andra besiktningen kunde vi inte pavisa det minsta okulart observer-
bar forsamring i kondition eller nedsmutsning i jamforelse mot den tillstandsbild
som vi uppfattade forra aret.”

Temperaturgradienter i rummet
Med undantag foér omradet narmast varmepumpen far man i kyrkorummet en

mycket jamn temperaturférdelning saval horisontellt som vertikalt. Det galler for
alla fyra driftslagen som undersokts. [Bilaga 1]

Temperatur Ludgo kyrka
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Figur 12. Temperaturférdelning i kyrkan.

Fig 12 visar temperaturen i kyrkan fran borjan av december 2006 till slutet av
januari 2007. Av digrammet framgar att det inte ar nagra storre temperaturskill-
nader mellan kyrkans olika delar. Den matare som varit placerad narmast en av
varmepumparna visar genomgdende en nagot hogre temperatur. Det skiljer
dock inte mer an 2°C. Temperaturfordelningen i horisontalplanet vid grundvar-
me uppmattes i februari 2007, se tabell 1.
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Tabell 1: Temperaturférdelningen i horisontalplanet vid grundvarme februari 2007

Nr | Plats Temp (°C) RF (%)

1 Framfor VP A, 1,5 m fran, 1,5 m ovan 8,7

2 Framfor VP B, 1,5 m fran, 1,5 m ovan 8,1 57%
3 Mittgdng, under ljuskrona 8,5

4 Bank norrsida mitt i - -
5 Vagg, norrsida, mitt i 7,7

6 P3 altarskranket 7,7 54%
7 Bank sydsida, fram 7,6 54%
8 Utanfor orgellaktare 7,7

9 Varmepumpens utblas 39

10 [Utomhus -8,0

Matningarna visar pa en jamn temperaturfordelning i golvplanet. Det finns inga
tecken pa att varmepumpen orsakar allvarliga évertemperaturer i ndgon del av
kyrkorummet, utom i direkt anslutning till utloppet.

Energibesparing
Varmepumparna ger en betydande energibesparing. | tabell 2 redovisas energi-
forbrukningen i kyrkan under drygt tva ar. Totalt ger varmepumparna en energi-

besparing pa drygt 22 700 kWh/ar. Detta ska jamfoéras med investeringskostan-
den pa 85 000 kr.

Tabell 2: Energiférbrukning i Ludgo kyrka

Avlasning VP forbr VP Ut VP Direktel Totalt
(kwWh) (kwWh) (%) (kwWh) (kwWh)
2006-05-02
2006-10-19 187 561 10% 5246 5807
2007-02-01 4317 12951 37% 22266 35217
2007-05-02 4247 12741 44% 15902 28643
2008-11-08 14891 44673 49% 45935 90608
Hela perioden 23642 70926 44% 89349 160275
VP forbr Den el som anvands for att driva varmepumpen
VP Ut Avgiven varme fran vairmepumpen. Berdknat varde
VP % Varmepumpens andel av den energi som tillfors kyrkan
Direktel Elférbrukning for direktverkande el
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Antikvariska aspekter

Maojliga problem och risker ar:

- Haltagning genom yttervagg.

«  Uppkomst av luftrorelser och temperaturer vilka inverkar negativt pa bygg-
nad, inredning och inventarier.

« Placering av inne- och utedel kan verka stérande ur estetisk och arkitektonisk
synvinkel. Varmepumpen kan aven ge upphov till storande ljud.

Haltagningen genom yttervaggen har i detta fall gjorts genom befintligt mur-
verk samt putsskikt i form av ett borrat hdl med 5 cm i diameter. Ingreppet har
i detta fall inte inneburit ndgon storre férvanskning eftersom inga vardefulla yt-
skikt har forstorts.

Den varma luften som blases ut fran varmepumpen kan, om den riktas pa fel satt,
orsaka skador till foljd av uttorkning. | detta fall finns inga kansliga ytor eller ma-
terial i narheten av varmepumparna. Generellt kommer all uppvarmning att bidra
till svartning av kalla vaggar. Luftrorelserna forstarker detta. En motverkande fak-
tor ar att varmepumpen har ett inbyggt filter vilket reducerar partikelinnehallet i
luften. Svartningen som uppstar vid uppvarmning infor en forrattningar, da hela
kyrkans varmeffekt anvands, ar den samma som foérut. Det ar med nuvarande
kunskapsldage omgjligt att skilja ut hur mycket svartning som uppstar till foljd av
grundvarme respektive forrattningsuppvarmning.

Varmepumparna paverkar sjalvklart den estetiska och arkitektoniska upplevelsen
av den miljé som finns i och kring byggnaden. Varmepumpens inomhusdelar har
fatt en relativt undanskymd placering vid yttervaggarna, se fig 6 och 7. De utgor
inget dominerande intryck i kyrkorummet. Utomhusenheterna har placerats mot
respektive vagg utan att forsdka dolja dem, se fig 6 och 7. Upplevelsen av dessa
installationer beror mycket pa var man star.

Ljudet fran uteenheterna ar horbart en stilla dag. Innedelarna ar sa pass tysta att
man far ga fram for att hora eller kdinna om flaktarna ar pa.

Slutsatser fran pilotprojektet i Ludgo kyrka

Slutsatserna fran undersékningarna i Ludgo kyrka ar att:

« Genom att ersatta direktverkande el med en luft-luftvarmepump for grund-
varme har férsamlingen minskat sin energiférbrukning med drygt 22 000
kWh per ar.

