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FJARRVARMEANPASSAD ABSORPTIONSKYLA

Med 6kad efterfragan pé kyla i fastigheter som ar anslutna till ett fjarrvarmesystem sa
ar det intressant att utveckla koncept som innehaller synergier mellan varme och kyla.
Varmedriven kyla i fjarrvarmesystem med avfallsbaserad kraftvarme eller spillvarme
som marginalproduktion under sommarmanaderna innebar miljofordelar jamfort med
konventionella kylmaskiner.

Absorptionskyla ar en kommersiell teknik, men det saknas produkter pa mark-
naden som ar anpassade for fjarrvarme. Bade driv- och returtemperaturen ar hég och
vilket ar negativt for fjarrvarmesystemet. Resultaten fran det har projektet visar att det
gar att anpassa absorptionstekniken till fjarrvarmeanpassad drift. Forsoksanlag-
gningen som byggts upp av projektet gar att anvanda for att ytterligare utveckla
reglerstrategier for fjarrvarmeanpassad drift i framtiden.

Projektet har genomforts av Viktoria Martin och Seksan Udomsri pa KTH-Energi-
teknik. Masterstuderande har ocksa bistatt projektet inom ramen for sin kurs i projekt-
teknik. Referensgruppen har bestatt av Eva-Katrin Lindman Fortum Vérme, Patric
Jonnervik Jénkdping Energi, Jimmy Fornander Tekniska verken, Anna Svernl6v
Goteborg Energi, Conny Hakanson och Thomas Lummi Svensk Fjarrvarme.

Projektet ingar i forskningsprogrammet Fjarrsyn som finansieras gemensamt av
Energimyndigheten och fjarrvarmebranschen. Fjarrsyn ska starka mojligheterna for
fjarrvdarme och fjarrkyla genom 6kad kunskap om fjarrvarmens roll i klimatarbetet
och for det hallbara samhéllet till exempel genom att bana vég for affarsmassiga
I6sningar och framtidens teknik.

Bo Johansson
Ordforande i Svensk Fjarrvarmes teknikrad

Rapporten redovisar projektets resultat och slutsatser. Publicering innebar inte att
Fjarrsyns styrelse eller Svensk Fjarrvarme har tagit stallning till innehallet.



FJARRVARMEANPASSAD ABSORPTIONSKYLA

Det gar att gora kyla av varme med sa lag temperatur som 70 °C. Med absorptions-
teknik kan komfortkyla produceras (6 °C) med hjalp av fjarrvarme vid lag temperatur,
t ex under sommardrift av kraftvarme. Hittills har installerade absorptionskylmaskiner
i varierande grad tvingat fram en anpassnhing av drivtemperaturen sommartid till

80 °C. Detta beror pa att kommersiella absorptionskylmaskiner ofta ar designade

for betydligt hdgre drivtemperaturer

(100 °C) fran borjan.

Detta projekt har haft som syfte att definiera 6nskemal for en experimentell
forsdksanlaggning som i liten skala kan stddja utveckling av fjarrvarmeanpassad
absorptionskylteknik. Under en tva-arsperiod (2010-2012) har darefter en forsoks-
anléggning planerats, absorptionteknik upphandlats, installerats och tagits i drift. En
experimentell utvardering har genomférts, och en matematisk modell har utvecklats
for att bekréfta experimenten och méjliggdra en driftoptimering.

Utvarderingen i denna anldggning visar att det & mojligt att producera kyla med
70-gradig drivvarme, med en avkylning av varmebéararen ned mot 60 °C, vilket ar
nara det teoretiskt minsta varde som kan erhallas. Kylmaskinens prestanda, méatt som
koldfaktorn COP, ar relativt hdg med ett varde pa 0,6. En forutsattning for denna drift
ar att temperaturen pa kylmediet (varmesénkan) kan regleras till max 24 °C, och ju
lagre temperatur desto battre.

Den forséksanlédggning som nu finns installerad vid KTH-Energiteknik ar val
lampad for fortsatta kvalitativa utvarderingar av styrstrategier for fjarrvarmeanpassad
drift. Vidare kan matvarden anvandas till att ytterligare forbattra den matematiska
modell av kylmaskinen som har utvecklats, bl a med avsikt att kunna teoretiskt
driftoptimera for olika fall.

Framtida studier i forsoksanlaggningen kommer att fokusera pa utveckling av
styrstrategi for maximering av avkylning pa varmebéraren, givet fix koldbarar-
temperatur fran maskinen (6 °C) och kylvattentemperatur. Koldfaktorn/COP kan i en
sadan strategi tillatas sjunka.

Det vore dven dnskvart att battre dokumentera effektiva styrstrategier ute i
befintliga fjarrenergiinstallationer, samt utfora driftoptimering under verklig drift och
dar dokumentera inverkan av driftparametrar.
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Comfort cooling can be produced using heat at a temperature as low as 70 ° C.
Thus, district cooling can be generated using e.g. low temperature heat from
summer operation of CHP. So far installed absorption chillers have, to a varying
degree, forced the adjustment of the temperature of the heat up to 80 ° C in the
summer. This is because the available commercial chillers often are originally
designed for a considerably higher driving temperature.

The overall aim of this project has been to define the requirements for a small-
scale experimental test facility that can support the development of a district heating
adapted absorption cooling system. During a two-year period (2010-2012) such a test
facility has been planned, and the absorption chiller procured, installed and
commissioned. Subsequently, an experimental evaluation has been carried out, and a
mathematical model has been developed to confirm the experiments and allow an
optimization of operating parameters.

The evaluation of this system shows that it is possible to produce cooling using a
heat source of 70 °C, while receiving a return of the heat carrier of down to 60 ° C.
This is close to the theoretical minimum value that can be obtained. Chiller
performance, as measured by the coefficient of performance (COP), is relatively high,
with a value of 0.6. A prerequisite for this operation is that the temperature of the
coolant (heat sink) can be regulated to maximum 24 ° C, and the lower the
temperature the better performance during low temperature operation.

The test facility, now installed at KTH Energy Technology, is well-suited for
further qualitative evaluation of control strategies for district heating adapted
operation of absorption chillers. Furthermore, experimental measurements can be
used to further improve the mathematical model of the chiller, with the intention to
theoretically be able to optimize operation for different cases.

Future studies in the experimental facility will focus on the development of
control strategies to maximize the cool-off of the heat carrier over the chiller.

It would also be desirable to improve the documentation of effective control
strategies in the existing district energy installations, and perform and document
optimization during actual operation as a function of parameters.
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Med o6kad efterfragan pa kyla har konceptet att gora kyla av virme” de senaste
decennierna blivit alltmer intressant for fjarrenergibranschen. Detta beror pa den
Okande anvéandningen av kraftvarmeproduktion. Genom varmedriven kyla kan
miljoriktig kraftvarme hallas igang en langre tid pa aret &ven om behovet av
komfortvarme minskar under sommarhalvaret. | system med avfallseldning som
basbréansle &r detta sérskilt intressant.

Trots att manga studier visar pa potential att anpassa absorptionsteknik for
fjarrvarmeandamal ar de flesta faktiska installationer i dagens fjarrenergisystem
baserade pa absorptionsteknik designad for enskild drift vid betydligt hogre
temperaturer an vad som ar dnskvart i kraftvarmesammanhang. Mot bakgrund av
detta har ett projekt genomforts av KTH-Energiteknik, i ndra diskussion med
energibolag och kylmaskinstillverkare, dér fjarrvarmeanpassning av absorptions-
kylteknik har undersokts experimentellt med stéd av teoretiska berékningar for
prestandasimulering.

| denna rapport presenteras resultaten fran detta projekt vilka ger kunskap om
mojligheterna till att fjarrvarmeanpassa absorptionskylteknik i framtida installationer.
Denna kunskap kan anpassas till ett underlag for design/upphandling av
fjarrvdrmeanpassade system med absorptionskyla.

1.1 Varmedriven kyla i kraftvArmesystem

Behovet av komfortkyla har 6kat dramatiskt de senaste decennierna, dven i ett kallare
klimat som Sveriges. Denna trend verkar fortga, och vid produktion “business as
usual” &r oron stor for vilken inverkan vart behov av kyla kommer att fa pa elsystem
och ett uthalligt energisystem som helhet [1]. Fjarrkyla och/eller decentralicerad
kylproduktion kopplad till kraftvdrmeproduktion har stor potential att hantera denna
problematik [2].

Kylproduktion med varmedriven s.k. absorptionsteknik &r ingen ny teknik utan
dess principer precenterades redan i mitten av 1800-talet av Ferdinand Carré.
Principen for tekniken &r enkel — ett kéldmedium forangas vid lagt tryck och
temperatur, precis som i konventionell kompressionsteknik. | forangaren erhalls da en
kyleffekt, se figur 1. Till skillnad fran kompressionsteknik sa anvander absorptions-
tekniken ett sekundért kdldmedium som absorberar det forangade ”primédra” kold-
mediet i ndsta steg, absorbatorn. Dérefter pumpas en kéldmedieldsning till
generatorn. VVarme tillfors sa att det primara kéldmediet drivs av som anga.

Via kondensorn kan det primara koldmediet darefter aterforas till férangaren.
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Figur 1. Principiell beskrivning av absorptionskylteknik jamfért konventionell eldriven
angkompressionsteknik.

Det sekundéra kéldmediet fors efter generatorn tillbaka till absorbatorn, via en
varmevéxling med I6sningen fran absorbatorn. Denna varmevéxling ar avgorande for
teknikens prestanda da den med optimal utformning, per enhet producerad kyla,
minskar varmebehovet i generatorn samt dven behovet av att kyla bort lagvardig
varme via t ex kyltorn.

En utforlig och lattillganglig beskrivning av absorptionstekniken hittar man t ex pa
IEA Heat Pump Centre’s informationssidor [3].

Med syfte att inventera absorptionskylmaskiner som redan &r installerad fjarr-
energisystem har Jardeby och Nordman utfért en studie inom ramen for Fjarrsyn [4].
Resultaten visar dels att fjarrenergibolagen forvantar sig att efterfragan pa komfort-
kyla kommer att 6ka, och dels att den storsta anledningen till varfor absorptionsteknik
valts ar 6verskott pa varme. Miljéargument och lagre driftskostnader paverkar ocksa
valet enligt samma studie. Driftserfarenheterna dr relativt goda, men man efterlyser
mer kunskap om service och skodtsel av absorptionsteknik, samt om upphandling av
systemen.

En studie inom ramen for Varmeforsks systemteknikprogram har sammanstallt
kunskapslaget samt utfort en potentialbedémning av absorptionsteknik fran is- till
angproduktion i fjarrenergisystem [5]. Studien lyfter fram att absorptionskylmaskiner
som sjalvklart redan ar en kommersiell teknik, inte &r anpassade till driften i fjarr-
energisystem utan tvartom — kraftvarmedriften tenderar att behéva anpassa sig nagot
till restriktionerna for drift av kommersiella absorptionskylmaskiner designade for
helt andra system. Exempel &r drivtemperatur — maskinerna ar designade for 120 °C
men kan koras med varme ned till kanske 80 °C fast da med daliga dellastegenskaper
[6]. Ett annat exempel &r returtemperaturen fran absorptionskylmaskinen som inte blir
sa lag som &r énskvard (med framledning 80 °C, minimum 70 °C returtemperatur).
Samtidigt har av Energimyndigheten och industrin tidigare finansierade FoU-insatser
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visat att det dels & mojligt att optimalt designa en absorptionskylmaskin att kunna
koras med ned till 70-gradig varme, och med samtidigt bibehallen god s.k. kdldfaktor
ned till 30% kyllast [7]. Andra studier visade att med optimalt inkopplingssatt kan
returtemperaturer ned till 55 °C erhallas [8-9]. Varmeforskstudien, ovan, tittade
narmar pa investeringskostnaderna for absorptionskylmaskiner och fann via
berakningar att kostnaden bor 6ka med lagre drivtemperatur, och hégre temperatur pa
varmeséankan — detta utifran perspektivet att varmevaxlarytor i maskinen okar enligt
samma forhallande [5]. Dessutom visade samma studie att det for ett specifikt design-
varde for varmekaélla och —sénka, samt kostnad for varmen, finns det ett kostnads-
optimalt designvarde pa koldfaktor. Sammantaget blir slutsatsen att med en helhets-
syn pa produktion av varme, el och kyla bor det vara mojligt att fjarrvarmeanpassa
absorptionstekniken for en kostnadsoptimal utformning i fjarrvarmesammanhang.

Kunskapslaget visar pa ett behov av kunskap om dynamik och reglerstrategier for
absorptionskyla i fjarrvarmesystem sa att en fruktbar diskussion med tillverkare kan
bedrivas och underlag for upphandling utformas sa att absorptionstekniken nu kan
borja anpassas till den véxande marknaden for tekniken — absorptionkyla integrerad
med kraftvarme.

