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Summary

The present Ph.D. thesis focuses on the detailed analysis and investigation of advanced energy
production and storage systems for applications in the industrial and building sectors. The
emphasis is put on thermal energy storage (TES) systems and the integration of hydrogen
production units as a form of energy storage. These systems store surplus energy from the
intermittent production of renewable energy sources. Taking into account that the need for
energy storage is strongly related to renewable-based energy production, various energy
generation systems, such as solar thermal collectors, photovoltaic (PV) panels, and
thermodynamic cycles, are also analyzed. Notably, the hybridization of different energy storage
methods, along with the production of multiple energy forms, is emphasized. The
configurations are simulated under both steady-state and dynamic conditions and evaluated
based on energy, exergy, economics, and carbon emissions savings to provide a comprehensive
assessment.

Renewable sources, such as solar, wind, geothermal, and biomass, along with alternative
sources such as industrial waste heat, are capable of feeding electricity, heat, and cooling
generation units in both residential and industrial sectors. The integration of cogeneration and
multigeneration systems enhances overall thermodynamic efficiency, with a strong focus on
ORCs and CO: Brayton cycles. Hydrogen is highlighted not only as a clean energy carrier but
also as a long-term storage solution. Studies also emphasize the role of pumped thermal energy
storage (PTES) and multigeneration in the building sector, suggesting promising avenues for
decarbonization. CAES, especially in adiabatic setups combined with TES, is also explored as
a viable storage alternative. The literature confirms the maturity of single-output energy
systems and underscores growing interest in hydrogen-integrated multigeneration setups.
However, several research gaps persist, such as limited studies on hybrid thermal-hydrogen
storage, incomplete exploration of hydrogen-electricity storage optimization, and
underdeveloped analyses of s-CO- cycles and cooling storage systems in industrial and building
contexts. Notably, dynamic performance studies of CAES systems, particularly with integrated
TES, remain scarce, pointing to significant opportunities for further research and system
optimization.

The governing equations and mathematical models used to simulate a wide range of energy
production and storage systems are outlined. Each model undergoes thorough validation and
verification processes using experimental data and results from the literature to ensure
reliability. Key thermodynamic performance metrics, such as thermal, electrical, energy, and
exergy efficiency, coefficient of performance, and round-trip efficiency, used for proper system
assessment, are defined. Alongside technical performance, the systems are analyzed from
economic and environmental perspectives, focusing on cost-effectiveness and carbon emission
reductions. The proposed comprehensive simulation framework is supported by modeling tools
including Matlab, EES, TRNSYS, and Aspen Plus. Comparative analyses across different
software tools further confirm model accuracy. Ultimately, a multi-objective optimization



strategy is introduced to identify optimal system designs based on multiple criteria, reflecting
a holistic assessment of thermodynamic, economic, and environmental performance.

The simulation studies carried out in this thesis on various energy production and storage
systems, with a focus on key findings and detailed discussions, are provided in Chapter 6.
Section 6.1 explores electricity-hydrogen cogeneration systems using PTCs, ORCs, and water
electrolyzers, analyzing two applications, one for a non-interconnected island and another for
industrial use. The study examines the hybridization of thermal and hydrogen storage. If half
of the ORC electricity production feeds the electrolyzer for hydrogen production, the yearly
simulation study for the location of Athens, Greece, reveals that the annual energy and exergy
efficiencies are computed at 14.9% and 15.9%, respectively. Additionally, Section 6.2
investigates multigeneration and storage configurations in industrial settings, studying two
innovative plants powered by alternative energy sources. The first system uses PTCs combined
with a CO. Brayton cycle and integrates thermal and hydrogen storage. A biomass boiler is
placed strategically after the CO- recuperator to increase the temperature of the stream feeding
an ORC, which is integrated as a secondary power cycle. Electricity, heat, cooling, and
hydrogen are produced. Energy and exergy efficiencies achieve values up to 37.89% and
20.86%, revealing the potential of thermodynamic performance enhancement through
hydrogen integration in multigeneration systems. The thesis also examines another industrial
installation on a biofuels plant based on an ORC module and an absorption chiller powered by
waste heat streams and solar heat. The integration of both hot and cold storage tanks is explored.
It is worth noting that the incorporation of a cold water storage tank is beneficial for the
performance of the absorption chiller, as the annual digester cooling production increases by
4.4%.