« Lonsamheten for investeringen ar god.

« Varmepumparna orsakar inte kraftigare luftrérelser an bankvarmarna.

« Det finns ingenting som tyder pad att varmepumparna skulle forvarra for-
smutsning eller forsamra komforten.

« Varmepumpen ska dimensioneras sa att den tacker grundvarmebehovet.

« Varmepumparna maste placeras sa att luftstrommarna inte riktas mot kans-
liga ytor, foremal eller personer.

« Installationerna ska utforas sa att dverkan pa byggnaden och den visuella in-
verkan minimeras
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Det ovanstaende leder till en rekommendation att pilotprojektet i Ludgo avslutas
och varmepumparna far sitta kvar. Aven i fortsattningen bér man gora en regel-
bunden uppfdljning av varmepumparnas funktion och hur de paverkar innekli-
mat och byggnad.

Slutsatserna fran Ludgo kan férhoppningsvis utgora en grund for fortsatt utveck-
ling men det bor framhallas att resultaten inte med automatik ar overforbara pa
andra kyrkor. Mer om detta i kapitlet Diskussion.

Diskussion

Vara gamla kyrkor ar ett exempel pa hur man historiskt sett har lyckats med hall-
bar utveckling. Det dr byggnader som under manga hundra ar har bade brukats
och bevarats. Mellan brukande och bevarande finns sjalvklart ett 6msesidigt be-
roende; om byggnaden inte hdlls efter kan den inte anvdandas och om byggna-
den inte anvands har man tagit bort det viktigaste incitamentet for underhall och
bevarande. Under den ganska korta tid som kyrkorna har varmts upp, har aven
uppvarmningskostnaderna blivit en del av den kompromiss som maste goras. Pa
senare tid har vi insett att den energi vi anvander for uppvarmning aven har en
inverkan pa det globala klimatet.

En diskussion om uppvarmning av kyrkor i allmanhet och luft-luftvarmepumpar i
synnerhet maste foras utifran ett langsiktigt hallbarhetsperspektiv. Aven om kyr-
kornas anvandning avtar kommer manga kyrkor att behéva nagon form

av uppvarmning for att motverka fuktrelaterade skador och problem. Den ener-
gitillférseln maste ordnas sa effektivt som maojligt bade for att minska forsamling-
ens kostnader och for att minska belastningen pa den globala miljon.

Manga kyrkor har idag direktverkande el som enda varmesystem. Med hansyn till
ett begransat nyttjande och férsamlingarnas ekonomi ar ofta, men inte alltid, en
konvertering till vattenburen varme och alternativa energikallor orimligt dyr. Att
ersatta direktverkande el med en luft-luftvarmepump ar en enkel och relativ bil-
lig I16sning som ger en vasentlig energibesparing. Ur ett rent teknisk-ekonomiskt
perspektiv ar fragan inte varfor man ska byta till varmepump utan varfor inte
man gor det.

En varmepump ar beroende av elkraft och man kan ifrdgasatta om det ar en hall-
bar [6sning. Sa lange varmepumpen ersatter direktverkande el, sa ger varje var-
mepump en minskad elférbrukning och det ar bra oavsett var elen kommer ifran.

Risken for att luft-luftvarmepumpens flaktar orsakar luftrorelser som okar for-
smutsningen av vdaggar och foremal maste tas pa allvar. Upprepade rengéringar
kommer gradvis att forstora originalytorna och stora kulturhistoriska varden gar
till spillo. Det finns aven en ekonomisk aspekt av detta. Kostnaden for att rengora
vaggar och tak ar hog och ska stallas i relation till energibesparingarna.
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Installationerna ar i hog grad reversibla. Den enda permanenta averkan som gors
ar ett hal genom kyrkvaggen med cirka 5 cm diameter. | 6vrigt kan man snabbt
och latt ta bort en varmepump.

Den vanligaste invandningen mot att luft-luftvarmepumpar ar att installationer
ar fula och att de forstor helhetsintrycket av kyrkan. Det ar uppenbart att varme-
pumpen paverkar byggnadens estetiska och arkitektoniska varden. Fragan dar om
installationerna ar sa fula att man bor avsta fran en [6sning som i 6vrigt ar fordel-
aktig och om ett sadant stallningstagande ar langsiktigt hallbart. Den bedom-
ningen maste goras fran fall till fall med utgangspunkt fran kyrkans kulturhisto-
riska varden, praktiska forutsattningar och radande varderingar. Det finns kyrkor
dar man av utseendemassiga skal sjalvklart inte bor installera varmepumpar och
det finns kyrkor dar det inte ar nagra problem.

Det finns inga grundlaggande eller absoluta hinder fér att mer allmant inféra
varmepumpar for grundvarme i kyrkor, men det bor aven fortsattningsvis goras
under kontrollerade former och efter samrad med saval antikvarisk som teknisk
expertis.

Varmepumpen ar inte en ideal 16sning, man far se den som ett reversibelt lang-
tidsprovisorium vilket kan vara den kompromiss som gor att kyrkan kan brukas
och bevaras ytterligare nagon generation.

Forslag till fortsatt arbete

Kommande installationer av luft-luftvarmepumpar i kyrkor bor foljas upp och ut-
varderas. Det ar viktigt att hitta former for ett kunskaps- och erfarenhetsutbyte
mellan olika aktorer inom detta omrade.