1.2 Projektmal

Det dvergripande syftet med den hér utforda studien har varit att ta fram ny kunskap
om absorptionskylmaskinens funktion i kraftvarmesammanhang via experimentella
métningar pa en maskin i liten skala, 10 kW. Den lilla skalan ar vald for att kylag-
gregatet ska kunna passa in med den labverksamhet vid KTH-Energiteknik som ar
inriktad pa samtidig produktion av energitjanster sasom el, varme, kyla, rent vatten,
s.k. polygenerering. Darmed har projektet dessutom haft som mal att en mer lang-
siktig forsoksutrustning ska installleras, for framtida behov av experimentell, under-
sOkande verksamhet som ror absorptionstekniken.

Delmal, har varit:

e Design, konstruktion och installation av 10 kW absorptionskylmaskin med
flexibla driftsegenskaper vad géller:
o driftstemperaturer (varmekalla och —sénka),
o cirkulation av arbetsmedium inne i maskinen
o tillsatser (av ytaktiva &mnen for 6kad varmeoverforing, samt
korrosionsinhibitorer)
o reglerstrategier
e Utvdrdering av absorptionskylmaskinens prestanda som funktion av drifts-
parametrar.
e Teoretisk stddsimulering for utvardering av ovan uppmatta maskinprestanda
e Presentation av kunskapen sa att den kan ligga till underlag for design av, alt
anbudsforfragan om, ett fjarrvarmeanpassat kylmaskinssystem (inkl maskin,
regler- och inkopplingsstrategier).
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1.3 Genomfédrande

Projektet har utforts vid KTH Energiteknik, dar forsoksanlaggningen for fjarrvarme-
anpassad absorptionskyla har passats in i pagaende labverksamhet som ror samtidig
produktion av olika energitjanster, polygenerering.

Den storsta delen av projekttiden (och budget) har gatt till inventering av tankbara
absorptionskylmaskiner, planering av experimentell forsoksanldggning, samt instal-
lation och idrifttagning av denna.

I projektets slutskede med den experimentella utvarderingen har masterstuderande
bistatt projektet inom ramen for sin kurs i projektteknik. I detta projektarbete har dven
den teoretiska modellen utvecklats. Merparten av projektets resultat aterfinns darmed
i den slutrapport som masterstudenterna presenterat — bilaga 3. | huvudrapporten
presenteras nyckelresultaten, tillsammans med projektet som helhet, diskussion och
slutsatser.
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Ett tydligt mal har fran borjan varit att experimentellt verifiera och utvardera en
absorptionskylmaskins funktion under driftférhallanden som kénnetecknar ett
fjarrvdrmesystem. Detta kapitel beskriver de forutsattningar och stallningstaganden
som legat till grund for den forsoksanlaggning som nu finns pa plats vid KTH-
Energiteknik. Dessutom presenteras anlaggningen och dess funktion schematiskt.
Resultaten fran den experimentella utvarderingen presenteras i kapitel 4.

2.1 Forutsattningar for absorptionskyladrift i
fjarrvarmesystem

Generellt, bl a baserat pa den bakgrundsstudie som ges i kapitel 1, sa har onskvarda
egenskaper hos absorptionskylan presenterats som mojlighet att kora maskinen pa 70
°C varme, samt att avkylningen pa varmebararen (dvs skillnaden mellan fjarrvarmens
framledningstemperatur till maskinen och returtemperaturen fran kylmaskinen) ska
vara sa stor som mojligt. Trots denna kunskap fanns ett behov av att inleda detta
projekt med ett diskussionsmote med erfarna driftingenjorer och tekniker fran
branschen. Fran detta mote erholls en sammanstéllning av en del viktiga erfarenheter,
samt 6nskemal pa tekniken.

Det stdrsta problemet med absorptionskyla i fjarrvarmesystem ar att ha stabil drift.
Fall presenterades dar ventil mot fjarrvarmesida ingatt i leveransen tillsammans med
styrfunktion hos maskinen som styr pa ventillage. Med ett varierande tryck i fjarr-
varmenatet blir floddena olika vid ett och samma ventillage, vilket gor att flédet for
den aktuella driftsituationen kan komma i 6verflod eller underskott beroende pa detta
tryck. Resultatet blir instabil drift och hela maskinen kan komma i ’svangning”.
Praktiska erfarenheter att komma till ratta med detta finns i olika grad ute i drift, men
onskemal om reglerstrategier for stabilare drift lyftes fram som mycket viktigt.

Returtemperatur 6nskas sa nara konventionell fjarrvarmeretur som mojligt. En
I6sning for att hantera hdga returtemperaturer fran absorptionskyleaggregatet ar att i
stallet koppla fram-fram. Erfarenheter fran sadan koppling ar emellertid att det kan
forstora langre fram i natet.

Hog koldfaktor, s.k. COP, dr av mindre betydelse jamfort med lag returtemperatur
och stabil drift.

Vidare fanns dnskemal om att absorptionstekniken ska kunna leverera fjarrkyla
mellan 3-6 °C, beroende pa system. Onskad drivtemperatur &r 70 °C och det &r vart
att poédngtera att absorptionskyla i vissa fall sades ha valts bort pga den hga
drivtemperaturen (80 °C) i de aggregat som finns pa marknaden.

Mot bakgrund av detta inleddes ett arbete med att finna en liten (10 kW, pga
utrymmesskal) absorptionskylmaskin med flexibel design, som kan koras pa 70-
gradig drivvarme och dar det ar tillatet att laborera med driftegenskaper for att
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maximera avkylningen. Avsnitt 2.2 presenterar den mojliga I16sningen for en
kommersiell maskin i den storlek som efterfragades.

2.2 Smaskalig lAgtemperaturdriven absorptionskyla -
kommersiellt aggregat for forsdéksanlaggning.

Givet de 6nskemal pa forsoksanlaggningen som kom fram i bakgrundsarbetet pabor-
jades stkandet efter en tillverkare av en absorptionskylmaskin som kunde passa i den
planerade forsoksanldggningen, och dessutom inom budget. Ett flertal tdnkbara
leverantorer kontaktades och fick svara pa vara 6nskemal for forsoksanlaggningen,
vilka summeras i tabell 1.

Tabell 1 Specifikation av ideal férsoksanlaggning for fjarrvarmeanpassad
absortionskyla, KTH-Energiteknik

Egenskap Onskvéard egenskap/prestanda
Drivtemperatur 70°C
Stor avkylning av varmebararen Min 10 °C vid 70 °C framledning

Mojlighet att arbeta med varmesanka 22-30 °C

i flexibelt, stort, temperaturintervall

Framledning/retur kéldbarare 6/12 °C

Flexibel maskin som tillater forandringar i (optimering av) reglersystemet.

Tillverkare som ingick i diskussionen var sddana som har sma aggregat i tillverkning,
vilket gor att traditionella tillverkare av absorptionskylmaskiner till fjarrvdrmeap-
plikationer inte var val representerade. Det var emellertid svart att hitta aggregat
mindre 4n 30 kW, och endast en tillverkare, Pink GmbH i Osterrike, var i slutdndan
ett mojligt alternativ.

Den Pink absorptionskylmaskin som inhandlats for forsoksanlaggningen ar pa
19 kW, och har ammoniak-vatten som kéldmedium. Specifikationerna enligt tabell 1,
ovan, mots, dven om det efter experiment uppdagats att tillverkarens reglerstrategi
inte varit att sakra 6 °C i framledning pa koldbararen, se kommande avsnitt 2.5.
Maskinens specifikationer summeras i tabell 2, och en detaljerad specifikation finns i
bilaga 1.

Tabell 2 Specifikation av PINK absorptionskylmaskin PC19

Specifikation Varde/egenskap
Nominell kapacitet 18,6 kW
Varmebarare, fram/retur 85°C/78°C
Varmesanka fram/retur 24°C/30°C
Framledning/retur koldbéarare 6/12 °C

Koldfaktor/COP 0,62
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2.3 FOrsoksanlaggning for fjarrvarmeanpassad
absorptionskyla

Kylmaskinen bestalldes i december 2011, varefter tillverkning pabdrjades hos
leverantor. Under tiden féardigstalldes uppstallningsplats for anlaggningen vid KTH-
Energiteknik, samt att kringutrustning och métinstrument for prestandautvardering
planerades och inhandlades. En schematisk bild av férséksanldggningen visas i figur
2, med en utforligare beskrivning i Bilaga 2.

Varmekallan i anlaggningen utgors av en 30 kW hetvattenackumulator som kan
leverera upp till 80-gradigt vatten fram till maskinen. Varmesankan ar, i stéallet for
kyltorn (eller motsvarande), representerad av en inkoppling till fjarrkylenatet. Med
hjalp av recirkulation kan temperaturer pa varmesankan varieras mellan 20-30 °C.

Maskinen levererar kyla vid 6 °C via kéldbarande vatten, som aterfors fran
”lasten” (en kallvattenackumulator forsedd med ett virmeelement) vid 12 °C.

Kylmaskinen &r utrustad med styr- och regler som kontrollerar externa ventiler
och pumpar efter installningar pa 6nskade vérden.

Forsoken mats upp med ett datainsamlingssystem som registrerar uppmatta
temperaturer pa floden till/fran kylmaskinen, samt effekter i kylmaskinens
huvudkomponenter (via flodesmétning). Bilaga 2 visar instrumenteringen i detalj.
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Figur 2. Forsoksanlaggning for fjdrrvarmeanpassad absorptionskyla vid KTH-Energiteknik.
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2.4 Utforda experiment

Under idrifttagning i maj 2012 visade det sig att PINK-maskinens styrsystem var
utformat for att maximera koldfaktorn (COP) under varje driftssituation. Temperatur-
skillnaden pé koldbararen dver maskinen (i detta fall 6 °C da onskemalet ar att
leverera 6°C fran maskinen pa 12 °C returtemperatur) specificeras snarare &n en
onskad temperatur levererad fran maskinen. Detta ar ovanligt, och efter diskussion
med fjarrvarmebolag i projektets referensgrupp, kan konstateras att det ar direkt
olampligt for fjarrvarmedrift. Efter diskussion med PINK forstas att styrsystemet kan
gbras om pa nya maskiner, och pa den nu installerade maskinen kan 6nskade
andringar utféras manuellt.

Mot bakgrund av detta planerades foljande forsok for att na storre kunskap om den
aktuella maskinens funktion, samt teknikens grénser for drift:

e Fall 1: fast temperatur pa inkommande varmebérare, 70°C samt en fast
temperatur pa levererad kyla, 6°C.

e Fall 2: fast temperatur pa inkommande varmebérare, 70°C samt en fast
temperatur pa koldbararen fran last, 12°C.

e Fall 3: fast temperatur pa inkommande varmebérare, 75°C samt en fast
temperatur pa kéldbararen fran last, 12°C.

For forsoken ovan varierades temperaturen pa inkommande kylmedium (varmesanka)
22-30 °C. Dessutom, da styrsystemet hela tiden forsoker maximera COP, kom returen
pa varmebararen fran maskinen att variera, samt aven den mojliga returtemperaturen
pa koldbararen (fall 1), respektive temperatur pa levererad kyla (fall 2 och 3).

2.5 Styr- och reglerstrategi for PINK
absorptionskylmaskinen

Den installerade absorptionskylmaskinen PC19 é&r flexibel och tillater reglering av
bade externa och interna floden. Detta mojliggor en bra prestanda (koldfaktor COP)
vid dellast saval som vid drift utanfor designpunkten. Flddena som regleras via
pumpar kan, férutom via det inbyggda reglersystemet kontrolleras manuellt.

Kylmaskinen kontrollerar pumparna i alla kretsar, och fér samtliga &r det
temperaturskillnaderna inom respektive krets som ges som borvérden. Men i styr-
funktionen ingar att maximera kéldfaktorn, COP, samt minimera elférbrukningen for
de varvtalsreglerade pumparna, vilket gor att de nskade vardena pa temperaturskil-
Inader underskrids for att halla COP sa hog som majligt.

Dérmed visade det sig under idrifttagning att kylmaskinen inte har nagon styr-
funktion pa utgaende koldbarartemperatur, dvs pa den temperatur som ska levereras
till ”kyllasten”. Enbart temperaturskillnaden mellan inkommande och utgaende kold-
bérare kan kontrolleras. Detta &r naturligvis inte bra for drift i fjarrkylesammanhang
och har diskuterats med tillverkaren. Fran denna diskussion &r det klart att PINK-
maskinens normala anvandningsomraden &r i mindre system, dar mojligheter for
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“néstan gratis” drivvdrme dr mycket begransad varfor kdldfaktorn har hogsta
prioritet. Dessutom tar “kunden” hand om sin egen last sa att sdga, varfor det under
vissa extrema driftsituationer kan vara acceptabelt att tillata att koldbérarens
temperatur okar.

Vid nytillverkning kan absolut en dnskad styrstrategi for fjarrvarmedrift beaktas.
Under tiden, for den nu installerade forsoksanlaggningen, kan maskinen styras
manuellt for att aterskapa de driftfall vi 6nskar.
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For teoretisk utvardering av kylmaskinen har en matematisk modell for en-effekts
absorptionskylmaskin tagits fram i simuleringsverktyget EES (Engineering Equation
Solver [10]). Fordelen med EES ar anvandarvanlighet, samt tillgang till fysikaliska
egenskaper hos en rad fluider, inklusive ammoniak-vattenblandning som utgor
arbetsmediet i den installerade férsdksanlaggningen.