Furthermore, Section 6.3 proposes a multi-output production and storage system for buildings,
with a multi-stage heat pump, ORC, and various hot and cold TES systems. The integration of
the “Carnot battery” (PTES) and polygeneration concepts within this system is an innovative
element. According to the results, the energy and exergy efficiencies are calculated up to
368.7% and 49.7%, respectively, at steady-state conditions. During the dynamic analysis, this
system is applied in a residential building in Athens, Greece, aiming to meet all the energy
demands (heating, cooling, domestic hot water, and electricity for appliances and lighting). The
required electricity is supplied by PV panels, and the potential integration of battery storage is
also explored as a secondary energy storage solution. At the selected final design, the mean load
coverage of the building needs is about 86.7%. Moreover, Section 6.4 presents an adiabatic
CAES system with integrated TES tanks, analyzing the dynamic charging and discharging
processes and dimensioning components, such as storage tanks and air caverns, for different
target temperatures and charging durations. The analysis of annual performance shows that the
system's yearly round-trip (power-to-power) efficiency is 46.92%, assuming that it charges
during off-peak hours when electricity prices are low (noon hours) and discharges during high-
demand periods (evening hours).

Finally, Chapter 7 presents the main conclusions of the Ph.D. thesis, the innovative aspects of
the research, and recommendations for future studies in the field.



Mepiinyn

H mapodoo dSwoktopikny SwtpiPfny eotidlel otn Aemtopepr] avaivorn Kot Jdepebvnon
TPONYUEVOV CLOTNUAT®OV TOPAY®YNG Kol OmoONKELONG EVEPYELNS YO EQOPUOYEG OTOV
Bropnyavikd kot tov ktnplakd topéa. 'Eppacn diverol ota cvotiuate Beppikng amodnikevong
EVEPYEWNG KOL GTNV EVOMUATNOOT] HOVAS®OV TOpay®YNG LOPOYOVOL ®¢ LOPPY| 0mobnkevong
evépyewng. To ovotnuoto avtd amobnkevovy mAsovalovcso evépyel omd TN OloAgimovca
TOPAYOYT TOV CLGTNUATOV avavedoUOV TYdV evépyelag (ATIE). Aappdvovtog veoyn 6tin
avaykn vy omofnkevon evépyelog oyetiletal aueca pe v mopoywyn evépyelag amd AllE,
avOADOVTOL EMIONG S1A(POPO CLOTNUOTO TOPAYMYNG EVEPYEINS, OT®MG mMAlokol Beppukoi
ovAAéKTES, poToPoATAiKG TAVEN Kot Bgppoduvapikol kKokdotl. EmmAéov, toviletor o vppidiondg
SLOPOPETIKOV GLGTNUATOV ATOONKEVLGNC, GE GUVOVAGUO LE TNV TOPAYMDYT TOAAATADY LOPPDOV
evépyeag. Ot d10tdEelc TPOGOUOIDVOVTOL GE GLUVOTKEG LOVIUNG Kot PLETOPATIKNG KATAGTUONG
kot a&loloyovvtar PAcel evepyelokav, €EEPYEINKADY, OIKOVOUIK®OV Kol TEPIPUAAOVTIKOV
(neimon exkmopmdv GvOpaka) Kprmpimv, TPOKEWEVOD VO ATOTNB0VYV GUVOAIKA.