For att kunna utvardera luftrorelser behévs enkla, standardiserade metoder som
kan anvandas i falt.

Det pagar ett forskningsprojekt om luftrorelser och svartning vid Hogskolan i
Gavle. Syftet ar dels att fa en mer generell kunskap om hur varmeflaktar paverkar
luftrorelser i kyrkor, dels att skapa en battre forstaelse for de mekanismer som
paverkar svartning.

Luft-luftvarmepumparna kan utvecklas mot en mer anpassad design och hogre
prestanda. Med valbara former, material och farger kan saval inne- som uteenhe-
terna anpassas battre till kyrkomiljoerna. Genom att ta fram varmepumpar som
ar sarskilt anpassade for grundvarme vid en lag temperatur kan prestanda hojas
betydligt. | bada fallen handlar det om att hitta ndgon fabrikant som ar intresse-
rad av en relativt liten marknad dar totalkvalitet ar val sd viktigt som pris.
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ABSTRACT

In Europe many historic buildings use direct eledteating. Air-to-air heat pumps are an
interesting alternative, in particular for conseiwa heating. However, the convective
heating may accelerate soiling of walls and artsfby increasing the velocity and
turbulence.

The objective of the present paper is to discusg#neral problem, the methodology for
studying air motions and temperature distributenmg to present the results from a case study
where air-to-air heat pumps and bench heaters uga@ for heating in a medieval church.
The temperatures, velocities and humidity in therch have been measured for four different
heating modes.

The present study does not indicate any major desgdges of using heat pumps for
background heating in stone churches of the studretl More detailed long term studies are
needed to ascertain the effects over time.

INTRODUCTION

Many historic buildings in Europe use direct eleckreating. In order to reduce energy costs
and promote sustainability there is an increasimeggure to replace direct electric heating
with heat pumps or bio fuels. Heating used to admélative humidity (RH) for preservation
purposes is callecbnservation heating. Low indoor temperatures and a stable heating load
over most of the year make this a very good apjpdiador heat pumps [1].

The general problem is that a heating system (o@lectric) providing relatively uniform
heating is replaced by a number of convective heat@ncentrating the heat input to some
locations only. From a cultural heritage point @w there is a concern that this practice may
increase air movements and thus accelerate padgesitions on walls and artefacts [2].
Also there may be a risk for damaging temperatuadignts in rooms with high ceilings.

The objective of this paper is to discuss the garmaoblem, the methodology for studying air
motions and temperature distribution, and to pregenresults from a case study where air-
to-air heat pumps were used for conservation hgatia Swedish medieval church.
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Figure 1. Exterior and interior of the medieval auin Ludgo.

Case study

Ludgo church, figure 1, located south of Stockhdrauilt in stone. The oldest parts are from
the 12" century and the church was completed in tHecehtury. The church houses a
number of valuable and sensitive art objects. Theah has been heated intermittently with
direct electric radiators, most of them placed urtde benches. In between services, the
temperature is lowered to about 12°C. In ordeethuce heating costs, the parish installed
two air-to-air heat pumps, figure 2. The County BloGonservation Authority granted this
installation on the condition that it would be exated from a preservation point of view.

Figure 2. The location of the heat pumps.

METHODS

The measurements where carried out in January @08&sure a high difference between the
outdoor and the indoor temperature. Temperatur&eocity and humidity have been
measured in 30 points according to table 1 anddi@u



Table 1.

Measurement points in the church.

Point | Measurement Instruments Comments

1-4 Temperature, Air velocity Anemometers On 1@edént heights
5 Temperature Thermistors On 7 different heights
6-12 | Temperature, RH Thermistors, RH-sensors

13-20 | Temperature Thermocouples

21-30 | Temperature, Air velocity Anemometer

Four different heating modes were studied:

* Heat pumps (HP) and bench heaters
(BH).

* Only bench heaters.

* Only heat pumps. (Thermostat setting
12°C)

* Neither heat pumps nor bench heaters.
(Temperature > 10°C)

Two measurement poles, see figure 4a and 4b,
were used. One was moved between the points
1-4 to measure the temperature and air velocities
close to one of the heat pumps and one of the
paintings. The other was permanently located at
point 5 to measure the temperature gradient in
the room.

In the points 6-12 instruments were placed to log
the temperatures and the relative humidity
constantly. Point number 11 was located
outdoor. Also in point 13-20 constant
measurements of the temperature were made, in
this case with thermocouples. An anemometer
was moved between the points 21-30 to measure
the air velocity and temperature.

Figure 3. Drawing of the medieval church and th@saeement points.

The air movements and temperatures close to otieedfeat pumps were visualized using an
infrared camera, AGEMA 570 with a resolution of 8240 pixels. To be able to record the
air temperature and visualize the temperature maé¢hin measuring screen made out of
paper was used. The paper attains a temperatwe tddhe local air temperature. The screen
was located perpendicular to the convector andlphvath the airflow direction, see figure

5b.

The air movements close to the same heat pump veltsyevisualized by using smoke. The
smoke from a smoke generator was injected throogléat pump and photos and a video
film were taken.



Figure 4a and b showing the measurement polesrat ot and 5.

=

In a previous study [4] the relation between aloeiies in a room and deposition rates of
particles were reported. The data from these exyaris where used to estimate the change in
deposition rate resulting from the increase irspged in Ludgo church due to the use of heat
pumps.