Den matematiska modellen har beskrivits i detalj av masterstudenter i Energi-
teknik som bedrivit ett projektarbete (9 hp) inom ramen for detta projekt. Projekt-
rapporten aterfinns i bilaga 3, och modellen i avsnitt 3 i denna bilaga. De stora dragen
i modellen beskrivs nedan, for att stodja forstaelsen av resultaten som presenteras i
kapitel 4.

For beskrivning av de ekvationer som beskriver systemet absorptionskylmaskin
héanvisas till figur 3, nedan.

<: kondensor 7 generator _
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3 /
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viarmevéxlare
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Figur 3. Fysisk modell av absorptionskylmaskin for representation i matematisk modell.

Grovt sétt kan modellen delas in i:
e materialbalanser 6ver varje komponent,
e energibalanser dver varje komponent,
e jamviktsrelation mellan tryck, temperatur och koncentration for ammoniak-
vattenblandning (erhalls direkt fran databas i EES), samt
e uttryck for de externa varmeflodena Qe (kyleffekt), Qg (tillférd drivvérme),
och Qa plus Q¢ som tillsammans utgér bortkyld varme till varmesanka.
Okénda parametrar, som tillverkaren inte kunnat dela med sig av, ar véarden for
varmedverforingskoefficienter (U), varmevéxlarytor (A), varmevaxlarnas
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verkningsgrad och interna massfléden. Dessa ok&nda har dock kunnat uppskattas
genom att forst matcha modellen mot kénd kylmaskinsprestanda vid design-
forhallanden, och sedan anvanda dessa varden for fortsatta simuleringar utanfor
designpunkten.

Inte heller koncentrationen pa blandning ammoniak-vatten &r kand i alla led, men
den stéller in sig relativt ndra jamviktsvérden givet en viss temperatur och tryck. Som
ett exempel, da temperaturen okar forangas ammoniak tills ett jamviktsvarde erhalls
for koncentrationen av ammoniak i vétskan.

Nyckelekvationerna for den teoretiska modellen summeras har. De kan vara bra att
beakta infor presentationen av resultaten i nasta kapitel.

3.1 Materialbalanser

Materialbalanserna lser sambanden mellan massfloden kopplat till forangning
(férangare och generator) och kondensering/absorption. Balanserna presenteras hér
med numrering pa fléden enligt figur 3.

Over viarmevaxlare och pumpen mellan absorbator och generator &r balansen:

m; = my = m;j (1)
dvs flodet &r konstant. Detsamma géller Gver strypventil-varmevéxlare mellan
absorbator och generator (ekv 2) samt mellan kondensor-strypventil-forangare-
absorbator under stationara forhallanden (ekv 3):

my = Mg = Mg (2

m7; = Mg = Mg = My 3)
Over absorbatorn sker en koncentrationsférandring i strommarna, en forandring av X
som ar massfraktionen av ammoniak i respektive strom. Fran detta kan tva relevanta
samband for modellen erhéllas for att representera forandring i koncentrationen 6ver
absorbatorn (ekv 4 och 5).
myo +mg =my 4)

m10XX10+m6XX6:m1XX1 (5)

Over generatorn dndras ocksa koncentrationen d& ammoniak foréangas vid tillforsel av
varme. Ekvationerna 6 och 7 beskriver generatorns materialbalanser:

mz = my + my (6)

m3XX3=m4XX4+m7XX7 (7)
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3.2 Energibalanser

Givet materialfléden och koncentrationer for varje strom kan absorptions-
kylmaskinens energibalanser definieras. Dessa kommer i slutdndan att bestimma
kyleffekter, varmebehov, och kdldfaktor.

Den dvergripande energibalansen for kylmaskinen kan uttryckas som att tillford

energi (i forangare — kyleffekten — samt generator) &r lika med bortkyld energi (till
varmesénka fran absorbator och kondensor):

Qe +Qe=Qa+Qc¢ (8)

Dérefter formuleras en energibalans 6ver varje komponent, undantaget
strypventilerna som antas vara utan varmeforlust och darmed blir triviala.

e Pumpen:
W=m; X (h, —h;) ©)

dar h &r den specifika entalpiteten [ki/kg] pa ammoniak-vattenblandningen, och W ar
pumparbetet [kW], vilket utgor det priméra elbehovet for kylmaskinen och oftast ar
sa litet att det forsummas i kvalitativa prestandautvarderingar.

e Varmevéxlaren:

m2 X h3 - h2 = m4 X (h4 - hs) (10)

dvs utgaende strém fran generatorn forvarmer den inkommande strommen for battre
6vergripande prestanda.

e Forangare:
Qe = myg X (hyo — hy) (11)
Kyleffekten Qg erhalls da kéldmediet ammoniak forangas.
e Absorbator
my, X hjg+ mg X hg = Qs + my X hy (12)
Varmen som erhalls vid absorptionen, Qa, kyls bort till omgivningen.
e Generator

m3><h3+QG=m4><h4=+m7><h7 (13)
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Tillford varme, Qg, gar dels at till att foranga ammoniak (punkten 7) men éven till att
varma inkommande strém (3) till kokpunkten for det aktuella trycket. Trycket
bestams av temperaturen i kondensorn, dvs indirekt av temperaturen pa varmesankan.

e Kondensor

Q¢ = my X (h; — hg) (14)
Ammoniak kondenseras mha av kylning, Qc, mot varmesénka.

3.3 Teoretiska berdkningar

Givet ovan beskrivna material- och energibalanser programmerades den matematiska
modellen i mjukvaran EES. Tillsammans med nyckelekvationerna ovan, samt i
mjukvaran inbyggda jamviktsdata som beskriver relationen mellan tryck, temperatur
och koncentration pa ammoniak-vattenblandning, ar systemet bestamt. For att
dessutom knyta modellen till de externa flodena och deras temperaturer (till/fran
generator, forangare, absorbator och kondensor) anvéndes ett uttryck for effekterna i
huvudkomponenterna enligt ekvation 15.

Q = (UA) X LMTD (15)

Har ar U varmeéverforingskoefficienten [kW/m?-°C], A arean p& varmevéxlaren
[m?], och LMTD &r den logaritmiska medeltemperaturen [°C] i respektive kom-
ponent. LMTD ar en funktion av temperaturerna pa det externa flodet till/fran
komponent samt temperaturen inuti resektive komponent, dar kéldmediet
forangas/absorberas/kondenseras under i princip konstant temperatur.

Initialt verifierades modellen mot designvarden pa den verkliga maskinen.
Dérefter undersoktes prestanda i form av kdldfaktorn (COP) som funktion av
kylmedietemperaturen —varmesankans temperatur — for en rad fall som presenteras i
tabell 3.

Tabell 3 Fall for matematisk prestandautvérdering

Qevap.

Fall HT:, [°C] HT, [°C] LT, [°C] LT, [°C] AMT [°C] [kWp]
1 70 60 12 6 4 18,6
2 75 65 12 6 4 18,6
3 80 70 12 6 4 18,6

Har star "HT” for "hot temperature”, dvs fram-/returledning véirme; LT stér for “low
temperature”, dvs koldbiraren; och AMT star for temperaturhdjning pa kylvattnet

over absorbator/generator. | simuleringarna varierades framledning pa kylvattnet, fran

20 till 32 °C.
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4 RESULTAT

Resultaten fran utvarderingen av den lagtemperaturdrivna absorptionskylmaskinen
presenteras summariskt har via saval experimentella resultat som resultaten fran den
matematiska modellen. Detaljerade resultatbeskrivningar diskuteras i bilaga 3.

4.1 Experimentell utvardering

Med 6nskemal om att kunna driva absorptionskylmaskiner med 70-gradig varme och
samtidigt leverera 6-gradig kyla undersoktes den aktuella PINK-maskinens formaga
till detta som funktion av temperaturen pa kylvattnet, som tillats variera mellan 22-30
°C (fall 1). Resultaten visas i figur 4.
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Figur 4. Experimentell utvardering av PC19 vid 70 °C framledning och énskad levererad
koldbarartemperatur 6 °C, som funktion av kylmediets temperatur.

Resultaten visar att koldfaktorn (COP) sjunker fran 0.68 (hogre an nominella vardet)
vid 20 °C kylmedel (MT-in, ljusgron) till under 0.5 da kylmediets temperatur
overskrider 30 °C. Maskinen kan koras pa 70 °C drivvarme i alla fallen, men klarar
inte av att leverera kyla vid 6°C (LT-Out, ljusbld) om inte ocksa kyleffekten dras ned,
vilket har forstas genom att den inkommande koldbarartemperaturen (LT-in, fran den
fiktiva lasten, morkbla linje) reducerades for att majliggora drift. Dessutom ser man
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att den onskade avkylningen pa varmebararen om 10 °C gradvis sjunker med ckande
temperatur pa kylmediet.

Fran en praktisk synpunkt nar maskinens gransvarden for drift ska utvérderas ar
det naturligtvis inte optimalt att maskinen som hér, tvingar fram att lasten reduceras,
delvis for att uppratthalla COP. Det hade varit battre att se, for bibehallen last, var
granserna gar, och att COP tillats bli mycket lagt till dess att drift omajliggjordes.

Fran ett teoretiskt perspektiv, med stod av ekv 15 i kapitel 3, kan lastforandringen
forstas sasom att givet en faktisk varmeoverforingskoefficient och varmevéxlaryta i
kondensor, bestdms t ex temperaturen inne i kondensorn av kylmediets temperatur
(MT). Detta i sin tur skapar en viss minsta tillatna temperatur i generatorn och denna
kommer att 6ka med 6kande MT. Givet en temperatur pa varmebararens
framledningstemperatur kommer darfor drivande kraften for varmedverforing i
generatorn att minska med MT, dvs generatorns effekt Qg minskar och darmed ocksa
kyleffekten, Q.

For att undersoka prestanda ytterligare, utférdes dessutom experiment dar
koldbérarens framledning till PC19, LT-in, lades fast vid 12 °C, och den levererade
koldbarartemperaturen, LT-out, tillats flyta (fall 2). Resultaten visas i figur 5.

Aterigen tvingas kyleffekten att reduceras redan da kylmediets temperatur 6kar
fran 22 °C till 24 °C. Det ser man har eftersom LT-out, dvs kdldbararens temperatur
fran kylmaskinen 6kar fran 6 till 7 °C. Avkylningen pa varmebéararen kan daremot
hallas kvar vid 10 °C fram till en temperatur pa kylmediet pa 26 °C.

Slutligen utfordes tester dar temperaturen pa framledningen héjdes fran 70 till 75
°C, HT-in (fall 3). Samma trender observerades, dven om kylmedietemperaturen
kunde hdjas till 28 °C med bibehallen 6nskad avkylning av varmebéararen pa 10
grader. Aterigen orsakade &ven en mindre hojning av kylmedelstemperaturen, frén 22
till 26 °C att koldbararens temperatur fran kylmaskinen okar fran 6 till ca 8 °C.

I samtliga tre fall stalldes vérden in i kylmaskinens styrsystem for att precisera
driften — i denna specifika kylmaskin ar det temperaturskillnaderna pa kold- (6 °C)
och varmebarare (10 °C) samt kylmedium (4 °C) OVER maskinen som stlls in.

I samtliga fall visar resultaten att kylmaskinens styrstrategi dock prioriterar att
bibehalla s& hogt COP som mojligt varfor dessa 6nskade temperaturskillnader inte
kunde uppratthallas.
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Figur 5. Experimentell utvardering av PC19 vid 70 °C framledning och 6nskad temperatur
pa koéldbarare fran last 12°C, som funktion av kylmediets temperatur.

4.2 Teoretisk utvardering av prestanda

Den teoretiska prestandautvérderingen kan summeras med att den bekréftar
experimenten i att COP minskar med 6kad kylmedeltemperaturen MT, se figur 6.
Denna minskning ar till en bérjan liten, fram till ett visst varde dar drivande kraften i
varmevaxlarna blir for liten for effektiv funktion av kylmaskinen. Vidare kan man se
att ju hogre temperatur pa varmebararen, HT, desto hogre temperatur pa kylmediet
kan tolereras. | den teoretiska modellen har, som tidigare beskrivits i avsnitt 3.3,
koldbararens temperaturer hallits fast vid 12 °C fram, respektive 6 °C retur. Detta
enligt 6nskvard prestanda, och till skillnad fran vad som varit mojligt att gora i den
faktiska maskinen.

Det &r vart att kommenteras att vardena pa kéldfaktorn COP ar vasentligen hogre
fran den har anvanda teoretiska modellen, jamfort med experiment. Detta beror pa de
antaganden som tvingats fram pga ok&nda parametrar rorande varmedverforing i alla
komponenter, dvs faktiska varden pa varmeoverforingsytor, A, varmedvergangstal U,
och drivande kraften for varmedverforing, LMTD. Vidar har hér antagits relativt
konstanta véarden oberoende av driftsforhallanden vilket ytterligare idealiserar
modellen. Framtida arbete ska inriktas pa att battre matcha modellen mot verklig
drift, men helst ocksa mot kontrollstrategier som ar optimala for fjarrvarmedrift.