Ot avave®oyleg TNYEG, OMMG N MAMOKY, 1 OO0AIKY, 1 Ye@Beppkn kot 1 fropdle, Kabnhg Kot
EVOALAKTIKEG TTNYEG OTOG 1) AmOPPUTTOLEVT BEpUOTNTO PLOUNYOVIKOV SIEPYOCIOV, EIVOL IKAVESG
VO TPOPOSOTOVV HOVADEG TOPAY®YNG NAEKTPIKNG EVEPYELNG, DEPpUOTNTOG Kot YdENG, TOGO GTOV
KTNPOIKO 0G0 Kol 6To Propunyavikd topés. H evoopdtmon cuotnudtov GOUmepay®yng Kot
TOALTOPAYOYNG EVIGYDEL TN GLUVOAIKT Ogprodvvapiky amddooT, Le 1OwTEPT EUPAOT GTOVG
opyavikovg kOkAovg Rankine kot otovg kovxhovg Brayton pe ypnon CO.. To vdpoydvo
EMONIOIVETOL OYL LOVO ©¢ KaBapd KOO0 0AAG Kol g LakpoTtpofecun Ao amobnkevong.
"Epegvveg divouv emiong éupact otov poro tng «umatapioag Carnot» kot tng moAvmapayyng
OTOV KTNPOKO TOUEN, DTOOEIKVIOVTOG VTOCYOUEVES ADGELG TTpog TV omavOpakomoinon. H
TeyvoAOYio, omobnKkevong CLUTIEGUEVOL 0€pa, 10img o€ 0dlaPaTikéG JUTAEES GE GUVOVAGUO
ue Bepuikn amobnievon, e&etdleton emiong g Pudoyun evoAAaKTIKY ADon arodnkevone. H
Biproypapio emPefordvel TNV @PYOTNTE TOV GUCTNUATOV UEHOVOUEVNG TOPOYWDOYNG
EVEPYEWG KO VITOYPAUUILEL TO 0LEAVOUEVO EVOLOPEPOV Y10l GLOTHLOTO TOAVTOPOUYWYNG ME
evooudt®on vipoyovov. QoT0C0, TMOUPUUEVOLV CNUCVTIIKE EPEVVNTIKA KeEVE, OTMG M
TEPOPICUEVN  UEAETN] o€ VPPOIKA ocvotiuate  Bepuikng  omobnkevong-omobnkevong
VOPOYOVOL, N EAMTNG PEATIGTOMOINGT GLGTNUATOV ATOONKELGNG VOPOYOVOL-NAEKTPIGUOD,
KaOdG Kot 1 avemapkng avéivon kokimv vrepkpicipuov CO:2, kol cuoTHaTEOV omobnkevong
o€ Yuypd doyeia yio Propmyavikég kot KTnpokég EpopLoyEc. AE0onUEIDTO lvat OTL 01 LEAETEG
NG OLVOUIKNG GUUTEPLPOPAES GLOTNUAT®V OTOONKEVONG CUUTIECUEVOL OPa, WOHTEPO E
evoouatouévn Bepuikn amobnkevon, eival 6TavieS, YeEYOVOS OV POVEPMVEL £VO, GTLOVTIKO
D0 Y10 TEPAITEP® £PELVA KOl PEATIGTOTOINGT).

[eprypdpovtot ot Pacikéc eE1I6MOEIS Kot TOL LoBMULOTIKE LOVTEAN TTOV YPNCLOTOLOVDVTAL Y1dL TN
TPOGOUOIMGCT S1POPOV GLGTNUATOV TAPAYWOYNG Kol amodnikevong evépyelag. Kabe poviéio
VIOKETO G O1e£001KEG O1001KAGIES EMKVPMOT|G Kol ETAANOEVOTG, PUCIGUEVES GE TEPAUATIKA
dedopéva kol amoteAéopato amd TN PifAoypoeia, dote va Stuc@aioTel 1 a&loTIoTIo TOVG,.
KaBopilovrar ot facucong deikteg Oeppoduvapikng amddoonc, Onmg 1 OgpuKn Kot MAEKTPIKN
aTOd00N, 1| EVEPYEINKT KOl EEEPYELNKT ATOJOGT], O GUVTEAEGTIG CUUTEPIPOPAG KOl 1] KUKAIKT|
aTOd00N, TOL XPNOUOTOVVTL Yo TNV 0pO1| a&lohdymon Tev cvetudtov. [1épa and Tovg
TEYVIKOUG OEIKTEC, TOL GUGTNIATA AVOADOVTOL IO OUKOVOUIKT Kol TEPPUALOVTIKY GKOTIA, UE
EUQACT OTIV OLKOVOUIK] OTTOJOTIKOTNTO KOl OTN UEIMON TOV EKTOUT®OV O10&EWi0V TOL
avBpaka. To TPOTEWOUEVO OAOKANP®UEVO TANIGIO TPOGOUOI®MGTC VITOGTNPILETOL ATO EPYUAEin
povtedonoinong 6nwg to Matlab, to EES, to TRNSYS «xoa1 to Aspen Plus. Zvykprrikég