RESULTS

The measurements are presented for three diffareas in the church: close to the heat pump
in the rear of the church, close to one of thetpays and in the church in general.

The heat pump has two air outlets, one can betditeat an angle upwards and the other one
is directed horizontally or towards the floor. Axaenple of a visualisation with smoke is
shown in figure 5a. Figure 5b shows an example @dsurement of the air temperature
distribution with a combination of an IR-camera ancheasuring screen. From both outlets
the air jet penetrates about 3 meters into theathdirom there on the buoyancy force
dominates and the air stream rises upwards.




Figure 5a and b showing visualization with smoke Etcamera close to heat pump 2.

Air velocities close to the heat pump (HP1, positsee figure 3) are presented in table 2.
Measurements for two heating modes; a) heat pumgp®@nch heaters and b) only bench
heaters are presented. The result for the firstensbdws a similar pattern as the visualization
above. It should be noted that 0.9 m is the lowegiht measured. Below this height the
behaviour of the air currents are investigated taylgmoke visualisation.

Table 2. Air velocities [m/s] close to heat pumfodtwo different heating modes.

Distance from Heat Pump [m]
Point1  Point 2 Point 3 Point 3
1.4 2.8 4.2 4.2

A Heat pumps and bench heaters Only bench heaters

5.4 0.28 0.42 0.27 0.10
g 4.9 0.25 0.36 0.29 0.13
5 44 0.22 0.32 0.29 0.09
o 39 0.24 0.35 0.26 0.10
| 34 0.20 0.32 0.32 0.08
ol 29 0.18 0.33 0.31 0.10
=| 24 0.14 0.33 0.39 0.08
S| 1.9 0.13 0.29 0.48 0.04
'_IG:_J 1.4 0.12 0.25 0.70 0.02
0.9 0.31 0.30 0.64 0.03

Table 3. The vertical temperature distribution [i€point 5 for four different heating modes

, HP + BH HP BH  None
£

54 5.48 20.2 14.5 19.5 12.5
S| 478 20.1 14.3 19.2 12.6
c | 408 20.0 14.4 19.1 12,5
S| 338 19.9 14.4 19.0 12,5
= | 268 19.7 14.4 18.9 12.4
| 1.98 19.6 14.4 19.0 12.6
L 128 19.7 14.2 19.1 125

The vertical temperature distribution can be seernlle 3. The temperature gradient is quite
small for all four cases (with the exception foe ttolume close to the heat pumps). In the
horizontal plane, the temperature differences@net than 1 °C for both the case with no
heating and the case with heat pumps.

Air velocities in the church, except for the volugiese to the heat pumps, are generally
moderate; less than 0.2 m/s.

Measurements in the near-zone of one of the pagsitm the north wall, see table 4, show
that the air velocity does not change much witfedént heating modes. With no heating, the
mean velocity was 0.04 m/s, with heating the mesdacity was in the range of 0.10-0.15
m/s.



Table 4. Air velocities [m/s] close to one of thardings on the north wall in point 4.

HP + BH HP BH  None
54 0.13 0.10 0.14 0.05
E 49 0.13 0.10 0.12 0.05
5 4.4 0.12 0.08 0.09 0.02
L 39 0.17 0.14 0.12 0.05
c 34 0.16 0.15 0.10 0.03
S 29 0.18 0.13 0.13 0.05
= 24 0.16 0.11 0.13 0.03
S 19 0.16 0.12 0.14 0.04
£ 14 0.10 0.08 0.10 0.02
0.9 0.10 0.08 0.10 0.04
Mean 0.14 0.11 0.12 0.04

The important issue, with regard to preservatisiif, and how the air movements affect
particle deposition. Table 4 shows that heatinganeral does increase air velocities near the
painting, but there is no significant differenceévibeen different heating modes.

The increase in air speed caused by heating ily likeenhance particle deposition on surfaces
to some extent, as has been shown in some prestodies (e.g. [3], [4]). In the study by [4]
the room air speed is well documented and thesktsasere used in the present study to
make a rough estimation of how much the air speadde expected to influence the particle
deposition rate. The previous study [4] was notiedrout in a church but in a 14m
experimental room with textured drywall surfaced #re air speed was altered by means of
mixing fans. The impact of furnishing was also istvgated. As shown in Table 4, our
measurements indicate a mean air speed of abautOwith no heating and about 0.14 m/s
when both bench heaters and heat pumps were tamédvo of the air speeds tested by [4]
are close to these values — 0.054 m/s and 0.142espectively — and are thus suitable for
reference. Table 5 shows some of their data orncfadeposition rate, including four

different particle sizes and two different levelsuwrnishing (“carpeted” and “fully furnished”
resp.). Comparing the lowest measured velocityhewrting, with highest velocity the results
from [4] was used to estimate the mean deposiatafor the two furnishing levels as well as
the change in deposition rate resulting from tloeaase in air speed; the calculated data are
included in Table 5.

Table 5. Mean deposition rateffor different particle diameters, D, at differeait speeds,
V, and different furnishing (C=carpeted, F=fullyished). Raw data adopted from [4].

V =0.054 m/s V =0.14 m/s
D [um] C F | Meanof C&HF C F | Mean of C & H Change [%]
0.55 0.13| 0.23 0.18 0.18 0.23 0.21 +14
1.00 0.20| 0.28 0.24 0.23 0.33 0.28 +17
2.94 1.17| 1.46 1.32 1.78 1.93 1.86 +41
8.66 5.55| 5.57 5.56 8.83] 10.50 9.67 +74




The column labeled “Change” shows the increasaitigbe deposition rate due to the
increase in velocity.