25



FJARRVARMEANPASSAD ABSORPTIONSKYLA

Figur 6. Koldfaktor, COP, som funktion av kylmedelstemperaturen MT for tre fall avseende
varmebararens temperatur.

Sammantaget visar dock resultaten, de teoretiska bekraftade av experimentella forsok,
att lagtemperaturdrift av absorptionskyla, med 70 °C framledning pa varmebéraren,
definitivt ar mojlig. Med tillgang till en relativt kall varmesénka, under 25 °C, kan
dessutom hdg COP bibehallas och en hygglig avkylning pa varmebararen
astadkommas, mycket nara den teoretiska gransen.
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En smaskalig (19 kW) lagtemperarturdriven forsoksanlaggning for fjarrvarmeanpas-
sning av absorptionskyla har installerats pA KTH-Energiteknik. Den experimentella
prestandautvarderingen visar att denna maskin kan koras pa 70-gradig drivvarme
med en avkylning pa varmebéraren om 10 °C, dvs ned till ca 60 °C. Under sadana
drift-férhallanden ar det viktigt att kylmedelstemperaturen kan hallas Iag, inte mer &n
24 °C. Koldfaktorn bibehalls vid ett hogt varde 6ver 0,6. Vidare har drift i ett stort
temperaturintervall pa varmesankan (22-30 °C) demonstrerats.

Den matematiska modellen bekraftar kvalitativt resultaten fran experimenten.
Manga antaganden kring varmevéxlarytor, effektivitet pa varmevaxling (konstant,
oavsett drivande kraft for varmedverforing) och koncentrationer pa arbetsmediet
”inne” i maskinen (mass-% ammoniak i 16sning) ligger till grund for kvantitativa
skillnader mellan experiment och modell. Modellen utvecklas darfér nu mot att
”passas” béttre till de nominella driftvirdena genom forbittrade antaganden, for att
sedan kunna anvandas vid faktiskt driftsoptimering.

For den aktuella maskinen ar de nominella driftvardena 18,6 kW kyla vid
85°C/78°C samt 24°C/30°C for varmebarare respektive kylmedel. Da drifttemp-
eraturen sanks till 70 °C/60 °C sanks kyleffekten (15 kW och under, beroende pa
kylmedeltemperatur) pa grund av att varmevéxlarytor inte dr avpassade for denna
extrema drift nara gransvarden pa minsta teoretiskt mojliga drivtemperatur. Det &r
dock viktigt att forsta att vid ursprunglig design av kylmaskinen for drift vid 70 °C
kan varmevéxlarytor optimeras for de olika komponenterna och 6nskad effekt kan
garanteras for denna drift. Dock kan kostnaden, per kW kyleffekt, bli nagot hogre for
en sddan maskin dn ”off-the-shelf’-design. For fjarrvdrmebolag som dnskar
lagtemperaturdriven absorptionskylmaskin kravs darfor vid upphandling en tydlig
dialog med kylmaskinstillverkare for att arbeta fram en specifikation som haller
driften. Resultaten fran detta projekt har bidragit med att visa pa mojligheterna for
lagtemperaturdrift, och begransningar i en sadan.

Mojligheten till lagtemperaturdrift paverkas tydligt av temperaturen pa kylmediet
— ju hogre kylmedelstemperatur desto samre mojlighet. Detta innebdr att en fjarr-
varmeanpassad absorptionskylmaskin maste kunna regleras map driftparametrar sa att
det t ex gar att hoja temperaturen pa varmebararen under de varmaste dagarna pa en
sésong. Om kyltorn (som ett exempel) endast kan leverera 28 °C kylvatten kan
drivtemperaturen hojas till t ex 75 °C.

Vid den inledanden diskussionen med driftingenjérer i branschen framgick att lag
drivtemperatur var att prioritera framfor hog koldfaktor, COP. Det gick dock inte har
att pa befintlig maskin utfora driftsituationer dar koldfaktorn tillats bli lagre men
onskad avkylning av varmebararen och/eller temperaturforandring pa kéldbararen
over forangaren kunde uppratthallas. | stallet maximerar styrsystemet kéldfaktorn pa
bekostnad av installda, 6nskade varden pa temperaturférandringar ver forangare, i
kylmedelskretsen och pa fjarrvarmebararen. Detta &r nagot som framtida
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utvarderingar pa anlaggningen ska underscka vidare genom att, i samarbete med
tillverkaren, manuellt reglera maskinen mot optimal fjarrvarmeanpassning.

Resultaten i denna rapport far tas som kvalitativa indikationer och inte faktiska
driftvarden da dessa ar erhallna fran méatningar pa dels en liten maskin och dels en
maskin med ammoniak vatten som arbetsmedium. Principerna ar dock desamma
oavsett storlek eller arbetsmedium férutom nodvandigheten att halla koll pa gréans-
vérden for kristallisation i maskiner med litiumbromid och vatten som arbetsmedium.
Dessa gransvarden ska noggrant diskuteras med tillverkaren under sjalva upphand-
lingen och det ar nodvandigt att fa battre kunskap om tillatna driftssituationer
eftersom fjarrvarmeanpassning i sig kraver att driftsparametrar sasom kylmedels-
temperatur, temperatur pa varmebarare, samt dellastanpassning via recirkulation av
arbetsmedium kan andras. Hittills ar det vanligt att sadana andringar inte garanteras i
maskinens specifikation. Da maste fjarrvarmeforetag lita till sin egen erfarenhet och
avgora om det dr vart risken att genomfora andringar i driftsférhallanden utanfor
specifikationen.
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Resultaten fran detta projekt visar att det ar mojligt att driva en absorptionskylmaskin
med 70-gradig varme, samt erhalla en avkylning pa varmebararen pa 10 °C (ned till
60 °C) vilket ar mycket néra den teoretiska begrénsningen. Det ar vidare mojligt att i
denna driftsituation bibehélla en hog COP, 6ver 0,6. En forutsattning for denna drift
ar att temperaturen pa kylmediet (varmeséankan) kan regleras till max 24 °C, och ju
lagre temperatur desto battre.

En slutsats ar att under en kylsdasongs varmaste dagar kan det finnas behov att
tillfalligt 6ka drivtemperaturen (till 75 °C) for att kunna leverera kyla vid 6nskad
temperatur (6 °C). Det ar viktigt att upphandlad maskin tillater forandringar i
driftparametrar inom relativt stora intervall, ned mot nya 6nskade varden (t ex lag
temperatur pa varmebarare saval som pa kylvatten) men aven uppat da sa kravs.

Den forsdksanlaggning som nu finns installerad vid KTH-Energiteknik ar val
lampad for fortsatta kvalitativa utvarderingar av styrstrategier for fjarrvarmeanpassad
drift. Vidare kan matvarden anvandas till att ytterligare forbattra den matematiska
modell av kylmaskinen som har utvecklats, bl a med avsikt att kunna teoretiskt
driftoptimera for olika fall.
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Projektet har forverkligat en forsoksanldggning som, tillsammans med
driftsoptimering i en matematisk modell, kan bidra till fjarrvarmeanpassning av
absorptionskyltekniken. Framtida studier bor inrikta sig pa foljande:

e Forbattring av forsoksanlaggningen, inklusive: hetvattenberedning med hogre
effekt; forbattrad “lastrepresentation” genom reglerstrategier for de varme-
element som simulerar “kyllasten” i férsoksanldggningen; samt

e Utveckling av den matematiska modellen genom forbéattrade antaganden om
varmedverforing och floden inne i maskinen — i dialog med tillverkaren, samt
genom effektivare passning till uppmatt driftprestanda.

e Utveckling av styrstrategi i befintlig forsoksanldggning for maximering av
avkylning pa varmebararen, givet fix koldbarartemperatur fran maskinen
(6 °C) och kylvattentemperatur. Kéldfaktorn/COP ska tillatas sjunka.

Utover studier pa installerad forsoksanlaggning vore det onskvart att battre
dokumentera effektiva styrstrategier ute i befintliga fjarrenergiinstallationer, samt
utfora driftsoptimering under verklig drift och dar dokumentera inverkan av
driftparametrar.

Slutligen bor en fjarrvarmeaktér med absorptionskylebehov genomfora en
upphandling av en fjarrvarmeanpassad absorptionskylmaskin under beaktande av
lardomar fran detta, och andra projekt. En sadan maskin ska vara ursprungsdesignad
och optimerad for drift vid 70-gradig drivvarme. Efter installation och idrifttagning
kan anlaggningen prestandautvarderas och rapporteras. Givet ett sadant upplagg kan
finansiering fran branschen som helhet vara av virde, da den ”forsta” fjarrvarme-
anpassade maskinen sannolikt ar dyrare i inkop an konventionell teknik.
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— Pink Chiller PC10 specifikation

Absorption Chiller

PinkChiller PC19

C

ENERGIE- & SPEICHERTECHNIK

Technical Data:

Working Solution:

Nominal cooling power:

Operation weight:

Dimensions (WxDxH):
Electrical connection:
Electr. Power consumption app. 450 W

Ammonia/Water
19 kW

app. 550 kg
08x0,6x19m
230V 1~ 50 Hz

Driven by hot water out of:
Biomass, District heating, CHP, Waste heat,

Solar-thermal, etc...

technology

available

Made in AUSTRIA

Brine-production up to —7°C
Little space requirement
Integrated Energy-balancing due to modern sensor-

Integrated remote access and data-logging
Complete cooling-kits including heat-rejection

Performance data Unit Minus-Cold Fan-Coils Cooling ceiling
Cold water circuit | Power kW 123 18,6 19,5
Temperatures in/out °C 0/-3 12/6 18/15
Flow rate m3/h 35 27 5,6
Connection Internal tread 1" 1" 1"
Hot water circuit | Power kW 26 30 27
Temperatures in/out °C 95/88 85/78 75/68
Flow rate m3h 32 36 33
Connection Internal tread & 1" 1
Heat rejection Power kW 38 49 47
circuit (recooling)
Temperatures in/out °C 24/30 24/30 24/30
Flow rate m3h 55 69 6,7
Connection Internal tread 6/4" 6/4" 6/4"

Recommended value - subject to change / dated 29.03.2010
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Absorption Chiller

2D D o
PinkChiller PC19 S .I

ENERGIE- & SPEICHERTECHNIK

Performance charts
Cooling Power / PinkChiller - PC19 Cold-water (LT) 18/15°C

Hot-water inlet (HT) [°C]

Cooling ceiling

Cooling Power [kW]

Recooling-water inlet (MT) [°C]
Cooling Power / PinkChiller - PC19 Cold-water (LT) 12/6°C

Hot-water inlet (HT) [°C]

Fan-Coil

Cooling Power [kW]

Recooling-water inlet (MT) [°C]
Cooling Power / PinkChiller - PC19 Cold-water (LT) 0/-3°C

Hot-water inlet (HT) [°C]

Minus-Cold

Cooling Power [kW]

Recommended value - subject to change /
Recooling-water inlet (MT) [°C] dated 29.03.2010
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Bilaga 2 — Detaljerad beskrivning av

forsdksanlaggning

Forsoksanlaggning
fja rrva rmeanpassad Kallvattensystem
absorptionskyla

Kallvattentank,
represen-

terande last
Till/fran fjarrkyla,

representerande varmesanka

PC19-system

PC19
styr-
o
regler
Varmekalla,
Kondensor
hetvatteack. generator

Varmexaxlare

absorbator forangare
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ABSTRACT

The aim of this report is to present the results of the group work on the project
“Industrial and Experimental Interaction of Low Temperature Thermally Driven
Cooling at KTH”. This project is based on the comparison of the theoretical
model results from EES software and the experimental absorption chiller
installation results. Three operational cases under two different driving
temperatures are investigated (70°C and 75°C) and the overall COP values
achieved are showing a good behavior of the absorption chiller low-grade heat
supply. The analysis of the results indicates necessary measures and
improvements that need to be taken in the future for the evolution of the
installation and its implementation in practice in district cooling networks.

Keywords: low temperature thermally driven cooling, absorption chiller,
ammonia
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1. INTRODUCTION

Heat driven cooling with absorption chillers is not a new technology; on the
contrary the principles for absorption cooling have been set from the start of the
previous century. Today, the trend of absorption cooling has started to gain
again popularity and this is mainly because of the quest for lowering the
harmful for the planet ever growing CO, emissions, a part of which is produced
by the increasing demand for electricity by vapor compression chillers used for
cooling purposes.

The International Institute of Refrigeration (IIR) states that the cooling demand
is consuming 15% of the total electricity produced in the world (Lukas, 1998)
and the global rate of growth of this Figure is 17% (Pridasawas, 2006).The
reason for this cooling demand increase is the generally higher temperatures
that are observed to occur during the summer, with the example of power
shortages in several countries of Europe during the hot summer of 2003
causing a global mobilization towards the decrease of electricity dependent
cooling. As a result of this, the absorption cooling techniques were back into
the spotlight.