avoADoELS pHe  OlQOPETIKG  Aoylopikd emiPePoardvory  mepatép® TV oxkpifeid TV
povtehonomoemv. TELOG, TapOVGIALETOL Lol GTPOTNYIKT TOAVKPITNPLOKNG PEATIOTOTOINGONG
TOV OYESOTIKOV TOPUUETP®V, PBACIGUEVY] O TOAAAMAG KPITHPLO TOL OVIOVOKAOUV Mo
oAoTikn a&loAdynon omd BeproduvapiKy, OKOVOUKT Kot TEPPAALOVTIKY| GKOTA.

Ot peléteg mPOGOUOIMONC TOL TPAYLOTOTOMONKOV GTO TANIGLO TG TAPOVGUG SOUKTOPIKNAG
dwTpPfrg, eoTid{oviog OTo  OMOTEAECUATO KOL OTOV  AETTOUEPT) OYOAOOUO  TOLG,
nepthopPavovior oto Kepdhowo 6. H Evommra 6.1 diepevvd GuGTAROTO CUUTOPAYOYNS
NAEKTPIGHOD KOl VOPOYOVOV, TO, OTTOI0 YPNOUYLOTOIOLY TOPUPOAMKOVG NAKOVG GUAAEKTEG,
opyavikovg kvklovg Rankine kot niektpointeg vepov. Avardovtar 600 epappoyéc — pia yio
éva un dlacvvoedepévo vnot kat pio yuo Bropnyavikn xpnon. H peiém eetalet tov vppidiopod
g Bepukng amobnkevong pe v arodnkevon o€ vVOpoyovo. Edv to fUicv g mopayouevng
NAeKTPIKNG evépPYeLag and Tov opyavikd kokho Rankine dioyetevbei otov niektpoldtm yio v
TOPOYDYN VOPOYOVOV, 1) ETHCLA UEAETN TPOGOHOIOTG Yo TV Tomobecia tng AOMvag deiyvel
OTL M €TnNolo. evepyslokn kot e&gpyelokn amodoon vmoroyilovror oe 14.9% wor 15.9%,
avtiotoryo. EmmpocOétmg, n Evotnta 6.2 peietd dtotaéelg molvmapoyyng Kot amodniKeuong
oe Pounyovikd mepiPdilovta, eotidlovtag o€ 600 KOWOTOUEG EYKOTOOTAGES TOL
TPOPOSOTOVVTOL ONO EVOAMOKTIKEG TNYEG evépyewg. To TPDTO GOGTNUO. YPTOLLOTOIEL
mopoforikodg cLAAEKTEG 6€ Guvdvacud pe KokAo Brayton pe COz, evoopatmvovtog Oeppukn
amofnkevon kot arobnkevon og vVIPoyovo. ‘Evag AéPntag Propdlog Tomobeteitan oTpaTnyiKd
UETA TOV avVaKOUIGTN Yo Vo avEnoet T Beppokpacio Tov pevpatog Tov tpopodotei Eva ORC,
TO 07010 YPNOUOTOLEITOL WG SEVTEPEH®V KVKAOG 1oyv0og. [Tapdyeton niextpiopodg, Bepuotnra,
yoén kot vopoydvo. Ot evepyelokég Kot eEepyelaxég amodocelg eBdvouy puéypt 37.89% won
20.86% avtiotouya, avadeikvoovtag T Pedtioon Tov OepLoduVaIKOY ETIOOCEMY PECH TNG
EVOOUATOONG VOPOYOVOL GE GUOTNHATO ToAVTOpay®YNS. H datpipn eetalet emiong pio GAAN
Bropnyovikn gykatdotacn o€ povade Prokavcipmy mov Paciletorl o€ opyavikd kokAo Rankine
KOl WOKTIK Hovada omoppognons. Ot o000 HovAdeg TPOQOSOTOUVIOL Omd PEVUOTO
amoppmtopevng Oeppotntog Kot Oeppdmmro amd MAKOUG GULAAEKTEG. Algpguvator M
evooudtoon defapevav amodnikevong Beppov Kot yoyxpov vepov. A&ilel va onuelmbet 6TL N
mpocOnkn Oefapevig amofnkevone Yyoyxpovd vepoy PBEATIdVEL TNV OTOS00T TNG WUKTIKNG
povadag amoppdenong, avavovtog Ty ot Tapayoyn yoEng tov digester katd 4.4%.