CONCLUSIONS

When the heat pumps were used for heating in thechhmuch higher air speeds and
temperatures were found in the near zone of thegwaps. The airflow in this area depends
on how the air jets from heat pump are directew. ilnportant to adjust the heat pumps so
they are not directed towards people or sensititedacts.

In the rest of the church the temperature was gwdistributed and the air speed was low.
With respect to comfort the air motions are acdalptaClose to the painting there is a
substantial increase in air speed when the chsrbkated. However, the difference between
the different heating modes is relatively smalkirg only heat pumps resulted in slightly
lower air velocities as compared to bench heatirigch is the conventional solution.

The data in table 5 indicate that the higher agesis that are caused by the heating units
result in between 14% (particle diamedess pun) and 74% (particle diamet8re6 pmn)

increase in particle deposition rate, with sucaedgihigher rate the larger the particles. The
net effect as regards soiling of surfaces thusm#pen the particle size distribution of the
indoor air. For churches this size distributiotaigely unknown but can be expected to vary
substantially. In case soot particles from candiing represent the dominating soiling
particles, these are submicronic and can be expéetee less affected by air speed in their
deposition on surfaces. If, however, larger pafare dominating soiling, air speed can be
an important factor, although its effect on depositioes not seem to be dramatic. Large
particles might enter churches through infiltrattbrough the (often leaky) windows, doors,
cracks etc., and might also be emitted by visitibrseems that more data on typical particle
size distribution of air in churches is neededrithen to get a better idea of the effect of air
speed on surface soiling. The data in table 4 Hoe®ver not indicate that the different
heating systems cause a significant differenceanrair speed, and thus no substantial
difference in soiling could be expected. The hemhps are equipped with filters which will
reduce the amount of particles in the air. A covester has made ocular inspections of
selected surfaces before the heat pumps wereletstaid after a year and a half. There was
no visible soiling during this period.

The overall conclusion is that the air-to-air hgatmps used for conservation heating in this
case have no significant negative effects on atrane with respect to preservation and
comfort aspects. It should be pointed out thatehiesults are not generally applicable, each
building must be considered with respect to theifigeconditions.

DISCUSSION

Convective heating is commonly used in monumeniddlings like churches and there is
pressure to introduce this kind of heating in mawédings. By definition, convective heating
will cause air motions which may have a negatifeatfin terms of comfort and increased
particle deposition on valuable surfaces. The génerderstanding of this phenomenon is
limited. We need more general knowledge on how eotive heating affects the air motions
and how air motions affect particle deposition.



Measurements and visualisations are instrumentahdierstanding the air distribution in the
church. The results from the field measurementkigicase allow for a comparison between
the four heating modes with regard to airflow paitseand temperature distribution in the
church. The visualization of air flows shows how filacement and direction of the heat
pumps may influence comfort and risk of soilinguaddle surfaces. These are relatively
simple tools that can be used in the individuakoty for a qualitative assessment.

It should be kept in mind that our room air speaxhsurements (outside of the near-zone of
the heat pumps) are limited to one location initbezontal plane. Probably the air
movements differ to some extent in other placeis. ibwever likely that the strong
convective air currents from the heat pumps cawgenaral increase in room air speed.
Additionally, these air currents might also causeerof the particles in the lower part of the
church to reach upper zones, which thus might beamore polluted, especially as regards
larger particles. Deposition of airborne partiad@schurch surfaces occurs also due to several
other mechanisms (well explained by [2]), e.g. tii@phoresis, and there is poor knowledge
in how these mechanisms interact with that of awvements. These issues need to be
investigated more in order to be able to betteessthe effect of different heating sources on
surface soiling in churches. Further, as pointecbgy?], it is the level of aiturbulence
(relative turbulence intensity or standard deviati@ather than the mean air speed that is
related inertial particle deposition. Although glier mean air speed generally causes more
turbulence there is no direct relationship, spossible, it is desirable that air flow
measurements of the present kind include turbulence

In order to increase the general understandingr @hations in monumental buildings with
high ceilings, a multidisciplinary project has bestarted at University of Gavle. Engineers
work together with conservators in order to comewith guidelines for convective heating in
historic buildings where both comfort and presaoraaspects must be considered.
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SUMMARY:

Conservation heating is used to control relativeniity in order to better preserve historic builgmand their
interiors. The heating load for conservation heating when igopih a Nordic climate was characterized in
order to investigate if and how air-to-air heat ppsncan be used for conservation heating. Heating fo
conservation results in indoor temperatures th#ibfe the seasonal variation of the outdoor temperat
Depending on the season and moisture load on theimg, the indoor temperature will be 0-10 °C hghhan
the ambient temperature. The heating load is mucdller and more stable over the year as compared to
heating for comfort. In the south of Sweden corsem heating is motivated mainly by preservatispects,
whereas in northern Sweden the potential for ensayyng is considerable. Heat pumps in general @indo-
air heat pumps in particular, have properties thadtch the requirements of conservation heatingeard
provide a cost effective solution. Heat pumps spiyailesigned for conservation heating could imgrtive
performance radically in relation to standard hgatmps.

