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Summary

The increasing penetration of renewable power generation into the global energy mix, coupled
with the significant demand for heating (both space heating and domestic hot water) and
cooling, necessitates the electrification of the heating and cooling sectors alongside
advancements in electricity storage solutions. Concurrently, the rising electricity demand gives
prominence to decentralized power production for electricity self-consumption. Within the
framework of heat pumps emerging adoption, reversible heat pump/ORC (RHP/ORC) systems
constitute a promising technology to address these objectives, as both thermal (heating or
cooling) and electrical power can be provided by a single system.

In energy storage applications, the RHP/ORC system utilizes excess renewable electricity to
generate and store high-temperature heat through heat pump operation. During peak electricity
demand periods, this stored heat is discharged via ORC operation, facilitating peak shaving
services. Regarding trigeneration, the system functions as a heat pump for heating or cooling
provision when thermal demand exists, while low-grade heat (below 120 °C) can be converted
into electricity when power is requested.

Despite the theoretical advantages highlighted in literature, experimental research is scarce,
particularly in energy storage. Moreover, reported RHP/ORC systems are mainly experimental
and therefore employ basic automation and control. In this perspective, the present thesis
investigates the development of innovative, fully automated reversible heat pump/organic
Rankine cycle systems for energy storage and trigeneration applications.

The first part of the thesis (Chapter 2) centers on the experimental characterization of the first
known proof of concept of RHP/ORC for electricity storage. The 2 kWe/10 kWh prototype was
designed and built by the Thermodynamics Laboratory of the University of Liege, Belgium. The
system underwent testing in both charging and discharging modes, exploring the effect of low-
grade heat integration across a wide range of operating conditions. The experimental
evaluation confirmed the feasibility of thermally integrated RHP/ORC technology for pumped
thermal energy storage, achieving a power-to-power efficiency of 70.9%, thanks to thermal
integration, which enabled high efficiency in heat pump mode, reaching a maximum coefficient
of performance (COP) of 14.2 at a temperature lift of 8 K.

The second part of the thesis focuses on the development of fully automated RHP/ORC
trigeneration systems for integration with multiple heat sources and heat sinks, including an
adsorption chiller for improved cooling performance.

The initial step towards this direction involves the development of a small-scale vapor
compression chiller utilizing the environmentally friendly refrigerant R1234ze(E) to validate the
suitability of the selected refrigerant for low-capacity cooling outputs and demonstrate the
feasibility of cascade coupling with an adsorption chiller (Chapter 3). The chiller was tested
under different heat sink conditions, simulating both cascade and stand-alone chiller operation.
Overall, the system exhibited stable performance, successfully mitigating fluctuations
associated with the adsorption chiller, and achieved a maximum energy efficiency ratio (EER)
of 5.9.

After verifying the validity of cascade chiller operation, two fully automated small-scale
(5 kWw/1 kWe) RHP/ORC trigeneration prototypes were designed and constructed. Chapter 4
introduces the system’s design specifications and emphasizes the design process and
automation and control features. Subsequently, laboratory tests were conducted to
characterize the system in all operating modes, including stand-alone heat pump, cascade
chiller and ORC modes (Chapter 5). Maximum heating and cooling outputs of 6.6 kW and
5.5 kW were recorded, with respective COP and EER values of 5.1 and 4.5, while adsorption
chiller integration enhanced EER to 5.5 under moderate heat sink temperatures. In ORC mode,
net electrical ORC efficiencies up to 2.65% were attained. A dedicated analysis highlighted the



importance of induction motor sizing for efficient compressor and expander operation in all
modes, whereas a cavitation assessment revealed a correlation between cavitation and
subcooling degree, specifying a lower subcooling threshold of 5 K for stable pump operation.

Fully automated RHP/ORC operation necessitates proper switching between all operating
modes. However, the different refrigerant charge required in each case poses a major
challenge. This issue is addressed in Chapter 6 with the development of a novel, automated
active charge regulation system that dynamically controls system’s refrigerant charge based on
a dedicated charge control strategy. This configuration was embedded into the RHP/ORC
prototypes, and experimental investigation of the integrated system demonstrated its
effectiveness in facilitating smooth mode transitions and stable system operation.

The comprehensive investigation of the RHP/ORC prototypes entails field testing within an
extended renewables-based trigeneration system. In this context, an automated pilot system
integrating multiple renewable thermal systems such as evacuated tube solar collectors, a
biomass boiler, and an adsorption chiller was developed, along with a low energy demand pilot
building where heating, cooling, and electricity are provided. Chapter 7 presents the design and
structure of the overall system and details the automation architecture and control strategy.

