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EBviko Metoofio TToAvteyveio

X0 Mnyoavordywv Mnyovikav
Touéag Oepudtmroag

Epyaompio Atpokivnmpov & Agpitov

AprOunTIKI] TPOCONOIMGT KUVOTON®MY GUGTNHATOV 0T0ONKEVGNG EVEPYELOG
Baoclopevov 6 TOAVPUCIKES POEG

Mvupto Zevéin
Empiénowv: Zotipios Kopéilag, KaOnyntie EMIT
Hepiinyn Awdaktopiknig Awatpifpi)g

O okomog TG MUPOLGOS OUKTOPIKNAG OwTpPrg €ival 1 HOVIEAOTOINGN KOWVOTOUMV
ocvoTnpatov omobnkevong evépyeog Pacilopeva, (1) oe vAKG oAAayng @Aong VYNANG
AovBavovoog Beppotnrag (latent heat thermal energy storage systems), 1| (2) o€ cvotiuato
KOKK®S0VE ponc (Lovadeg pevotomompévng kAivng - fluidized beds). Ta tekevtaio Pacilovton
glte oV amobnkevon evépyelag vto T Hope1| AavBdvovcag Bepudtnrag, eite o KOKAOLG
OOPTIONG-EKPOPTIONG LEGD YNUKNG OVTIOPACNS, XPTCLLOTOIDMVTOS Y10 TOPAOELY LA EVAV KOKAO
evd00epunc-eEmbepung avtidpaong, Omwg o kOKAog décuevong olo&ediov tov AvOpaka
acPBeotonoinong-evavOpdkmwong (calcium-looping cycle - Cal). Apeotepa ocvotipota
UTOPOovV Vo, XPNGLLOTON OOV G€ S1APOPES EPUPHOYEG SLUPOPOV KAUAK®V (0O TELPUUATIKES
EYKOTAGTAGELG, LEXPL LOVADES TAPOY®YNG NAEKTPIGLOV) KOl LTOPOLV va. xpnoipononBovv gite
avtovoua, gite e o0LeLEN pe dAdes cuUPaTIKEG LOVAdES TapaywYNG evépyelas. Emmpochera,
o1 Bepuokpacieg Aettovpyiog Tovg aToygvoLV c€ Bepuokpacieg avm twv 500-600 °C, ot omoieg
glvar vyMAOGTEPEC o€ oYEoN Le TO GVUPOTIKG GLOTHUOTO aToBNKELONG BEPUIKNG EVEPYELOG
Bacwlopevav ce oTAeg dAatog, Yopic va amokieietal n Agrtovpyio TOVE KOl GE UEGOIEC M
younAég Bepuoxpaciec.

[T ovykekppéva, to cvoTHoTa OV eEeTdlovial oIV TaPovod OOAKTOPIKN SloTpiPn
amoTELOVV 0) £val KOWOTOUO GOOTNHO omobnkevong evépyelag vVtd T Hope1 AavOdvovcag
Beppotnrog 10 omoio gumeplEyel TUPITIO GOV VAIKO oAhayng @dong Kot Agttovpyel o mTOAD
vynAég OBepuokpacieg (~1410 °C), B) o kvuxhoc acPectomoinonc-evavlpdkmeng o omoiog
Aertovpyel oe vynAég Oepuokpacieg (~650-900 °C) kou pmopel va ypnopomombei yuo
Ao KeELON EVEPYELOG VIO TN LOPPT) NIUKNG OVTIOpaCTG Kol TapGAANAN déGELOT S10EE1010V
ToV GvOpoka Kot y) Evo GUGTNUO oo KEVOTG EVEPYELNG VIO TN LoPEPT| aucOnThg OepuodTnTog
(~500-600 °C) 1o omoio Bacilerar otn por KOKKM®IOVG PONG VIO TNV HOPPT PLCAAMB®V Kat
umopei vo Aertovpyel gite yio amobnkevon evépyelag oAAG Kol ®G EVOALGKTNG OgppotnTag.
Q61660 1 YPNOT TETOIMV CLGTNUATOV Ge gvupeia KAipaKo amattel €1¢ fABog Yvdon dlopopmv
UNYOVICU®V cLVOAayNG BeppotnTag Kot S1opdpwv TepimAoK@V poikmdv eotvopévav. H yprion
TOV EpYUAEi®V VITOAOYIOTIKNG pevotoduvakng (computational fluid dynamics - CFD tools)
umopei vo fonbnoel oy katavonon TETOWV UNYAVIGU®V, Kobmg Kol otn PektioTonoinon
TETOL®V CLGTNHAT®V, OGOV APOPE TIG GLVONKEG AEITOVPYING TOVS, OAAL KOl TOV GYEOGLO
toug. H avamtuén tov dlopopmv vroloyloTikdv epyareinv yivetolr ot mapodoa dotpipr ot
gunopiky mAat@opuo mpocopoimong (ANSYS Fluent™) wxar dmov xpiveton amapoitmto
YPTOLLOTOLOVVTOL O1APOPOL KDOKEC 08 YAdGoa Ttpoypappaticpod C ko FORTRAN, oote vo
eUTAOVTIOTOOV KOl Vo PedtioBodv and dmoyn axpifelog. EmPefaionon tov apibuntikov
HOVTEAWV YIVETOL [E TN XPNON TEPAUATIKOV OTOTEAECUATOV, TO, OTToi0 avakTONKay gite amod