1. Introduction

1.1 Background

Climate induced degradation is one of the majagaty to historic buildings and their interiors. THest
conservation strategy is to act in order to predamages. Climate control, when properly usedj isfiicient
and cost-effective method for preventive conseovati he present paper deals with historic buildisgsh as
churches, castles and manor buildings where pragenvis a primary consideration in determining pheper
indoor climate. Climate control in this type of laiimngs should ideally be a combination of passieetml and
active measures such as heating, ventilation, hfiositlon, and dehumidification. In practice, heatiis often
the only kind of active climate control available.

Heating used to control relative humidity (RH) fimeservation purposes is calleahservation heating
Conservation heating is used mostly in temperaeates in buildings that are heated for comfortintittently
or not at all. The effects of conservation heatinghe preservation of buildings, interiors andeglg has been
the subject of a number of investigations, (Statfifet al 1994, Padfield 2007, Maekawa 2003 andhides et
al 2006)

In Scandinavia a limited number of churches usesensation heating in combination with intermittéetting
for services. Background heating, i.e. heatingdthiéding to a constant temperature, is used indewange of
building types even though the objective is seladear. Many historic buildings are unheated, butilgo
require some kind of climate control to reducetiredgahumidity. Other old buildings, for example cbhes, can
no longer be heated due to increasing energy d@gibal warming may increase the need for consienvat
heating in some regions. A number of warm and hwsaidmers and autumns during the last ten years have
caused mould in buildings that have been withoabl@ms for hundreds of years.

Conservation heating is becoming more common im&oavia and national policies for conservationtimea
have been discussed. There is a growing pressurelfuilding owners to use relatively cheap airitohaat
pumps for conservation or background heating. $tbecome clear that the consequences of and rewgrite
for conservation heating in a Nordic climate arewell understood. Engineers, conservators anayaotiakers
need scientific facts, methods and verified sohgim order to use conservation heating in a resptenmanner.



1.2 Objectives

The primary objective of this paper is to investiagdrom an engineering point of view, if and howta-air heat
pumps can be used for conservation heating. Inr@odeo this, the heating load for conservationtingavhen
applied in a Nordic climate must be characterized general way, not only for individual objeci&his analysis
will also add new and relevant information abouts®rvation heating in general when applied in adidor
climate.

2. Indoor climatecriteriafor preservation

One major problem in controlling the indoor climatéhistoric buildings is to specify the appropeialimate.
For museums, the research and development on elispacifications is summarised in ASHRAE handbook
(2007). There is a continuous development and d&ou about climate specifications which is welleeted by
the contributions to the conference on Museum Miinzate in Copenhagen 2007. Often the museum
requirements are too strict for historic buildinggs is due to the use of the building or to ecormimitations.
The present paper does not intend to extend thelkdge or discussion about climate requirements. Th
following is a description of the general requirenssfor conservation heating.

An upper limit for RH is needed in order to prevbittdeterioration; mould, insects etc. Mould angeotfungi
depend on a combination of relative humidity andperature (Krus et el 2007). At normal room tempees
the limiting RH is around 80%, the colder it ge¢t® higher RH can be allowed without any risk fayuhd
growth. In Scandinavian historic buildings mouldgth occurs mostly in late summer and early autwhan it
is both warm and humid. Insects have optimal caonbtbetween 20 and 35°C and RH above 70% (Child
2007). In defining the upper limit for RH one shibtdike into account microclimates that may occyairts of
the building; in corners behind furniture etc.

The moisture content in wood and other hygroscopiterials depends on the surrounding relative hiyniés
the moisture content varies, the materials willrdhand swell. In order to avoid damages, suctrasking,
flaking and peeling, variations in relative humydibust be limited.

Salt damages are due to the crystallization ofaathe surface or inside porous materials. Refeateles of
varying RH can be detrimental if crystals are fodna@d dissolved. The critical levels depend ortypes of
salt involved.

All organic materials degrade with time, the ratelegradation increases with temperature and Rlis. fleans
that, if we have a choice, cool and dry is gengtaditter than warm and humid. Conservation heatiogeases
temperature and reduces RH. The effects on degpadaould tend to offset each other, but in somsesa
conservation heating could accelerate degradafadf{eld 2007).

In the following calculations, a set value for tala humidity of 70% has been used. This represem$nimum
requirement for conservation heating that wouldedgstable indoor climate and a margin with resfmect
biodeterioration.

3. Conservation heating

The basic principle of conservation heating isdotml the temperature in a building in order tefkeelative
humidity within given limits. Hygrostats are usedcontrol the heat input, this is a reliable s@ntbased on
commercially available technology. The result istttie indoor temperature will follow the seasoraiations
of the outdoor temperature throughout the yeahaws in fig 1.

There are some limitations to the use of consermdieating. When the RH is too low, the temperatareonly
be reduced to the level set by the ambient temperaind/or the temperature of the interior surfaktethe
winter, conservation heating may result in uncomafolly low temperatures, even below 0°C. In the semtime
conservation heating may result in uncomfortabghttemperatures.

Assuming that the humidity by volume inside theldiuig is the same as on the outside, the temperatguired
to maintain a specified relative humidity can eabi# determined. In most buildings however, the iditynby
volume is higher inside than outside. For buildiitggeneral this can be related to the use of thiging, but in
many historic masonry constructions moisture igicously added from the walls, (Brostrém 1996, rikle
Larsen 2007). The evaporation from the walls iases with indoor temperature.