Among the absorption chiller advantages should be stated the fact that the
Ozone Depletion Potential (ODP) and Global Warming Potential (GWP) of
absorption chillers is zero and with the use of waste heat they ensure cost
effectiveness. According to (Hudson, 2002), states some additional advantages
and disadvantages of an absorption chiller, in that case an ammonia-water
mixture one in particular. Some of these advantages are the following:

e Low level of noise of the equipment

e Low running costs if waste heat is available

e Efficient part load performance

e Low maintenance cost, because of the absence of the compressor that
vapor compression chillers have

e Modifiability in order to fit to existing systems for replacing or
supplementary purposes

¢ No limitations in the size of the plant

On the other hand, some of the disadvantages are the following:

e Higher capital cost than a conventional mechanical plant

e Complexity of refrigeration system

e Requirement of high-temperature heat

e Requirement of bigger space for installation

e False perception that absorption cooling is an anachronous technology

The need for bringing the fuel resources utilization up to the highest level of
efficiency in the production of energy led to the CHP plants. Thus, along with
the production of electricity, either from fossil fuels or from renewable energy



sources, a CHP plant utilizes the waste heat from the electricity production for
heating purposes. The CHP plants cover the electricity and heating demand of
many households and public facilities during the winter period. However, the
problem is that this waste heat that can be utilized during the winter cannot be
used during the summer time for cooling purposes, because the common
absorption chillers of the market need a temperature of 90-120°C for the water
used in their refrigeration cycle, while the CHP can have a temperature of water
to the network from 70 to 90°C.

The purpose of this project is the investigation of the performance of an
ammonia-water mixture absorption chiller manufactured by PINK under lower
than optimal driving temperatures, meaning under 90°C, preferably at 70°C.
This investigation will be based both on simulation of the system and
experimental results. The optimal design for low temperatures of driving will be
found by combining changes in several parameters of the refrigeration cycle of
the chiller. The possibility of operating an absorption chiller with driving
temperatures that can be provided by the existing CHP hot water outputs would
have an enormous positive effect in the cost effectiveness and efficiency of
today’s district cooling networks.

During the past decade the demand of comfortable cooling has increased in
Sweden. The reason for this increased demand is likely due to more computer
rooms, desirable indoor environment and updated building standards (Trygg &
Amiri, 2007). Since Sweden has a large scale district heating grid the
absorption cooling technology can be used to meet the increasing cooling
demand. The main problem with installing the heat driven cooling technology is
that the driving temperature available from the district heating network is lower
than ideal for the thermally driven cooling.

1.1. Objectives

Absorption chiller systems, available on the market, are mostly run on a supply
temperature to the generator of 90-120°C. The goal of this project was to
investigate an approach to operate the absorption chiller on low temperature
source, supplied from the district heating system. Hence the main objectives of
the project work were:

e Acquaintance with absorption chiller systems and working fluid
properties

e Revision of the literature related to the subject, and previous research
done on the topic

e Study of the thermodynamics of the absorption process and its
application in the PINK absorption chiller

e Experimental investigation of the operational performance and efficiency
of the chiller under different operational conditions, among them:



— Large re-cooling temperature difference (AT of 10-15°C)

— Low driving temperature of 70 and 75°C

— High range of re-cooling temperatures

— Incoming and outgoing cold water temperatures of 12°C and 6°C
respectively

Theoretical simulation of the laboratory absorption system, using

mathematical model, developed in Engineering Equations Solver, EES

Evaluation of the practical and theoretical absorption chiller performance

Conclusion of feasibility of low heat driving absorption chiller systems



2. BACKGROUND

2.1. Absorption refrigeration technology

The main principles of the absorption cycle are developed by Ferdinand Carré,
around 1860. Further developments on the system were made by Nibergall,
Backstrom, and others.

Similar to a vapor compression cycle, the absorption cycle has a condenser,
where heat is taken out by condensing the refrigerant, an expansion device,
where the pressure of the refrigerant is reduced, and an evaporator, where
heat is given to the system by evaporating the refrigerant.

The main difference with the vapor compression cycle is that the absorption
cycle is thermally driven and thus does not have an electrically driven
compressor, which is used to compress the refrigerant to the higher pressure.
Instead, the absorption cycle has an absorber, a pump, a generator, and a
regulating valve. In the absorber, the refrigerant is absorbed by the absorbing
medium, thus forming a liquid solution. Heat is dissipated in this process. The
solution is then pumped to a higher pressure. Note that because the solution is
liquid and not vapor, a pump can be used in this process, thus necessitating
much less work than a compressor. In the generator, the solution is heated to
separate the refrigerant from the absorbing medium. The refrigerant then
continues to the condenser and the absorbing medium goes back to the
absorber after the expansion valve drops its pressure.

Although optional, a heat exchanger can always be found in such cycles, as it
improves the efficiency. In the process, the heat from the absorbing medium
leaving the generator is used to preheat the solution going to the generator
(Granyrd et al., 2011).

A simple schematic of an absorption cycle can be found in Figure 1.
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Figure 1 Schematic of absorption cycle (Granyrd, Ekroth, Lundqvist, Melinder, Palm, & Rohlin,
2011)

The main used fluid pairs are the water lithium bromide, and ammonia water. In
the former, water is used as refrigerant and lithium bromide as absorbing
medium, whereas in the latter, ammonia is the refrigerant and water the
absorbing medium. The main difference is that ammonia can have evaporating
temperatures below 0°C but needs to be purified after the generator, as it may
contain water vapor (Hudson, 2002).

2.2. Low temperature thermally driven cooling

Studies have shown that the decrease in the heat source temperature of the
absorption chiller leads to an increase of its capital cost, because a larger
generator heat transfer surface is needed, which leads to oversized absorber
and evaporator with a result of low cost effectiveness of the system. In addition,
from a thermodynamical point of view, the COP for the production of the
desired cooling effect will be significantly reduced at a lower temperature, in
comparison with the COP value when operating the chiller at its design values
(Martin & Setterwall, 2004). This reduction is clearly represented in Figure 2.
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Figure 2 COP vs. Driving Temperature, tsource, for Chiller designed for tsource=120°C (Martin &
Setterwall, 2004)

The benefits from utilizing waste heat from CHP plants for cooling purposes
with the use of absorption chillers would be huge, both environmentally, as well
as financially. The payback times for an absorption cooling unit would be
decreased by its participation in the net electrical yield of the CHP plant and the
investment would secure viability.

2.3. Previous theoretical study

In summer 2012 an experimental study on the single stage ammonia water
absorption chiller took place at the Royal Institute of Technology in Stockholm
(Ji, Martin, & Udomsri, 2012). The goal of the study was to verify the
performance of the Pink chiller at the nominal condition provided by the
manufacturer. Furthermore the experiment looked into the behavior of the
chiller when key parameters where changed e.g. hot water inlet temperature
and the temperature of the chilled water. All of the simulations were performed
in EES but the data obtained was not verified with experimental data from the
chiller. To see how the chiller worked at different operating condition the hot
water inlet temperature was varied between 85°C and 100°C. As the hot water
temperature was increased towards 100°C the COP increased from 0.6 to 0.64.
The exergetic efficiency however decreased at the same time from 0.21 to
0.19. The difference is due to irreversibility’s in the system. The results also
suggest that the COP value is more sensitive to the chilled water temperature
than to that of the hot water. When the chilled water inlet temperature was
varied between 12°C and 19°C the chiller indicated an increase in COP of
about 0.02/°C. The increase rate was only 0.003/°C when the hot water inlet
temperature was varied.

In an experiment from 2008 a TDC system was installed in Stockholm and the
monitoring results analyzed. The operation showed many weaknesses in the
system design. The main weakness was the electricity consumption of the
system which resulted in lower electrical COP. Another weakness was that the
driving temperature available from the district heating network was lower than
ideal for the TDC. This affects the charging time of the TDC and thus also
parasitic electrical use (Udomsri, Bales, Andrew, & Martina, 2011).

Boer et.al. used first and second law analysis for three low temperature driven
ammonia-water absorption cycles with increasing internal heat recovery (Boer,
Medrano, & Nogués, 2009). Similar method was used by So6zen (2001) for an
ammonia-water refrigeration cycle (S6zen, 2001). The purpose of the research
was to indicate how to improve the cycle to obtain the largest benefit. To do so
structural analysis using coefficients of structural bond (CBS) is applied, since
exergy analysis alone does not indicate how to improve the cycle even though
it helps to determine the irreversibilities of each component. The CSB’s indicate

12



how the irreversibility change in one component affects the rest of the system.
The main findings of the research indicate that it is more beneficial to improve
less efficient components with high temperature difference or low UA-values
rather than components which already operate with low temperature difference.
The structural method provides a useful method for better understanding of the
interactions in the cycle. With the coefficients of structural bonds, the most
cost-effective cycle for a given set of operating parameters can be obtained.
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3. METHODOLOGY

This chapter defines the methodology set in order to meet the stated
objectives.

Before the project work started, a detailed plan was developed by the group
member under the coordination of the project leader Dr. Seksan Udomsri.
Figure 3 shows the amount of work done in order to complete the project
objectives and time required for each phase.

Figure 3 Gantt Chart of the Project

For most efficient work, the project group was divided into two sub-groups. One
of them worked on the development of the theoretical model in EES software,
while another one stayed in the lab for the experimental runs of the chiller
under different conditions. To make sure that all runs were done properly,
project supervisor coordinated each experimental launch.

As the objectives state, the purpose of the project was to familiarize with
absorption cooling, especially the ammonia-water absorption chiller
manufactured by PINK, that has been set up at KTH laboratory. The working
cycle was inspected and optimized to run at lower driven temperatures, with a
heat supply temperature of 70°C. For that purpose first of all a broad study of
previous research of absorption chiller systems was done.

Known equations from related thermodynamic literature about absorption
chilling, enabled the creation of a mathematical model. Using the EES program
to solve the equations, the developed model can predict the behavior of the
absorption chiller cycle and calculate certain parameters. These parameters,
such as the heat source temperature, the re-cooling temperature, and the
chilled water temperature can be changed if needed. The model can therefore
give indications on how the system will behave when changes are made to
certain parameters, and represents some prediction on how the COP and
efficiency of the system change as these parameters are changed.
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To verify the model developed, the PINK chiller, installed in the lab was used.
The system was run almost every day, under different conditions by changing
the same parameters according to the changes made in the model to obtain
experimental data which can show the actual COP and efficiency of the
system. The results achieved in the experiments were compared to the ones,
calculated model. The comparison of the results validates the quality of the
mathematical model.

3.1. Laboratory installation

The laboratory installation, designed to conduct the project, consisted of PINK
absorption chiller, hot water tank, chilled water tank and auxiliary equipment.

The nominal data for the chiller presented from the producer is as shown below
(Ji, Martin, & Udomsri, 2012):

e Cooling capacity 18.6kW

e Hot water temperatures 85°C (inlet), 78°C (outlet)

e Re-cooling water temperatures 24°C (inlet), 30°C (outlet)
e Chilled water temperatures 12°C (inlet), 6°C (outlet)

The specialty of the PINK chiller is that it doesn‘t have a rectifier. The ammonia
is almost pure after the generator, because there are no high temperatures in
HT-circuit. Normally, it is less than 100°C, and under the pressure of 12 bar
there is no evaporation of water. A short gas cleaning is used, where the
ammonia vapor is separated for the weak solution.

There is no superheating after the evaporator and no sub-cooling of the
condenser.

The laboratory chiller has no LT-Temp Out control. Only AT can be controlled
and changed by the chiller operator.

3.2. System layout

Error! Not a valid bookmark self-reference. represents the layout of the
system under study, which consists of an evaporator, absorber, heat
exchanger, generator, condenser and pumps.

As in an ordinary refrigeration cycle, condenser is used for condensing the
refrigerant to liquid. The pressure of the liquid refrigerant is then reduced from
condensing to the evaporation level in the expansion valve. Next, the
refrigerant evaporates while removing the heat from the chilled water in the
evaporator.

The refrigerant vapor from the evaporator is absorbed by water in the absorber
and forms liquid solution. This process results in a heat emission, which is
taken away by the re-cooling water.
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From the absorber, the solution is pumped to the generator, passing through
the heat exchanger. The heat source is supplied to the generator, where the
solution is separated into refrigerant vapor and water.

After the distillation process, the refrigerant vapor enters the condenser and
water returns to the absorber, exchanging heat with the solution, leaving
absorber.

Heat
Exchange

Jor

Figure 4 The layout of the system under study

In the experimental setup, district cooling water is used as re-cooling and
electric heaters are used to provide the heat source to the hot water and the
cooling load to the chilled water. A detailed schematic can be found in the

Appendix.
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3.3. Governing equations for the mathematical model

Figure 5 Overview of the layout of the cycle

There are two different pressures in the system. There is a high pressure after
the pump (at 2, 3, 4, 5, 7 and 8) and a lower pressure after the expansion
valves (at 1, 6, 9 and 10). The equations for the pressures in the system are

PlOW=P1=P6=P9=P10 31
Phigh=P2=P2=P4_=P5=P7=P8 3.2

The refrigerant enters the absorber (10) and is absorbed by the solution with a
low ammonia fraction (weak solution) entering the absorber (6) generating a
solution with a high ammonia fraction (strong solution) that leaves the absorber
(1) to the pump.