Emmdéov, n Evotnta 6.3 mpoteivel éva cdotnua Tolvmapoy®yng Kol amodnKevong yio Tov
KTNPKO Topéd, mov mepthapfdver pio modvfaduie avtiia Beppomrag, opyovikd kOKAO
Rankine, xafohg xor didpopo cvotiuate oamobnkevong Oepuod kar yoypod vepov. O
oLvoLaoUOG TG TEXVOoLoYing Tng «umatapiag Carnot» kot g TeyvoAoyia TOAVTAPAY®OYNG GTO
€V AOY® GOGTN IO OTOTELEL VOl KALVOTOUO GTOLYELD TNG EPELVAG. ZOUPDVOL LE TO, ATOTEAEG LLOLTAL,
01 evepyelokég Kot eEepyElokeg amodoaelg pBdvouy uéypt 368.7% ko 49.7%, avtictouya, vrod
ouvOnkeg 6TadepNg KATASTAONG. TN SVVOALIKT 0VAALOT], TO GOGTN IO EPAPUOLETOL GE KATOKIN
otV ABva, pe 6TOX0 VO KOADTTEL TANPOG TIG EVEPYEIOKES avayKeg Tov KTnpiov (Béppavon,
Yoén, (eotd vepd YPNONG Kol MAEKTPICUOC Yol QOTICUO Kot cvokevég). H amottodpevn
NAEKTPIKT EVEPYELN TOPEYETOL OO POTOPOATOIKA TAVEA, EV® S1EPEVVATAL KO 1) EVOOUATMOON
amofnKevoNC HEC® UTOTAPIOG MG OEVTEPEVOVCA LOPPT ATOBNKEVGONC EVEPYELNG. XTOV TEAMKO
EMAEYUEVO OYESOOUO, 1| UEOT KOALYN TOV EVEPYEIONKAOV OVOYK®OV TOVL KTnpiov @Bdvel to
86.7%. Emiong, m Evomta 6.4 mopovcidler évo adofatikd oOGTNHO AmofNKELONC
CUUTIECUEVOD 0€pO. [E EVOOUOTOUEVEG Oefapevég Bepuikng amobnievong. Avaivovtol
duvapkd ot JldKacieg (OPTIONG Kol  EKQOPTIONG TOV  GLOTHUOTOC Kol  YiveTol
dlooTactoAdynon Tev eEopTNUATOV TOv, OT®S ot defapevég Beppukng amodnkevong Kot M
KOWLOTNTO 0€Pal, Y1 SLOLPOPETIKES Beprokpacieg 6Td oL Kat didpkeleg eoptTions. H avaivon
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NG £TNOL0C AELTOVPYiaG Oeiyvel OTL | ETHOL0 KUKAIKT atOS0GT TOV GUGTHLOTOS OVEPYETUL GTO
46.92%, Bewpavtag 6TL 1 POPTIOT YIVETOL KOTA TIG MPEG YOUUNANS {NTNONG Kot YOUNADY TILOV
niextpikng evépyelng (LeonuPpvég dpeg), evd M EKQOPTION TPOYUOTOTOEITOL KOTO TIC
neP10dovg vVYMANg itnong (Bpadvég dpec).

Télog, To Kepdhato 7 mapovotdlel To KOP1o, GUUTEPACUOTA OVTHG TG O100KTOPIKNG O1oTpIP1G,
TOL KOVOTOUO GTOLYELDL TNG £PEVVOG KO TIG TTPOTAGELG Y10 LEAAOVTIKEG LEAETEC.
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