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ABSTRACT

Industrial processes often consume large quantities df kddale of-
ten dissipating large quantities of waste heat to the anibieme main
energy source for industrial heat supply is fossil fuelt)eioil or nat-
ural gas. Thus, the heat consumption of industrial procesfen entail
large CQ emissions as well as emission of other harmful pollutanss. A
heat pumps can upgrade low temperature waste heat to a inglete
ature heat supply using only a fraction of primary energwatipimps
may be applied to improve the energy efficiency of induspratesses.
Further, Replacing oil or gas burners with heat pumps ccedd Ito a
reduction of the emissions, especially in a future energyesy with a
high penetration of renewable energy sources.

Many industrial heat pumps have been installed with a heagplgu
temperature ranging from 50 - 9@. The lack of installation in the
temperature domain in excess of 90 is believed to be caused by the
lack of cost efficient heat pumps, rather than a limited dem&om-
mercial components for industrial heat pumps are limited veorking
pressure of 28 bar, although high pressure alternativesidbfer am-
monia (50 bar) and C£(140 bar). Most commercial compressors are
not durable at compressor discharge temperature aboveCL80sing
these components, vapour compression heat pumps (VCHméesl
to heat supply temperatures between 802®@0Developing heat pumps
that are capable of delivering temperatures above®thay therefore
allow heat pump implementation in more industrial procegban is
currently possible.

The ammonia-water hybrid absorption-compression heapdttAC-
HP) is of specific interest for development of high tempewtueat
pumps due to two properties inherent to the zeotropic worlund: 1.
Increased efficiency due to the reduction of thermal irrsidities in
the heat transfer processes between the working fluid anextieenal
streams. 2. The reduction of vapour pressure compared teafieur
pressure of pure ammonia. The HACHP can therefore delivgreni
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temperatures at higher efficiencies than conventional .CHP

To investigate the possibility of developing high temperatHACHP,
numerical models are developed for the one-stage cycle evera
identified two-stage compression configurations. The desfithe HAC
HP is governed by two extra degrees of freedom compared WGheP.
These can be set by many criterion but is in this study setéyhioice
of the rich ammonia mass fraction and the circulation rafidwe in-
fluence of these parameters on the performance and size system
is investigated. The performance and size of the identifiemidtage
compression configurations are compared to the one-staie dPne
two-stage compression cycle performs better than the rentgiboth
in terms of increased efficiency, reduction of dischargepemature and
needed compressor volume.

For the one-stage and the best two-stage cycle the coristedicom-
mercial components are imposed on the choice of rich ammuoa&s
fraction and the circulation ratio at a number of supply termagures.
This showed that the 28 bar one-stage HACHP allow tempesiup
to 111°C, 50 bar up to 129C, and 140 bar up to 14TC. For the two-
stage HACHP, 28 bar components allow temperatures up t6Q260
bar up to 145C, and 140 bar up to 16TC.

To determine the sources of thermodynamic irreversiegitis well
as the formation of cost and environmental impact an advhexergy-
based analysis is applied to the HACHP. An exergy-basegsisalon-
sists of three steps: an exergy analysis is conducted taifigéime ex-
ergy streams in the system and the thermodynamic irrevigist (ex-
ergy destruction). Subsequently, an economic analysanducted and
combined with the exergy analysis such that cost is assutveith each
stream of exergy and consequently, the cost of exergy aistnus de-
termined. This is know as an exergoeconomic analysis. eyréhlife
cycle assessment is performed and combined with the exeedysas to
associate environmental impact to all streams of exerg\teeréby de-
termine the environmental impact of exergy destructions T§known
as an exergoenvironmental analysis. The advanced exaggdlanaly-
sis differs from the conventional analysis by accountingcfimponent
interdependencies as well as reduction potential. Theesigtate of
avoidable exergy destruction was associated with the besavhile
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the highest rate of avoidable cost was associated with therbeér. It is
found that the cost of most components are evenly distriboétween
operational and capital investment cost. The highest raéeadable
environmental impact stems from the compressor. It is shinahthe
environmental impact of construction, transportation dispposal was
negligible compared to the environmental impact relatethéoopera-
tion of the HACHP.