Tl = T13 + dT1,13 33

17



Tfll == m6 + mlo 35

Tfllxl = m1x6 + Thloxlo 36
Qaps = Mghg + myghyg — Mmyhy 3.7
T6 - T10
A = 3.8
TYabs T1 _ T13

(T6 - TlO) - (Tl - T13)

3.9
ln(Argabs)

LMTD s =

Qaps = UAgps X LMT Dy 3.10

The pump takes the strong solution that is at saturated liquid state and pumps it
through the heat exchanger and into the generator, giving the solution a high
pressure. Over the pump the solutions has the same temperature, mass flow
and ammonia mass fraction.

T1:T2 311
my, =My, X; = X 3.12

. m P, —P.
W, = 101 (P, 1) 313
p

mzhz == m1h1 + WP 314

The solution heat exchanger transfers heat from the weak solution that is
leaving the generator (4) to the strong solution coming from the absorber (2).
Heat losses are neglected, and an energy balance is applied over the heat
exchanger.

T4 s Tll + dT11’4 3.15
s =0 3.16

T, — T
gshx=ﬁ 3.17
Mgz = My, X3 = X, 3.18
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Mg = My, X5 = X4 3.19
myhy + myhy = mzhz + mshs 3.20

A strong solution enters the generator (3) and is heated up by the high
temperature heat source (district heating water). The ammonia then evaporates
and is separated from the solution. The ammonia vapor is then directed to the
condenser. The weak solution leaves the generator and is directed to the heat
exchanger (4).

m7x7 + Tfl4X4 = m3x3

3.21
T3 = T4
QGen = 1yh; + myh, — Msh; 3.22
Tl - T4-
A = )
T9Gen le _ T3 3.23
(Tll - T4-) - (le - T3)
LMTD = 3.24
gen ln(ArgGen)
QGen = UAgen LMT Dgep, 3.25

The ammonia vapor enters the condenser (7) and is cooled down to a
temperature below saturated level. The method of Logarithmic Mean
Temperature Difference (LMTD) is used to model the heat transfer properties of
the condenser.

T8 = T16 - dT1'16 3.26
QCond = m7h7 + mghg 3.27
m; = Mg, x; = Xg,qg = 0 3.28
T; —Tis
A = _
TYcond T8 _ T15 3 29
(T —Ty) — (Tg — Tis)
LMTDgypy = T 3.30
QCond = UAcona LMT D¢ong 3.31
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The pressure is decreased over the expansion valves. It is considered an
isenthalpic and adiabatic process where losses are neglected. The mass flow,
ammonia fraction and enthalpy are constant over the valves.

m6 = ms,x6 = xS'h6 = hs 3.32
mg = mg, x8 = xg, hs = hg 3.33

The refrigerant enters the evaporator from the expansion valve (9). The
refrigerant absorbs heat from the chilled water and evaporates. Then the
ammonia vapor is directed again to the absorber (10) where it is absorbed by
the weak ammonia-water solution from the generator (6). As for the condenser,
the method of Logarithmic Mean Temperature Difference is used to model the
heat transfer properties of the evaporator.

Tio = T1g — dT1018 3.34
My = My 3.35
X9 = X190 3.36
o =1 3.37
QCOTLd = Myohio — Mohy 3.38
Ty7 —Tyo
A = =L _
rgEvap T18 _ Tg 3 39
_ (T17 — T1o) — (Tyg — To)
LMTDgyqp, = (AT rvap) 3.40
QEvap = UAEvap LMTDEvap 3.41

The coefficient of performance is calculated from the overall energy output and
inputs of the system where the electricity demand of the pump is taken into
account.

cop = Jevar
QGen + VVpump

3.42
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4. RESULTS

4.1. Experimental results

The experimental work that was done with the absorption chiller had the goal to
justify the results of the theoretical model developed, and prove simultaneously
any non-expected deviations in the performance of the chiller. Thus, it was
important to understand that the operation of a commercial installation has
many different aspects to consider and regulate, but in addition there are many
other aspects that cannot be controlled because of the fact the absorption
chiller will always adjust the working conditions in favor of the highest possible
COP.

This fact resulted to some alterations in the original planning of the
experimental measurements, which changed the whole approach to the task of
adjusting the chiller’'s parameters. At the beginning, the notion was that the
value, that should be regulated in order to test the performance of the
absorption chiller, was the incoming re-cooling temperature, and the
temperature difference between the incoming and outgoing hot water
temperatures, AHT, which should be set to 5, 10 and 15°C. The experimental
runs showed that the chiller could not work under those restrictions and could
not keep a stable AHT. This happened due to the fact that the chiller always
tried to optimize the COP and thus this re-cooling temperature difference was
fluctuating to keep the COP optimal, as it is presented in the related graphs
below.

Another control variable, stated in the project objectives, was the hot water
supply temperature. It was planned to supply the water at temperatures of 70,
75 and 80°C to the generator. During the experimental runs it turned out that
the heating power of the heaters of the hot water tank is not enough to supply
enough water to the generator at temperatures higher than 75°C.

As a result, the focus was shifted on parameters that could be fully controlled
by the operators.

Such a parameter was the temperature of the outgoing chilled water, LTqy,
exiting the chiller towards the district cooling network, the consumers. Thus, the
idea was to keep that temperature constant and let the chiller regulate the
outgoing re-cooling temperature. This temperature was fixed at 6°C, as the
reference group of companies desired in the original planning of this project.

The other subsequently controlled approach was the temperature of the
incoming chilled water, LT,, the temperature of the chilled water after it has
circulated to the district cooling network and returned to the chiller. This
temperature was fixed at 12°C and another set of experimental runs was
performed with this condition.
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To sum up, during the investigation of the chiller's performance, it was noticed
that the re-cooling temperature difference could not be controlled and forced at
a certain value. The absorption chiller optimizes the parameters, affecting its
performance and thus the difference of the incoming and outgoing re-cooling
temperatures was decreased under higher re-cooling temperatures in order to
keep an optimized COP.

On the other hand, there were temperature values that were controlled
throughout the experiment by the project team in order to have the desired
values that were needed in order to extract results. The incoming re-cooling
temperatures were increased in a constant pace with the aid of the valves. The
temperature of hot water, supplied to the generator, was kept constant with the
aid of the heaters in the hot water tank. Finally, the incoming and outgoing
chilled water temperatures were controlled separately but not at the same time,
by changing the cooling load in the chilled water tank with heaters.

This method of controlling the parameters led to two separate sets of
measurements, one with a fixed LT, and one with a fixed LT;, at 6°C and 12°C
respectively, as it was mentioned above. Both of these experimental runs were
performed under an incoming hot water temperature of 70°C. A third
experimental run was added with an incoming hot water temperature of 75°C.
The AHT was set to be 10°C, although this value decreased with higher re-
cooling temperatures. Nevertheless, the fluctuation of these temperatures was
controlled by the chiller's system under the changing re-cooling temperature
conditions.

The results of those three measurement sets are presented in the following
sections of the report.

4.1.1.Selection and evaluation of data

The temperature sensors, which were installed as part of the absorption chiller
installation, were recording the temperatures in real time. All this data was
gathered in the connected computer that kept track of the temperature
measurements twice per minute.

For each date, when experiments were held, the measured data related to a
specific parameter setting were converted from a csv format and transferred to
a separate Microsoft Office Excel file and then a process of evaluation of these
values started. It requires some time for the absorption chiller and the hot water
tank to reach stable running conditions. Normally it took some time until the hot
water tank reached the desired running temperature, in order to start taking
measurements.

All the temperatures, as well as the power input and output, were parts of the
excel files for both cases. In general, the temperature values fluctuated a little,
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but these fluctuations were acceptable, since the mean value temperature
obtained from them was just the one desired from the beginning.

By dividing the useful power (cooling power) by the input power (heat input) the
COP was derived and plotted against the different re-cooling temperatures. In
addition, the measurement values of the ATs (ALT, AMT, AHT) were plotted
together in one graph in relation with the incoming re-cooling temperatures, in
order to show their value span and also their decrease when the re-cooling
temperatures are increased.

All the amount of data, consisting of the graphs, was fitted into the respective
curves with polynomial trend lines of second order, which show a higher level
of precision in the approximation than a straight-line graph. The advantage of
the polynomial line in the presentation of the results is obvious, since the curve
fits better to the data compiled and a visual demonstration of the trend of the
data is achieved. In that way, one can extrapolate the data, in other words,
predict further values than the ones measured according to the tendency of the
curve lines, in case such a prediction is applicable of course.

4.1.2.Operational cases

As it was mentioned above, the project work considers analysis of three
operational cases:

e Case 1: Fixed incoming hot water temperature HT;,, of 70°C with fixed
outgoing cold water temperature LT, of 60C

e Case 2: Fixed incoming hot water temperature HT;,, of 70°C with fixed
incoming cold water temperature LTj,, of 12°C

e Case 3: Fixed incoming hot water temperature HT;,, of 75°C with fixed
outgoing cold water temperature LTj,, of 12°C

For all three cases, the hot water temperature difference AH, is set to 10°C, the
re-cooling water temperature difference AM, is set to 4°C, and the cold water
temperature difference AL, is set to 6°C. It should be noted that, as explained
previously, those temperature differences were not held constant due to the
chiller control system, which optimizes the chiller's performance by changing
the outgoing temperatures, even if they are set to a certain value.

For all three cases, the incoming re-cooling temperature is changed from 22°C
to 30°C. The following sections present the results obtained.

4.1.2.1. Case 1: HT;, at 70°C, LT, at 6°C

The first part of the experimental work was done with the incoming hot water
temperature, HTj, fixed at 70°C and the low temperature water supply to the
district cooling network, LT, fixed at 6°C. The runs were done for different re-
cooling temperatures, which ranged from 22°C up to 30°C. The selection of the
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re-cooling temperatures was based on the temperatures that were possible to
obtain in the real conditions, when a cooling tower is used.

The overall system performance is presented at the Figure 6.

80 1,00
20 0,90
0,80
60 e
VT Iy
550 ' . oo — TN 'Y " !
o;_ \ T‘ " ’” I ” 0,60
‘240 I u‘ll ..IlL.llAJy h“ 0’50
o
I§-30 u ! ! g 0,40
0,30
20
0,20

0

10 -mm ; : I
0,10

10/18/2012  10/23/2012

| T-Temp In
e HT-Temp In

e | T-Temp Out

0,00
10/24/2012  10/24/2012  10/30/2012 11/6/2012 11/7/2012
e MIT-Temp In e M T-Temp Out
= COP Poly. (COP)

e HT-Temp Out

cop

Figure 6 System temperatures and COP for case 1

With the change of the re-cooling temperature, the cooling power produced by
the system also changes, as shown at Figure 7. It can be seen that the cooling
power is 15 kW at a re-cooling temperature of 22°C, close to the nominal
maximum of 18.6 kW. With increasing re-cooling temperatures, this power
decreases to 3 kW at a re-cooling temperature of 31°C.
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Figure 7 Cooling power produced for case 1

Figure 8 represents the change of COP of the absorption chiller
different re-cooling temperature.
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Figure 8 Coefficient of performance (COP) for case 1

As it can be noticed from the graph, the coefficient of performance of the
absorption chiller decreases, with increasing re-cooling temperatures. The COP
is 0.68 at MTj, of 22°C and goes down to an average minimum of 0.47 at MTj,

of 31°C.
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Figure 9 Temperature differences between incoming and outgoing water streams, case 1

A third effect of the re-cooling temperature increase is shown in Figure 9. The
temperature differences between incoming and outgoing water streams are
decreasing, although they are set to a constant value.

4.1.2.2. Case 2: HT;, at 70°C, LT;, at 12°C

The second part of the experimental work was performed with a fixed hot water
supply temperature of 70°C and with the chilled water return from the district
cooling network, LTi,, fixed at a temperature of 12°C. As in the first part of the
experiment, the runs were done for different re-cooling temperatures from 22°C
to 30°C.

The overall system performance is presented at the Figure 10.
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Figure 11 Cooling power produced for case 2

Figure 11 represents the change of the cooling power, produced by the system
according to the change or the re-cooling temperatures. The cooling power is
15 kW at a re-cooling temperature of 22°C, close to the nominal maximum of
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18.6 kW. With increasing re-cooling temperatures, this power decreases to 6
kW at a re-cooling temperature of 30°C.

Figure 12 represents the change of COP of the absorption chiller according to
different re-cooling temperature.
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Figure 12 Coefficient of performance (COP) for case 2

The COP is 0.66 at MT;, of 22°C, stays constant until MT;, of 26°C and goes
down to an average minimum of 0.58 at MT;, of 30°C.

Figure 13 represents the change of the difference in incoming and outgoing
water stream temperatures according to the change of the incoming re-cooling
temperature. Although set at a specific value, the temperature difference
decreases in all three water streams.
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Figure 13 Temperature differences between incoming and outgoing water streams, case 2

4.1.2.3. Case 3: HT;, at 75°C, LT;, at 12°C

The third part of the experimental runs is performed with a fixed hot water
supply temperature of 75°C and with the chilled water return from the district
cooling network, LTi,, fixed at a temperature of 12°C. As in the other parts of
the experiment, the runs were done for different re-cooling temperatures from
22°C to 30°C.

The overall system performance is presented at the Figure 14.