The complete system was evaluated over a four-month timeframe and the key operating modes
are discussed in Chapter 8. The global system successfully met its design specifications,
covering all thermal demands. The experimental evaluation showcased the seamless
integration and operation of all subsystems under the supervisory controller. Focusing on the
RHP/ORC, sufficient performance was achieved with a seasonal COP (SCOP) and seasonal
EER (SEER) of 3.23 and 2.98, respectively, while cascade chiller operation exhibited limited
benefits under high ambient temperatures.

Finally, Chapter 9 presents simulations of a scaled-up global system for multi-family buildings
across five European cities, using calibrated models based on laboratory and field test data.
The simulation outcomes include the optimal system sizing in each case and highlight its
potential, achieving total energy coverage of up to 72.1% in locations with high heating
demands and low cooling needs. However, despite its advantages, the system's electricity
generation is limited due to the prioritization of thermal demands, indicating the need for
alternative layouts and control strategies for its further uptake.

In summary, this research provides a comprehensive, experimental overview of RHP/ORC
systems for both energy storage and trigeneration and establishes experimentally validated
control strategies and charge regulation techniques for their full automation. The main
conclusions of the present thesis and future work recommendations are summarized in
Chapter 10.
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H augavouevn dicicduan TnG avavewaoiung TTAPAYWYAG EVEPYEIOG OTO TTAYKOOUIO EVEPYEIOKO
Meiypa, oe ouvduaoud e Tn onuavtikA nATnon yia 6épuavon xwpou, (eaTd vepd Xprong Kal
Wuén, kabiotd avaykaio Tov €gnNAekTpIond TOug, TTAPAAANAa pe  TTponyupéveg AUOEIG
a1roBAKEUONG NAEKTPIKNG EVEPYEIOG. ZUYXPOVWG, N auéavouevn nAEKTPIKA KaTavaAwon
avadeIKVUEl TNV OTTOKEVTPWHEVN TTaPAYywYr NAEKTPIKAG EVEPYEIAS Yia IBI0KATAVAAWOT. ZTO
TAQICIO TNG ETTEKTEIVOPEVNG XPNONG TwV aVvTAILWYV BepUOTNTAG, TA CUCTAMOTA QVTIOTPETTTAG
avtAiag Bepudtnrag/opyavikou kUkAou Rankine (RHP/ORC) amoteAoUv pia UTTOOXOMEVN
TEXVOAOYIQ yIO TNV ETTITEUEN QUTWYV TWV GTOXWYV, XAPN OTn ouvduaouévn TTapaywyn BEpUIKAG,
WUKTIKAG KAl NAEKTPIKNAG EVEPYEIOG ATTO £va JOvo oUuoTnua.

e eQapuoyég ammobrkeuong evépyelag, To ouoTnua RHP/ORC  ekuetaAAeleTal  Tnv
TTAcovAdouoa avavewaoiun NAEKTPIKN EVEPYEIQ yIO TNV TTapaywyr| Kal atmobrkeuan BeppdtnTag
uynAig Bepuokpaciag péow Asitoupyiag avriiag Bepudtntag. Kartd 1ig mepidodoug uwnAng
¢NTNONG NAEKTPIKAG EVEPYEIAG, AUTH N amoBnkeupévn BepudTnNTa aglotrolsital JECW AEIToupyiag
ORC vyia tTnv mmapaywy NAEKTPICHOU. ZTnV TTEPITITWON TNG TPITTAPAYWYAG, TO oUuoTnua
AeiItoupyei wg avtAia BeppdTNTAG Yia TNV TTapoxh BEpuavang i woéng étav uttdpxel BepUIKn
¢ATNon, evw BeppoTnTa XaunAng Beppokpaciag (katw ammod 120 °C) ytropei va yetaTpaTrei o
NAEKTPIKN EVEPYEIQ OTAV UPICTATAI OXETIKA ATTAITAON.

Mapd Ta BewpnTik@ TTAEOVEKTAMATA TTOU €TTionuaivovTal atn BIBAIoypagia, n TrEIpauaTikKi
épeuva gival Teplopiopévn, 1I01aiTEpa oTo TEdI0 TNG ammobAkeuong evépyeiag. EmimAéov, Ta
avapepdueva cuothuata RHP/ORC cival Kupiwg TreipapaTik@ Kal €TTOPEVWG EQAPPOlOuV
Baaikég dIaTAEeIC auTodaTIONoU Kal eAéyxou. YTd autd To TIpioupa, n Trapouca dlaTpifn
OlEPEUVA TNV AVATITUEN KAIVOTOPWY, TTANPWG QUTOUATOTTOINUEVWY CUCTNUATWY QVTIOTPETITAG
avtAiag BepudTnTag/opyavikou KUkAou Rankine yia epappoyég atmmoBAKeUONG evEPYEIAg Kal
TPITTAPAYWYNG.