V. =V, +Av 1)

V. Indoor humidity by volume (g/M

V,  Ambient humidity by volume (g/f

a

Av  Humidity added from the building structure (§jm

The indoor temperature required to maintain a giredgitive humidity depends on the specified retativ
humidity, the ambient humidity by volume and th@ear added from the building

T = (4., va, AV) ()

T Indoor temperature (°C)

¢@.  Setvalue for the indoor relative humidity

A set value or range for RH should be defined lbpmservation specialist, in this case 70% is uShd.ambient
vapour concentration depends on time and localiba.humidity added to the indoor air depends on the

building construction and the weather. A typicaige of AV from 0 to 2 g/m was used in the following
calculations.

4. Theheat load for conservation heating

The indoor temperature resulting from conservatieating was calculated based on climate data for tw
different locations in Sweden. Malmé in the soutiSaeden has a mild coastal climate with a highrRést of
the year. Ostersund, located in the middle of Swédes an inland climate, colder and drier than Malm
Weather data for 2007 were used, provided by thed&k Meteorological and Hydrological Institute.

4.1 Temperaturesresulting from conservation heating

The indoor temperature required to maintain 70%tined humidity was calculated for a rangewfbased on
monthly average values for the ambient climate airivb and Ostersund, fig 1.
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FIG. 1: Indoor temperatures resulting from conssion heating at 70% RH for Malmo (left) and Ostard
(right) at varying values oflv. The outdoor temperature is included for refeenc



The calculated indoor temperature follows the tameof the outdoor temperature. In Malmo the indoo
temperature is in the range of 3- 23°C and in Gated -6 — 20°C. Sub zero temperatures indoorsaire n

necessarily a problem from preservation point efwimany castles and churches are left unheatin iwinter
without any problems.

Comfort in the buildings using conservation heativauld be low in the winter, limiting the use ofthuilding
and increasing demands on intermittent heatingesysfor comfort. In the summer time the monthlgrage
for the preservation temperature in Malmé react2€2which indicates that at times it will be toanm for
comfort. In Ostersund, summer heating would gehenait be a comfort problem.

The amount of moisture added from the buildingdagnificant influence on the temperature levetgired.

4.2 Energy demand

To design heating systems in general, we needtérdme energy demand and heating load variati@n the
year. For heat pumps in particular, this is crubith for technical and economic reasons which lvell
explained in the following chapter. Rules of thuamz know how related to heating for comfort are not
applicable, other design criteria must be used.

The heating power for conservation is indicatedheydifference between the indoor temperature bad t
ambient temperature. By multiplying the temperatlifierence with the heat loss coefficient for alding, we
get the heating power. Thus the monthly averagegdagive a relative indication of the monthly engrg

demand of a building.
The temperature differenc(él,'i —Ta) required to maintain 70% RH was calculated foarage ofAv and

compared to the temperature difference resultiomfbackground heating with a constant indoor teatpee10
°C, fig 2.
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FIG. 2: The temperature differenc(a'i —Ta)for conservation heating compared to backgroundingawith a
constant indoor temperature 10 °C.

It can be seen that the heating load for consemvditeating is much more stable over the year apamed to
low temperature background heating. The winterihgabads for both locations are remarkably similar
Malmo, conservation heating would be needed througthe year for all ranges af. In Ostersund, a dry
building withAv =0 would need conservation heating only a few mmgnt



Table 1 shows the annual energy consumption, esgdegs an annual average temperature differernce, fo
conservation heating and background heating. nteaseen that conservation heating in souther&wdoes
not necessarily lower the energy consumption aspeoed to background heating. In northern Sweden,
conservation heating can give significant energynggs as compared to background heating. The mreistu
added to the indoor air from the walls is a verpdémiant parameter from an energy point of view.

TABLE. 1: The average annual temperature differeﬁl';e- Ta)for conservation heating and background
heating. The annual energy demand is proportioodhts temperature difference.

(T, =T,)for conservation heating (T, —=T,) for background heating

Av=0 Av =1 Av =2 T,=8 T=10 T=12
Malmo 2.4 4.7 6,8 1,6 2,6 3,7
Ostersund 0,73 3,4 6,4 5,2 6,7 8,2

4.3 Heating power

To determine the optimal heating power of the systerelation to the heating load, a higher resotuthan
monthly averages is required. Since most histaritdimg have a relatively high inertia with regaod
temperature and humidity variations it was assuthatidaily averages would be relevant in this cake.
preservation temperature was calculated in the seameas in the previous cases, but based on dahage
climate data. For design purposes the resultsrasepted as load duration graphs, fig 3.
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FIG. 3: Load duration graphs based on the tempe’eatljfference('l'i —Ta) required to maintain RH at 70%

The load duration graph shows the maximum heatiad,Ithe time variation of the load and the enelggyand
over the year (as the surface under the curve)ddtbduration graph is a tool to find the optimasigin of a
heat pump, which will be explained in the next gstt

The extreme values on the high end for Ostersua@ssociated with a few very cold days. Sincefasknould
is nonexistent, they could be disregarded in deéténg the maximum heating power.

The utilization factor is the ratio between acteiaérgy produced over the year and the amount aggne
produced if the system was running at full powerhole year. For Malmé and Ostersund, the utitizat
factor would be 20-25% for comfort heating. For envation heating it is in the range of 40-60%.



5. Air-to-air heat pumpsfor conservation heating

In the last years, air-to-air heat pumps have ased their performance to cost ratio dramaticédly.
combination with a relatively simple and unobtresimstallation, this makes them an interestingaptor
conservation heating. An additional benefit is th@ine air-to-air heat pumps can be used for delificaition
in the summer.