29



80

Temperature (°C)

w
o

1

N
o

0
11/26/2012

e | T-Temp In

11/27/2012 11/29/2012

e | T-Temp Out === MT-Temp In e MT-Temp Out
e HT-Temp In e HT-Temp Out  emm= COP

10 WW-

Poly. (COP)

1,00

0,90

0,80

0,70

0,60

0,50

0,40

0,30

0,20

0,10

0,00

cop

Figure 14 System temperatures and COP for case 3
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Figure 15 Cooling power produced for case 3

Figure 15 represents the change of the cooling power, produced by the system
according to the change or the incoming re-cooling temperatures. The cooling
power is 18 kW at a re-cooling temperature of 22°C, almost the same as the
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nominal maximum of 18.6 kW. With increasing re-cooling temperatures, this
power decreases to 6 kW at a re-cooling temperature of 32°C.

Figure 16 represents the change of COP of the absorption chiller according to
different re-cooling temperature.
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Figure 16 Coefficient of performance (COP) for case 3

The COP is 0.65 at MT;, of 22°C, stays constant until MT;, of 28°C and goes
down to an average minimum of 0.5 at MT;, of 32°C.
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Figure 17 Temperature differences between incoming and outgoing water streams, case 3

Figure 17 represents the change of the difference in incoming and outgoing
water stream temperatures according to the change of the incoming re-cooling
temperature. Although set at a specific value, the difference in all three water
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streams decreases, except the difference in the hot water stream which stays
10°C until an incoming re-cooling temperature of 28°C, after which it starts
decreasing.

4.2. Theoretical results

With the equations presented in Section 3.3, it is possible to produce a
mathematical model of the absorption chiller in EES. In the program it is
possible to see how the system might respond to certain changes in the input
parameters, such as resulting COP, temperatures, etc. It is therefore possible
to determine under which conditions the system is running with sufficient COP.
Then the model has to be verified by running the PINK chiller under the same
conditions and comparing the results (see section 4.1.2). That way it is possible
to verify or change the assumptions that have been made in the program, such
as the efficiencies of the heat exchangers, the efficiency of the pump and
certain temperature differences in the cycle.

4.2.1. Results from the EES model

The absorption cycle was simulated with three different sets of input
parameters:

e Case 1: Fixed incoming and outgoing hot water temperatures HT;, of
70°C, and HTtof 60°C.

e Case 2: Fixed incoming and outgoing hot water temperatures HT;, of
75°C, and HT,t of 65°C.

e Case 1: Fixed incoming and outgoing hot water temperatures HT;, of
80°C, and HTtof 70°C.

In all cases, the cold water temperatures (LT), re-cooling temperature
difference and LT power (Qevap.) are fixed. The main input parameters for all
cases are shown below in table 4.1.

Table 1 Main input paramters for the three simulation cases in the EES model.

HTin [°Cl | HTou [°C] LTi, [°C] LT [°C] | AMT[°C] | Qevap. [kW]
Case 1 70 60 12 6 4 18,6
Case 2 75 65 12 6 4 18,6
Case 4 80 70 12 6 4 18,6

Figure 18 to Figure 20 here below show graphs of COP vs. the re-cooling inlet
temperatures (MTi,), and Figure 21 shows a comparison of the three cases.
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Figure 18 Graph of COP vs. the re-cooling inlet temperature (MTj,) at HT of 70/60
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Figure 20 Graph of COP vs. the re-cooling inlet temperature (MT;,) at HT of 80/70°C

As can be seen from the graphs, the curves are very similar in shape. The COP
declines approximately linear down to a certain re-cooling inlet temperature,
then falls down exponentially. This can be explained from the fact that the
temperature of the ammonia coming from the condenser is increasing, and
therefore an increased mass flow in the whole system is needed to produce the
required cooling load of 18,6 kW. Here below on Figure 21 is a comparison of
the COP vs. the re-cooling inlet temperature for the three cases.
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Figure 21 Graph of COP vs. the re-cooling inlet temperature (MT;,) for the three cases of HT of
60/70, 75/65 and 80/70°C
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As can be seen on Figure 21, the three cases show very similar behavior. For
low values of the re-cooling inlet temperatures, the COP is higher for lower
values of hot water temperatures (HT). This can be explained from the fact that
the difference between LT and HT is increasing when HT is increased, and
therefore more heat has to be rejected from the system by the re-cooling water.

4.2.2.Validation of the experimental model

In this subchapter the experimental model will be validated by comparing the
results with the EES model. Curve-fit equations from the experimental model
were added to the EES model in order to verify that it would show the same
behavior as the experimental model.

Figure 22 here below shows a graph of the cooling load (LT Power) vs. the re-
cooling temperature for the case of HT;,=70°C and LT,,=6°C, both for the EES
and the experimental model.
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Figure 22 Graph of the cooling load (LT Power) vs. the re-cooling inlet temperature (MTi,) at
HTin=70°C, LTou=6°C. A comparison between the experimental and the EES model.

As can be seen from the graph, the curves are identical. The equation for the
cooling load was obtained from the experimental data by using curve-fitting,
and then added to the EES model. The curves should therefore be identical.

Figure 23 here below shows a graph of the COP vs. the re-cooling temperature
for the case of HT;=70°C and LT,,+=6°C, both for the EES and the
experimental model.

35



0,8

0,7

0,6

0,5

cop

0,4
COP from experiment
0,3

e COP from EES
0,2

0,1

O T T T T T 1
20 22 24 26 28 30 32

Incoming re-cooling temperature, MT,, (°C)

Figure 23 Graph of COP vs. the re-cooling inlet temperature (MTin) at HTin=70°C, LTou=6°C. A
comparison between the experimental and the EES model.

As can be seen from the graph, the curves show similar behavior for lower
values of the re-cooling temperature, but then the experimental curve
decreases significantly when the re-cooling temperature is increased. This can
be explained with the assumption that all losses are ignored, and the
temperature efficiencies of the heat exchangers are assumed to be constant in
the EES model. This is not the fact in reality. The temperature efficiency should
decrease with decreasing temperature difference, and that could cause the
difference between the curves to some extent.

Figure 24 here below represents a graph of the cooling load (LT Power) vs. the
re-cooling temperature for the case of HT;,=70°C and LT;,=12°C, both for the
EES and the experimental model.
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Figure 24 Graph of the cooling load (LT Power) vs. the re-cooling inlet temperature (MTi) at
HTin=70°C, LTin=12°C. A comparison between the experimental and the EES model.

Figure 25 below represents a graph of the COP vs. the re-cooling temperature
for the case of HT{,=70°C and LTy=12°C, both for the EES and the
experimental model.
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Figure 25 Graph of COP vs. the re-cooling inlet temperature (MTi,) at HTi{»=70°C, LT;n=12°C. A
comparison between the experimental and the EES model.

The curves on this graph are more similar than on Figure 22. Now the ingoing
temperature of the cooled water is fixed to 12°C instead of the ongoing
temperature of 6°C. When the lowest temperature of the system is increased,
then the temperature difference between the HT and LT decreases, and the
CORP increases. This can explain the difference between the graphs to some
extent.
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Figure 26 here below represents a graph of the cooling load (LT Power) vs. the
re-cooling temperature for the case of HT;,=75°C and LT,=12°C, both for the
EES and the experimental model.
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Figure 26 Graph of the cooling load (LT Power) vs. the re-cooling inlet temperature (MTi,) at
HTin=75°C, LTin=12°C. A comparison between the experimental and the EES model.

Figure 27 here below represents a graph of the COP vs. the re-cooling
temperature for the case of HT;,=70°C and LT;,=12°C, both for the EES and the
experimental model.
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Figure 27 Graph of COP vs. the re-cooling inlet temperature (MTi,) at HTi,=75°C, LTin=12°C. A
comparison between the experimental and the EES model.
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The similarity between the curves is similar when compared to preceding
graphs. The COP for the experimental model decreases significantly at
elevated temperature values of the re-cooling water.

4.3. Comparison of results

The following part will compare the results obtained in the previous sections.
There is a comparison between operational cases 1 and 2, and another
between operational cases 2 and 3. The comparison will evaluate the cooling
output, the heating input, the coefficient of performance, and the temperature
differences between the incoming and outgoing water streams. A final
comparison will evaluate the differences in COP and cooling output obtained by
the experimental and the theoretical procedures.

4.3.1. Comparison of operational case 1 and case 2

This section presents a comparison between operational case 1 and
operational case 2. As stated in Section 4.1.2, the difference between those
two cases is on the control of the chilled water temperatures: case 1 fixes the
outgoing chilled water temperature (LToy) to 6°C and lets the incoming chilled
water temperature to be determined by the experimental setup, whereas case 2
fixes the incoming chilled water temperature (LTy,) to 12°C and lets the
outgoing chilled water temperature to be determined by the chiller.

It should be noted that in both cases the temperature difference between the
incoming and outgoing chilled water temperatures is fixed at 6°C, but as the
experiments have shown, this difference cannot be satisfied for all running
conditions, hence the chiller was operated under those 2 experimental cases.

The incoming hot water temperature HT,, is 70°C for both cases and the
temperature difference for the hot water streams is set to 10°C. The controlled
changing variable is the incoming re-cooling temperature, MT;,, which varies
between 22°C and 30°C.

Figure 28 compares the cooling output obtained by the two cases. It can be
seen that case 2 has a higher cooling output than case 1 for all incoming re-
cooling temperatures and this difference between the cases increases when
the incoming re-cooling temperature increases.
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Figure 28 Comparison of cooling power for cases 1 and 2

Figure 29 compares the heating input obtained by the two cases. It can be
seen that case 2 has a higher heating input than case 1 for all incoming re-
cooling temperatures and this difference between the cases increases when
the incoming re-cooling temperature increases.
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Figure 29 Comparison of heating power for cases 1 and 2

Figure 30 compares the coefficient of performance of the two cases. It can be
noticed that the COP is almost the same for low incoming re-cooling
temperatures but for higher MT;,, case 2 has a higher COP than case 1 and
this difference increases with increasing MT;,. This is a natural consequence
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from the previous 2 graphs. Case 2 has a higher cooling output and a higher
heating input than case 1 but the difference in cooling output is higher than the
difference in heating input therefore the COP of case 2 is higher than the COP
of case 1.
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Figure 30 Comparison of COP for cases 1 and 2

Figure 31 compares the difference in temperature between the incoming and
outgoing water streams. It should be noted that this temperature difference is
fixed at 10°C for hot water, 4°C for re-cooling water, and 6°C for cold water. It
can be seen that case 2 is closer to the fixed value throughout the experiment.
This helps explaining the previous graphs, as higher temperature difference
means higher heat transfer and therefore higher cooling output and heating
input.
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Figure 31 Comparison of temperature differences for cases 1 and 2

4.3.2.Comparison of operational case 2 and case 3

This section presents a comparison between operational case 2 and
operational case 3. As stated in Section 4.1.2, the difference between those
two cases is on the control of the incoming hot water temperature: case 2 fixes
the incoming hot water temperature (HTi,) to 70°C whereas case 3 fixes the
incoming hot water temperature to 75°C.

It should be noted that in both cases the incoming cold water temperature is
fixed to 12°C, the temperature difference between the incoming and outgoing
cold water temperatures is fixed at 6°C, and the temperature difference for the
hot water streams is set to 10°C. The controlled changing variable is the
incoming re-cooling temperature, MT;,, which varies between 22°C and 30°C.

Figure 32 compares the cooling output obtained by the two cases. It can be
seen that case 3 has a higher cooling output than case 2 for all incoming re-
cooling temperatures and this difference between the cases is almost constant
when the incoming re-cooling temperature increases.
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Figure 32 Comparison of cooling power for cases 2 and 3

Figure 33 Figure 29compares the heating input obtained by the two cases. It
can be seen that case 3 has a higher heating input than case 2 for all incoming
re-cooling temperatures and this difference between the cases slightly
decreases when the incoming re-cooling temperature increases higher than

28°C.
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Figure 33 Comparison of heating power for cases 2 and 3

Figure 34 compares the coefficient of performance of the two cases. It can be
noticed that the COP of case 2 is higher than the COP of case 3 until an
incoming re-cooling temperature of 28°C but for higher MT;,, case 3 has a
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higher COP than case 2. This is a natural consequence from the previous 2
graphs. Case 3 has a higher cooling output and a higher heating input than
case 2 but the difference in cooling output is lower than the difference in
heating input, until MT;, of 28°C therefore the COP of case 2 is higher than the
COP of case 3 until this MT;,. But as it was stated, the difference in heating
input decrease after MT;, of 28°C and thus the difference in heating input
becomes lower than the difference in cooling output and therefore case 3 has a
higher COP
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Figure 34 Comparison of COP for cases 2 and 3

Figure 35 compares the difference in temperature between the incoming and
outgoing water streams. It should be noted that this temperature difference is
fixed at 10°C for hot water, 4°C for re-cooling water, and 6°C for cold water. It
can be seen that case 3 is closer to the fixed value throughout the experiment.
This validates the previous graphs, as higher temperature difference means
higher heat transfer and therefore higher cooling output and heating input.
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Figure 35 Comparison of temperature differences for cases 2 and 3

4.3.3. Comparison of theoretical and experimental cases

This section presents a comparison between the experimental and theoretical
data. As before mentioned, two theoretical models were built; one pure
theoretical, and another with curve-fitted data from the experimental runs which
was used to validate the theoretical model.