To TpwT0 PEPOG TNG dIaTPIRNG (KEQPAAQIO 2) ETTIKEVTPWVETAI OTOV TTEIPANATIKO XAPAKTNPIOUO
TOU TTPWTOU TreipapaTikoU cuoTrpatog RHP/ORC yia amobikeuan nAeKTPIKAG evépyeiag. To
TPWTOTUTTO cUoTNUA (2 kWe/10 kWhin) oxedidoTnKe Kal KATaokeudoTnke atrd 10 Epyaathpio
O¢eppoduvapiking Tou MavemoTtnuiou TnG AiEyng oto BéAyio. To cUoTtnua uttoBARBnke o€
OokKInéG TOOO Ot Asitoupyia @OpTionG (avtAia Bepudtntag) éoo kar ekeopTtiong (ORC),
dlepeuvovtag TNV - Emidpacn Tng emMmPOCcOeTNG alomoinong  BepudTnTag  XAPNANg
Beppokpaciag (Bepuikn evowpdtwon) o€ éva gupl @ACPa ouvlnkwyv Agitoupyiag. H
TTEIpaPaTIKh afloAdynon emBepaiwoe TN Asitoupyikdétnta Tou cucoTtipatog RHP/ORC yia
atroBAKeEUaN NAEKTPIKAG EVEPYEIOG HECW BepUATNTAG, ETITUYXAVOVTAG Adyo atrddoong 70.9%,
Xapn otnv BEPUIKr EVOWNATWON, N OTTOoIa ETTETPEWE ATTOOOTIKI AgIToupyia avTAiag BepudTnTag,
pE péyioTo ouvteAeoTr atmdédoong (COP) ico pe 14.2 yia Beppokpaciakr) aviywaon 8 K.

To deUTePO PEPOG TNG DIATPIPAG ETTIKEVIPWVETAI GTNV AVATITUEN TTAPWGS QUTOUATOTTOINUEVWYV
ouoTnudtwv RHP/ORC yia Tpirapaywyn, yia Tnv aglotroinon TTOAAATTAWY TTNywV 1TTpéodoong
Kal atméppiyng BepudTNTAG, CUUTTEPIAAUBAVONEVOU EVOG WUKTN TTPOCPOPNONG VIO BEATIWHEVN
WUKTIKN AgiToupyia.

To apxIko6 Brpa TTpog auTh Tnv KateuBuvaon TrepIAauBavel TNy avdamTuén evog WUKTN UNXAVIKAG
OUNTTIEONG ATPWV PIKPHG KAIHAKAG PE EpYalOPEVO HEGO TO QIAIKO TTPOG TO TTEPIBAAAOV opyavikd
peuoTO R1234ze(E). ZkoTrdg aUTAG TNG diadikaaiag ivail n mKUpwOon TNG KATAAANASTNTAG TOU
EMMAEYUEVOU WUKTIKOU PECOU YIO TNV TTapaywyr Yugng o€ xaunAn kAigaka kai n empeaiwon
TNG AEITOUPYIKOTNTAG TNG OEIPIOKAG ouUvdeong (cascade) pe Tov WUKTN TTPOCPOPNONG
(KepdAaio 3). O wuktnG OOKIUAOTNKE KATW aTTO  OIAQOPETIKEG OUVORKEG atrdppIYnS
BepPOTNTOG, TTPOCOPOIVOVTAG TOOO TN MEMOVWHEVN AgITOupyia OGO Kal T OUVOUAGCUEVN
AgIToupyia pe Tov WUKTN TTPOCPOPNONG. ZUUTTEPACHATIKA, TO oUCTNUA TTapouUdiace oTabepn
AeiToupyia, atrooBévovTtag PeTABATIKG Qaivopeva TTou OXeTiCovTal e TOV WUKTN TTpoopd®nong,
Kal TTETUXE PEYIOTO OeikTN evepyelakng amodoongs (EER) ico pe 5.9.