As shown above, the heating load for conservateatihg is quite stable over the whole year. Thaliderking
conditions for a heat pump is a continuous andestadat load. From a technical point of view thi8 @nhance
efficiency and makes the heat pump last longemFaia economic point of view, the heat pumps nestdlale
load to pay off a relatively high investment. Hoistreason, heat pumps in Scandinavia are genewatlly
designed to cover the maximum load, as this leadisgh investment costs and low utilization. Thatigump is
designed for a base load, the top load is provirjean auxiliary heat source with lower cost per kypjcally
direct electric heating. Consider the top curvehmleft graph of fig 3. If a heat pump is desigtedover 80%
the maximum load, it would cover around 95% ofé¢hergy demand.

The optimal combination of heat pump and auxiliaeating is determined by comparing the power codtthe
energy cost for both heat sources:

C=C.+C.r 3)
C Annual cost per kW
C: Annual fixed cost per kW
Ce Cost per kWh

T Utilization time

The intersection of the cost lines for the heat pamd the auxiliary heat source define the optimialtion
between the two heat sources, fig 4. By superinmgotsie lines on the load duration graph, we caardghe the
right heating power for the heat pump and the Béeheaters to minimise the total heating cost.

Heating power (kW)
Annual cost per kW

Auxiliary Auxiliary heating
energy

Heat pump

hp

Utilization time

FIG. 4: By superimposing the cost lines for a lamp and direct electric heating on a load duratgaph,
the optimal heating power for the heat pumg d&hd auxiliary power R, can be determined.



Thermodynamically conservation heating is a goottméor heat pumps because their efficiency inere@s
the indoor temperature decreases. The coefficigpeidormance (COP) for a heat pump is defined as

4
cop=2 @
W

Where
Q is heat produced (J)
w is work added (J)

For the ideal Carnot process the COP depends ontlgeotemperature levels on the hot and cold sideeoheat
pump:

T, (5)
Tl - Tz

COP=

T temperature of the heat sink (indoor air) (K)
T, temperature of the heat source (outdoor air) (K)

The performance of the ideal heat pump will improagically as the difference between the heat soantl the
heat sink decreases. Even though this is an ideaéps, the Carnot process sets the ultimate dintitpotential
for heat pumps. In practice COP may reach 60-70%efCarnot value. Theoretically a heat pump desigand
optimised for conservation heating could reach @@RBes around 10; this is yet to be investigatepractice.

Commercially available air-to-air heat pumps tyflichave COP-values in the range of 1,5 — 4,0 ddjpgnon
the outdoor temperature and the load. These hegppare optimised for normal room temperatures,camnde
operated at room temperatures down to 8-10°C. vsttandoor temperatures, defrosting becomes a enobl

Two pilot studies have been started with the objedb investigate if and how commercially avaiahir-to-air
heat pumps can be used for conservation heatirggobjects are the church in Ludgo south of Stockhanhd a
vernacular 18 century dwelling house on Gotland. In the chuthl,main incentive was to save energy. The
second building has severe moisture problems; maigbhe and insects. The results so far can be swised as
follows:

. The heat pumps provide a cost effective alterndativether heat sources. They are reliable and
there have been no technical complications.

. The heat pumps are controlled by thermostats widlwast temperature of 10 C. This is because
defrosting cannot be guaranteed at lower tempa&st@ne company has introduced a hygrostatic
control module which will be added on one of thati@umps.

. It is not possible to see if the COP is higher thulvwer indoor temperatures. Laboratory testing
is on the way.
. Dehumidification was used in the dwelling housecHnically it works fine, but the control

algorithms are not adjusted to conservation heating

. With air-to-air heat pumps the heat is suppliedbdgvection from a limited number of point
sources. Investigations of resulting temperatusé&itiution and air movements will be presented
in the near future.

6. Conclusions

The present paper has related the heating loazbftgervation heating in a Nordic climate to theperties of
heat pumps. The heating load is characterisedltmy geemperature differencd;(T,) and a relatively stable
heating load over the whole year. The results pl@vudimentary tools for engineers to design cogiem
heating systems. This is a first step, furtherissidhould take into account transient effectsadyin indoor
climate requirements, more representative datthioambient climate and a wider geographical d¢histion.
Simulations and detailed field studies are needdzktter understand conservation heating.



Depending on the use of the building, conservdtieasting may have to be limited for comfort reasdingets
cold in the winter and warm in the summer. In seuthSweden, conservation heating would mainly be
motivated by preservation, whereas in the nortlpant energy conservation would also be a factor.

Heat pumps in general, and air-to-air heat pumgmiticular, have properties that match the requéngts of
conservation heating. They can provide a cost #ffesolution for conservation heating. Heat pumesigned
and optimised for conservation heating could sigaiftly increase the performance in relation todéad heat
pumps. Air-to-air heat pumps may not be the ideadjlterm solutions for historic buildings, but imny cases,
they could enable the use and preservation of tiidibgs until more appropriate solutions have been
developed.

The results also show that there is an economiengiat in controlling the moisture transport inke thuilding
by improving the structure and controlling ventdatand/or infiltration. Clearly there is a need fiategrated
solutions based on a combination of passive arndeagteasures for climate control

Another application for conservation heating, whighecoming more common, is winter heating of semm
houses. There is a huge potential for energy sawngsing heat pumps and replacing thermostatg/gsolstats.
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