The working domain of the HACHP is investigated by impositig a
technical constraints of commercial components to a variatf the
heat supply temperature and temperature lift. An economadyais is
applied to the same variation such that the net present wrahlkepoints
is attained. For all combinations it is evaluated whether gblution
complies with the technical and economic constraint (nes@nt value
> 0) and thus whether the heat pump implementation is feasibl
similar analysis is conducted for VCHP, which allows a corgum,
not only on which temperature levels and lift are attainddylehe two
technologies but also which technology is the more viabletsm in
the domain where both compete. This showed that the HACHm®ean
used to heat supply temperatures of 280and temperatures up to 60
K. This increases the working domain of industrial heat pufqr the
temperature range where the HACHP competes with ammoniaP/CH
the HACHP is the most viable solution at low temperatures fthile
VCHP are more profitable at high lifts. For the range wherdHA€HP
competes with iso-butane or Géhe HACHP is always the more viable
solution.
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RESUME

Industrielle processer forbruger ofte store meengder vamens der
ofte dissiperes store maengder spildvarme til omgivelseinaustriel
varmeforsyning er typisk drevet af fossilt breendsel, erdka eller
naturgas. Varmeforbruget i industrielle processer eralesfte skyld

i store udledninger af C®samt udledning af andre skadelige stof-
fer. Da varmepumper kan opgradere lavtemperatur spildvdiinen
hgjtemperatur varmekilde med kun en brgkdel af primaer ¢nkag
varmepumper anvendes til at gge energieffektivitetenusiriklle pro-
cesser. Yderligere kan udskiftning af olie- eller gasbreeadhed varme-
pumper medfgre en reduktion af udledningerne, iseer i ettidéghen-
ergisystem med gget integration af vedvarende energikilde

Mange industrielle varmepumper er blevet installeret meetéeper-
atur pa 50-90 C. Manglen pa installationer med temperature over 90
°C skyldes primeert manglen pa rentable varmepumper i dettpee
aturomrade, snarere end det skyldes en begraenset eftEspdstan-
dard komponenter til industrielle varmepumper er begraeiiset ar-
bejdstryk pa 28 bar, der findes dog hgijttryks alternativeartimoniak
(50 bar) og CQ (140 bar). De fleste kommercielle varmepumpekom-
pressorer er ikke holdbare ved trykrgrstemperature over 18 Med
disse komponenter kan konventioneller varmepumper |leleengera-
ture mellem 80-90C. Udviklingen af en hgjtemperaturvarmepumpe,
som er i stand til at levere temperaturer ovef @)kan derfor give mu-
lighed for at implementere varmepumper i flere industriplecesser
end hvad der er muligt i dag.

Ammoniakvand hybrid absorption-kompressions varmepumgpef
seerlig interesse for udviklingen af hgjtemperaturvarmgper. Dette
skyldes to egenskaber som er knyttet til brugen af den zeetotand-
ing: 1. @get virkningsgrad grundet reduktion af termiskwersibilitet
i varmeoverfgrselen mellem arbejdsmedie og de eksteramste. 2.
Reduktionen af damptrykket i forhold til damptrykket af @mmoniak.
Saledes kan hybridvarmepumpen leverer hgjere temperathee en
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gget effektivitet i forhold til de konventionelle varmeppar.

For at undersgge muligheden for at udvikle hgjtemperatbrity
varmepumper er der udviklet numeriske modeller af bade drinst
proces, samt flere to-trins kompressions processer. Hydomtepumpen
har to ekstra frihnedsgrader i forhold til den konventioaethrmepumpe.
Disse kan bestemmes ud fra mange kriterier, men bestemmad fra
valget af ammoniakkoncentration og cirkulationsforh@isse parame-
tres indflydelse pa virkningsgrad og systemets starreldersages. Yd-
erligere, er virkningsgrad samt kompressorvolumen af d#erspgte
to-trins processer blevet sammenlignet med et-trins gsmoe Et af de
undersggte to-trins processer praesterer bedre end dererat, bade
i forhold til effektivitet, reduktion af trykrgrstemperatsamt det ngd-
vendige kompressorvolumen.