Apdétou emBeBaiwBnke n  AsIToupyikOTNTA TG ouvduaopévng  WUKTIKAG  &1dTagng,
TPAYUATOTIOINBNKE O OXEDIAOWOG Kal N KOTAoKeur] OUO TTARPWG QAUTOUATOTTOINUEVWV
TPWTOTUTIWY ouoTNUATWY RHP/ORC uikpAg KAigakag (5 kWin/l kWe) yia Tpirrapaywyry. 10
Kepdhaio 4 opiCovtalr o1 TTpodlaypa®ég oxedlaopol TOU CUCTHAPATOG KOl avaAuovTal n
o1adikagia oxediaopol Kal Ta XAPOKTNPIOTIKA TOU CUOTHAPOTOG QUTOUATOU €AEyXOU. 2Tn
ouvéxela, dieEnxBnaoav epyacTnpIakéG OOKIPES VIO TOV XOPOKTNPIOKSO TOU GUCTAUATOG O€ OAEG
TIG AgIToupyieg, OTTWG PePovwuEvn AsiToupyia avtAiag Beppdtnrag, ocuvduaouévn WUKTIKNA
Aeitoupyia pe Wuoktn mpoopdéenong kai Asitoupyia ORC (KegdAaio 5). Ava@opikd pe Tn
AgiIToupyia avTAiag BepudTNTAg, TO CUCTNUA aTTEdWOE WG 6.6 KW Bepuikng Kail 5.5 KW WUKTIKAG
IoxUog, e avrioToixeg TIuEG COP kai EER 5.1 kar 4.5, evio n evOwudaTwonR Tou WUKTN
Tpoopdenaong au¢nae Tov EER o¢ 5.5 uttd evdidpeoeg Beppokpacieg amdppiyng BepudTnTag.
2¢ Agtoupyia ORC, emiTelxOnke PEYIOTOG KABAPOG NAEKTPIKOG BaBuog amddoong icog ue
2.65%. lMepaimépw Olgpelivnan avédeIEe TN oTTOUdAIOTNTA TNG CWOTAG OIOCTACIOAGYNCONG TOU
KIVNTAPA yIa TNV atTodoTIKY AEITOUPYIO TOU GUUTTIETTH KAI TOU EKTOVWTH O€ OAEG TIG TTEPITITWOEIG
AgIToupyiag, evw avaAuon TTou TTPAYUATOTTOINONKE OXETIKA PE TN OTTNAQIWGN TNG OYKOUETPIKNAG
avtAiag Tou ORC avédelEe Tn cuoxETion PETAgU TNG oTTNACiwoNG Kal Tou BaBuol uttéwugng
oTtnv €icodo Tng avtAiag, TTpoadiopiovTag éva KaTwTePo 6plo utréwueng 5 K yia Tnv euctadn
AgiToupyia Tng avTAiag.

H mAQpwg autopaTotroinuévn A€ITOUpyia TOU QVTIOTPETITOU CUGCTHAPOTOG OTTAITEl OUAAEG
evaAAayég HeTalu Asitoupyiag avTAiag BepuoTnTag kal ORC. QoTéoo, N dI0QOPETIKH TTOCOTNTA
WUKTIKOU YECOU TTOU aTTaITEITOI 0€ KABE TTEPITITWON duoxepaivel auTtr Tn YETARacon. Autd To
NTNPO avTIgeTWTTICETa 0TO KEQPAAQIo 6 pe TNV avdTTuén evOg KAIVOTOPOU, QUTOUATOTTOINUEVOU
EVEPYNTIKOU CUCTAUATOG TTOU pUBpiZel SUVANIKA TNV TTOCOTNTA TOU WUKTIKOU PECOU EVTOG TOU
OUOoTAUATOG, BAcel eCeIdIKeUPEVNG OTPATNYIKAG €AEyXou. AuTA n OIATAEN EVOWHATWONKE OTA
mpwtoTuTTa RHP/ORC ocuoTtApata Kai n TTEIpAPaTIK) diEpEUvNON TOU OAOKANPWUEVOU
OUCTAUATOG QTTEDEICE TNV OTTOTEAECUATIKOTNTA TNG WE TNV €6ACQANION OMAAWY EVOAAQYWV
A€IToupyiag Kal eucTaBoUg CUUTTEPIPOPACS TOU CUGCTHUATOG.