Figure 36 Figure 26 here below represents a graph of the cooling load (LT
Power) vs. the re-cooling temperature for the case of HT;,=70°C and LT,,=6°C,
both for the EES and the experimental model.
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Figure 36 Cooling load (LT Power) vs. MTj, for the experimental runs, and the EES model with
curve-fit equations from the experimental runs. HT;,=70°C, LT,,=6°C.

As can be seen from the graph, the lines from the experimental data and the
EES model are identical. The equation of the line was imported to the EES
model in order to be able to validate it with comparison with the experimental
results. The pure theoretical model has a constant cooling load of 18,6 kW and
is therefore not plotted in the graph.

Figure 37 here below represents graph of the COP vs. the re-cooling inlet
temperature for the experimental data, the EES and theoretical model at
HT,»=70°C and LT,,=6°C.
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Figure 37 COP vs. MTj,. A comparison between the experimental runs, pure theoretical model and
the EES model with curve-fit equations from experimental runs. HTin=70°C, LT,u=6°C.

It can be seen from the graph that the COP from the pure theoretical model
decreases much more at higher values for the incoming re-cooling temperature
than the curve for the EES model with the curve-fitted experimental equations.
The difference in the cooling load causes this difference. As mentioned before,
the cooling load for the pure experimental model is constant at 18,6 kW while
the cooling load in the EES model is ranging from about 4 to 16 kW. The curve
for the COP from the experimental data has a shape that can be categorized
between the two theoretical models. It is leaner than the line for pure theoretical
model, but steeper than the line from the EES model. The EES model ignores
any heat losses in the system, and does not account for the fact that the
temperature efficiencies of the heat exchangers decrease as the temperature
differences within the system decrease.

Figure 38 here below represents a graph of the cooling load (LT Power) vs. the
re-cooling temperature for the case of HT{,=70°C and LT;,=12°C, both for the
EES and the experimental model.
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Figure 38 Cooling load (LT Power) vs. MTi, for he experimental runs, and the EES model with
curve-fit equations from the experimental runs. HT;,=70°C, LTi,=12°C.

Figure 39 here below represents graph of the COP vs. the re-cooling inlet
temperature for the experimental data, the EES and theoretical model at
HTi»=70°C and LTi,=12°C.

0,8
0,75 }\ —_—
0,7
0,65 A COP from
\ experiment
0,6 \
[N === COP from
8 05 \ EES
0,5
\ s COP
0,45 N theoretical
0,4
0,35
0,3 T T T T T 1
20 22 24 26 28 30 32

Figure 39 COP vs. MTin. A comparison between the experimental runs, pure theoretical model and
the EES model with curve-fit equations from experimental runs. HT;,=70°C, LTin=12°C.

As the graph represents, the lines are very similar to the ones in Figure 37.

Figure 40 below represents a graph of the cooling load (LT Power) vs. the re-
cooling temperature for the case of HT{,=75°C and LT;,=12°C, both for the EES
and the experimental model.
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Figure 40 Cooling load (LT Power) vs. MTi, for he experimental runs, and the EES model with
curve-fit equations from the experimental runs. HT;,=75°C, LTi,=12°C.
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Figure 41 COP vs. MT;,. A comparison between the experimental runs, pure theoretical model and
the EES model with curve-fit equations from experimental runs. HT;,=75°C, LT;,=12°C.

If Figures Figure 37, Figure 39 and Figure 41 are compared together, it can be
seen that the lines are very similar. The line for the COP from the EES model
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does not change significantly, but the curves for the pure theoretical model and
the experimental runs do change to some extent. The COP for the
experimental runs is maintained at a higher level for a larger interval of the re-
cooling inlet temperature values when the outgoing LT temperature is kept
fixed instead of the ingoing temperature. Then the outgoing LT temperature is
allowed to be higher than 6°C, which increases the COP where the difference
between the highest and the lowest temperature in the system decreases.

The curves for the pure theoretical model are identical in Figures Figure 37 and
Figure 39 because both the ingoing and outgoing LT temperatures are fixed to
the values 6 and 12 °C respectively. The inlet HT temperature is increased up
to 75 °C in Figure Figure 41 which has the effect that the COP is maintained
higher at increased re-cooling inlet temperature, similar to the behavior
explained in section 4.2.1.
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5. DISCUSSION OF RESULTS

This section discusses the results obtained from both experimental and
theoretical word and the comparisons of those results made in the previous
sections.

First, all experiments show that the chiller under study controls itself in such a
way in order to have an optimized performance, even by bypassing some initial
settings. It has previously been noted that the temperature differences between
the incoming and outgoing water streams for all three water circuits have been
previously set on the chiller, but as Figures Figure 9, Figure 13, and Figure 17
show, those temperature differences are not kept constant, when the incoming
re-cooling temperature increases. The chiller control system tries to keep a
maximum performance for its given conditions and this in fact means that the
cooling power of the chiller decreases while the incoming re-cooling
temperature increases, as shown by Figures Figure 7, Figure 11, and Figure
15. From this, it can be induced that the desired experimental condition of
having incoming and outgoing cold water temperatures of 12°C and 6°C could
not be achieved in all experiments. Thus there are 2 operational cases
comparing the performance of the chiller first, when the incoming cold water
temperature is fixed to 12°C, and second, when the outgoing cold water
temperature is fixed to 6°C.

Second, the comparison of operational cases 1 and 2 clearly shows that fixing
the incoming cold water temperature to 12°C, gives the chiller a much better
performance than fixing the outgoing cold water temperature to 6°C. Figures
Figure 28, Figure 29, and Figure 30 show that even though the heating input
was higher in case 2, fixing the incoming cold water temperature to 12°C
provides a higher cooling output and a higher coefficient of performance for all
incoming re-cooling temperatures. This can be verified by Figure 31, where all
three temperature differences of case 2 stay closer to their initial settings.

Third, the comparison of operational cases 2 and 3 show that having a higher
hot water input temperature helps the performance of the chiller only for
incoming re-cooling temperatures of 28°C and higher. Figure 34 shows that
case 2 has a higher COP than case 3 for MT;, of 28°C and lower. This aspect
can be also reflected in the theoretical study of Figure 21.

Finally, it should be noted that experimental procedure and results are
validated by the theoretical studies simulated in EES. Figures Figure 37, Figure
39, and Figure 41 show that although the performance of the chiller is better in
the theoretical simulations, the COP of both experimental and theoretical runs
closely follow each other.
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6. FUTURE WORK

The work done by the project group has defined a range of shortcomings of the
laboratory installation, which might have led to certain inaccuracy of the
measurements done. At the same time identified deficiencies did prevented a
more detailed and varied exploration of the absorption chiller system working
performance. Improvement of the defined weaknesses of the laboratory
installation should be done should be a part of future work of further
investigation of the absorption chiller work under set parameters.

As it was mentioned above in the experimental work description, due to the
small heating capacity of the hot water tank, it was not possible to run the
chiller at common in industry hot water temperatures of above 75°C. Hence the
comparison of the chiller performance at different hot water temperature,
supplied to the system’s generator, was not explored.

During the experiments, the control of the water flows temperatures of all the
circuits of the system was done manually, with a help of the control valves.
Unfortunately, the quality of the valves was poor, which led to certain delays in
the change of system’s operation.

Since there were two cases under study, one of which was based on the return
water temperature, a thermostat on the cold storage tank, representing a “heat
load” was highly necessary to control the return water from the customer at
12°C.

To conclude, the following improvements should be done on the laboratory
installation:

e Hot water heater expansion;
e Replacement of the control valves (all three circuits);
¢ Installation of the thermostat on the cold storage tank.
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7. CONCLUSIONS

This project was a long process of learning and understanding about the
operation of absorption chillers under low temperatures of heat input. During
the various stages of this project, a lot of adjustments to the laboratory
installation were done in order to have the most accurate measurement results.
In addition, the software model of the absorption chiller evolved and finally
became an as close as possible to the practical model of the installation.

The comparison of the results from these two different directions of research is
presented in the previous sections of this report and leads to drawing some
valuable conclusions, related to the objectives set at the beginning.

So far it can be concluded that most of the objectives are met with the
finalization of this project. The results achieved can be regarded as satisfactory
and fruitful for the research purposes stated. Although the results of the project
work pointed out several aspects, that require revision in case of further
research.

The theoretical model was verified and expanded with the help of the
experimental results of the laboratory runs, which makes the results reliable
and validated from each other. The process of regulating the performance of
the absorption chiller under study had many details that needed to be taken
care of. Thus, after a period of clarifications regarding the operation, the right
adjustments were done and the data collected was evaluated and graphically
presented adequately.

For the experiment, three cases of operation were examined, as stated before.
First, operation with fixed heat input temperature at 70°C, and fixed input
temperature to the cooling network at 6°C. The next set of measurements was
set to fixed heat input temperature at 70°C, and return temperature from the
cooling network fixed at 12°C. The last set of data was with fixed heat input
temperature at 75°C, and return temperature from the cooling network fixed at
12°C. Under all cases, the temperature difference AHT was set to 10°C at the
beginning, but as the re-cooling temperatures changed, the absorption chiller
regulated according to its tendency to optimize its COP under all cases, as has
been explained before.

The graphs achieved with a theoretical modeling are divided into two types; the
ones that result from a pure theoretical model and the ones that result from the
incorporation of information from the experimental measurements. The second
set of results is, subsequently, more related to the practical installation and is
more useful in understanding real cases of operation.

From the comparison between the theoretical and experimental results in
section 4.3, it can be concluded that the experimental results show a higher
level of COP, which is encouraging for the validation of absorption chillers’
operation under low temperature driving heat.
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The highest COP that was achieved from the experiments was for the second
operational case of HTj, fixed at 70°C and LT,y fixed at 12°C. The value of
COP is 0.68 for a re-cooling temperature of 22°C. The third operational case of
HTi, fixed at 75°C and LT, fixed at 12°C has the highest COP among the
three cases only after MT;, of 28°C. The first operational case of HT;, fixed at
70°C and LT, fixed at 6°C has the worst performance among the experimented
cases.

All the examined cases can lead to the conclusion that the COP is higher under
lower re-cooling temperatures. It can also be concluded that the best overall
performance of the absorption chiller is achieved under a fixed 12°C of return
temperature from the cooling network to the chiller, rather than fixed 6°C
outgoing temperature to the cooling network, because it shows higher values
and higher stability of the COP. Of course, the stability of the values throughout
operation has to be considered too. A third conclusion is that higher hot water
input temperature gives higher COPs only after the incoming re-cooling
temperature gets higher than 28°C. This is also verified by the theoretical
simulations which predict this critical temperature to be 26°C. It is very
important that the theoretical model by all means validated these experimental
results, when that was applicable. In addition, another important parameter that
influences the results is the autonomous operation’s regulation by the
absorption chiller.

From all of the above, it can be concluded that the COP values that were
gathered from all the operational cases are satisfactory, if one has in mind that
the low temperature heat supply is the reason for lower than usual COP values.
The feasibility of an installation of massive size for district cooling networks has
to be determined by the examination of the results and a financial analysis
based on these results and costs of operation. Additionally, the implementation
of these results and their modification as to fit a real case scenario is yet to be
done in the future. These results, however accurate or satisfactory they are,
have to be tested under a more flexible installation that represents more
accurately a district cooling network’s fluctuating parameters than the present
installation does.
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LY Forskning som stirker fjarrvirme och fjarrkyla, uppmuntrar konkurrenskraftig affars- och
_m_ teknikutveckling och skapar resurseffektiva |6sningar for framtidens hallbara energisystem.
FJAR RSYN Kunskap fran Fjarrsyn ir till nytta for fjarrvirmebranschen, kunderna, miljén och samhillet i
stort. Programmet finansieras av Energimyndigheten tillsammans med fjarrvirmebranschen
och omsitter cirka 19 miljoner kronor om aret. Mer information finns pad www.fjarrsyn.se

FJARRVARMEANPASSAD
ABSORPTIONSKYLA

Efterfragan pa kyla i fastigheter som ar anslutna till ett fjarrvirmesystem
okar. Det ar darfor intressant att utveckla 1osningar dar virme och kyla
samverkar.

Absorptionskyla dr en kommersiell teknik, men det saknas produkter pa
marknaden som dr anpassade for fjarrvarme. Bade driv- och returtemperaturen
ar hog och vilket ar negativt for fjarrvarmesystemet. Resultaten fran det har
projektet visar att det gdr att anpassa absorptionstekniken till fjarrvarme-
anpassad drift.

Det finns stora fordelar med den hir tekniken jamfort med konventionella
kylmaskiner eftersom Overskottsvarme kan anvandas i stillet for el. For

fjarrvirmebolag med kraftvarmeverk gor efterfrdgan pa virmedriven kyla
att miljoriktig kraftvirme kan produceras en lingre tid pa dret dven om

behovet av komfortvirme minskar under sommarhalvaret. I system med
avfallseldning ar detta sarskilt intressant.

Rapporten kan anvindas av fjarrvarmeforetag vid upphandlingar och for att
stilla battre krav pa leverantorer vid kop av absorptionskylmaskiner.
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