For et-trins processen samt den bedste to-trins proces tekdiske
begraensninger for kommercielle komponenter blevet palalgtet af
ammoniakkoncentration og cirkulationsforhold ved en reefdsyn-
ingstemperaturer. Dette viste, at en 28 bar et-trins pr&easbruges
ved temperaturer op til 119C, 50 bar op til 129C og 140 bar op til
147 °C. For to-trins processen kan 28 bar komponenter bruged op ti
126°C, 50 bar op til 145C og 140 bar op til 160C.

Der er anvendt en avanceret exergi-baseret analyse tilsatrnene
kilderne til termodynamiske irreversibilitet, omkostgar samt milja-
pavirkning. En exergi-baseret analyse bestar af tre timstfudfgres
en exergianalyse for at bestemme exergi-strammene i sgstaamt
de termodynamiske irreversibiliteter (exergidestruklicefterfglgende
udfgres en gkonomisk analyse som kombineres med exergsanalale-
des at omkostninger knyttes til hver exergistrgm samt firestemme
omkostningerne forbundet med exergidestruktion. Detteeadt som
en exergogkonomisk analyse. Yderligere udfgres en livasykrder-
ing som ogsa kombineres med exergianalysen for at knytjepaivirk-
ningen til alle exergistramme og derved bestemme den naigsige
konsekvens af exergidestruktionen. Dette er kendt som emgegkol-
ogisk analyse. En avanceret exergi-baseret analyse letdskg fra den
konventionelle analyse ved at tage hgjde sig for komponeeseind-
byrdes afhaengighed samt potentiellet for at reducere igbestguktion.
Den hgjeste undgaelige exergi-destruktion er forbundetaesorberen
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mens de hgjeste undgaelige omkostninger er forbundet nsedayen.
Det ses, at prisen for de fleste komponenter er jeevnt fordelem de
operationelle- og kapital- omkostninger. Den hgjestefsatsndgaelig
miljgbelastning stammer fra kompressoren. Det ses, at jiemaessige
konsekvenser forbundet med konstruktion, transport otgkaffelse er
ubetydelig sammenlignet med den miljgbelastning der edefirsted i
forbindelse med driften.

Arbejdsomradet af hybridvarmepumpen er blevet undersedtat
sammenfatte de tekniske begraensninger for kommerciel &oem til
en variation af forsyningstemperaturen og temperatueigin gkonom-
isk analyse er blevet udfart pa den samme variation, saladkapi-
talveerdien i alle punkter er kendt. For alle kombinationan klet s&
vurderes, om lgsningen er i overensstemmelse med den kekogs
gkonomiske begraensninger (kapitalveerdi > 0), og dermed/tdtom-
plementeringen af varmepumpen er mulig. En tilsvarendéyseaer
foretaget for konventionelle varmepumper, hvilket gor oeiligt at
sammenligne, ikke kun hvilke temperatur niveauer og lgft eteop-
naelige, men ogsa hvilken teknologi der er den mest rentabténg i
de omrader, hvor begge konkurrere. Dette viste, at hybmdgpumpen
kan bruges til temperaturer op til 13C og lgft op til 60 K. Dette gger
arbejdsomradet af industriel varmepumper. | arbejdsoetridor hy-
bridvarmepumpen konkurrerer med ammoniakvarmepumpeeida
varmepumpen den mest rentable Igsning ved lave |gft, mensoam
akvarmepumpen er mere rentable ved hgje lgft. For det omhide
hybridvarmepumpen konkurrerer med iso-butan eller, @D hybrid-
varmepumpen altid den mest rentable lgsning.
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