EmmpocBeta, n Oigpelivnon Twv TPWTOTUTIWY CUCTNUATWY TTEPIAANPBAvEl QOKIPEG UTTO
TPAYHATIKEG CUVONKEG EVTOG EVOG EUPUTEPOU CUCTAUATOG TPITTAPAYWYAS ME BACN AVAVEWOIUES
TTNYEG evEPyEIag. e auTtd TO TTAQICIO, avaTITUXONKE £€va QUTOPATOTTOINUEVO TTIAOTIKO oUOThUA
TTOU EVOWMATWVEI TTOAATIAG avavewaoiya Bepuikd ouaTAPaTa, OTTWG NAIOKOUG GUAAEKTEG
Kevou, AéBnTa PBlopddag kal WUKTN TTpoopo®nong, KaBwg Kal €va TTIAOTIKO KTiplo XApnAng
EVEPYEIAKNG KATAVAAWONG OTO OTTOI0 TTAPEXOVTAI N TTapayouevn Bépuavan, wugn Kal NAEKTPIKA
evépyeia. O axedlaouog kal N dour autol Tou CUCTAUATOG TTapouaidlovtal ato KegdAaio 7, o€
ouvduaopd PE TNV TTEPIYPAPY) TOU CUCTAPATOS QUTOUATIONOU KAl TNG OTPATNYIKAG EAEYXOU TOU
OUCTANATOG.

To oAokAnpwpévo oUoTnPa SOKINACTNKE YIa TEOCOEPIG MAVEG KAI TA ATTOTEAEGUATA TNG AvAAUONG
mapaTiBevral oto Ke@dAaio 8. O1 rpodiaypa@ég oxedlaouou emTeUXONKav, e TNV KAAUYWN TOU
ouvOAou Twv Bepuikwy atmmaitioewyv. H Treipauatikl agloAdynon avédeite TNV OJaAn
EVOWMNATWON Kal AsiToupyia OAwWY TWV UTTOOUCTAPATWY UTTO TO OUVOAIKO oUOTNUA €AEyXOU.
Eomiafovrag oto ocuotnua RHP/ORC, onueiBnke IKAvOTroINTIKr AEITOUPYia HE ETTOXIAKO
ouvteheaTr amodoong (SCOP) 3.23 kai emoxiako deikTn evepyeiakng amdédoong (SEER) 2.98,
EVW N OUVOUOOTIKA AsITOUpyia PYE TOV WUKTN TTPOCcPOPNONG TTOPOUCIAoE TTEPIOPICUEVA OPEAN
UTTO UYWNnAEG Beppokpaaieg TTEPIBAAAOVTOG.

Téhog, oto KepdAaio 9, TTpaypaToTToIifOnkav apliBunTikéG TTPOCOUOIWOEIG TOU OUVOAIKOU
OUOTAMATOG VIO TTOAUKOTOIKIEG O€ TTEVTE EUPWTTAIKEG TTOAEIG, XPNOIKMOTTOIWVTAG BaBuovounuéva
MOVvTEAa pe BAon TIC €pYyOOTNPIOKEG KAl TTIAOTIKEG WETPROEIG. Ta atroteAéopaTta Tng
Tpooopoiwong TeplAauBdvouv Tn BEATIOTR BlaoTacioAdynon Tou OUuoTAUATOG Ot KAOE
TTEPITITWAON KAl avadeIkvUouUV TNV TTPOOTITIKA TOU, ETTITUYXAVOVTAG OUVOAIKK EVEPYEIOKH KAAUWN
WG 72.1% o€ ToTmoBeCieG e UYPNAEG aTmaITOEIG O BEpuavan Kal XapuNAEG avAyKes Wuéng.
QoT600, TTapd Ta TTAEOVEKTAPATA TOU, N TTapaywyr] NAEKTPIKAG EVEPYEIOG TOU CUCTANATOG Eival
TTEPIOPICPEVN AOYW TNG TTPOTEPAIGTNTAG TTOU divETal OTNV KAAUWN TwV BEPUIKWY ATTAITACEWV,



UTTOOEIKVUOVTAG £TOI TNV AVAYKN YIA eVOANAKTIKEG BIATALEIG KAl OTPATNYIKEG EAEyXOU yIa TNV
TEPAITEPW UIOBETNON TOU.

2uvoyifovTag, n TTapoUca £PEUVA TTOPEXEI UIO EKTEVH, TTEIPAUATIKI ETTIOKOTTNCN CUCTANATWY
RHP/ORC 1600 yia atmmobrikeuon evépyelag 600 Kal yia TPITTapaywyn Kal opiel TeipauaTiké
OIaKPIBWHEVEG OTPATNYIKEG EAEYXOU KAl TEXVIKEG pUBUIONG TNG TTOoOTNTAG TOU £PyalOuEVOU
MEOOU yia TNV TTAPN QUTOUATOTTOINGT) TOUG. Ta KUPIa CUPTTIEPACHATA TNG TTapouoag dIaTpIRAG
Kal ol TTPOTACEIG yIa HEANOVTIKN €peuva ouvoyifovTal oTo KepdAaio 10.