™ Biprroypagia, gite amd cvvepyalOUEVEH TOVETIGTIO/QOPEIC OTA TAAICLN TOV EPEVVNTIKOV
£PY®V, KOTA TNV SIUPKELN TMV OTOIMV EKTOVHONKE 1) S100KTOPIKT| StoTpip].

Mo cvykekpipéva, oTN mEPINTO®ON TOV VAKGOV alhoyng edong (phase change materials -
PCMs) Aappdvovton vmdyn ot punyovicpoi petapopds Oeppdmntog pECHO oyOYNG Kot
CUVOY®YNG, M OVATTUEN OEVOPITIKMDY HOPPAOV KATO TNV GTEPEOTOINCN TOVG, KOOMG Kol 1
aAAayn TOv OYKOL TOLG KaTd TNV aAAayn edong avt®v. To poviého evBolmiog-ropddovg
(enthalpy porosity approach) ce ocuvvdvaocud pe ™ upébodo volume of fluid (VOF)
YPTCULOTOLOVVTOL Y10, TNV TPOGOUOIMOT] GLGTNUAT®Y oL PacifovTal o VALK dALOYNG PACTC.
Kplown mopdpetpoc yio v PeATIOTONONGN TOV GLUYKEKPIUEVOV GLOTNUATOV givol ot
ammAeleg OepudTNTAG OO TO TOYYDUOTA TOVG, Ol OTOIEG ALEAVOVTOL OVTIGTPOP®G AVAAOYO UE
oV OYKO TOVG, evd eEoptdviol oe peydio Pabud kol amd 10 oyfuo mov £xel T0 do)Elo
amofnKeLONC TOL LAKOD OAANYNC PAong. To LoVTELD aVTO EQopUOLETAL VIO TV TPOCOUOIMOT)
NG TPLPACIKNG PONG UEGH GE Eva dOYElD TO 0010 EUTEPIEXEL EVOL VALKO TTOV OAAALEL PAoT 0O
oTEPED GE VYPO KOl AVTIGTPOPA KOl EVOL AOPOVEG 0EPLO TO OTOI0 EUTEPLEXETAL UEGO GTO 1010
doyeio mhvw omd to VAKO. EEetdlovtal 600 TOTol VAIK®Y 0Ahayng pdoemv (o) Kepi Topapivng
T0 omoio aAAGCeL pdom o€ yaunAés Oeppokpaoieg (~40 °C) ko (B) vAkd odhayng eaong véag
vevids, Onmg to Kpdupata Popiov/mupitiov ta omoia yapaktnpifovror amd AavOdvovco
Oepuomro g théeng Tov 2-4 MI-kg? (nio tdEn peyébovg peyoditepn oG TOV TUTIKMOV
OTNAGOV GAOTOG TTOV YPTGILOTOIOVVTOL EVPEMG ONUEP). AdYy® TOV VYNAOD onueiov THEE®S
TETOIOV VMKOV (Tapadeiypotog xaptv 1o kabopd mopitio Mmvel mepimov otovg 1400 °C)
VILAPYOLY TOAAG TEXVIKG TpoPAnpata oto 1610 To Vot oV Tpémel va pedetnfovv. Eva
OoNUAVTIKO TPOPANUa glvar ot peydleg Bepikég andAeleg amd Ta TorydUaTo Tov doyeiov. O
TOMOG HOVOOTG (VAIKA, TAXOC VAIK®V), KoBdg Kat To 1010 T0 GyNpa Kot 0 GyKog Tov doyeiov
puropobvv va tai&ovv poro 610 péyedog TV an®AEI®V. AALES TOPAUETPOL TTOV SIEPELVAOVTOL GE
éva Tétolo cvoTNUe amodnKevong gival 0 pLOUOG POPTIONG-EKPOPTIONG TOV, KAOMDC Kol O
1pévog amobrkevong (0 xpovog TPy yAacel OAN TNV ATOONKELUEVT] EVEPYELD VTIO TN LOPON
AavBdvovsag Oegpuomrag). Ocov agopd to oyfpuoate UHeYAAn Eugacrm divetar oty
BeitioTomoinon Tov oyNHaTog Tov KOAOVPOL KMOVOL, KaBMS Tapovcidlel peydin everéio otov
oYe0OGUO Og OYEoN TOpadeiylaTog Yapwv pe 10 cQapkd oynfuo. Télog, yivetar pia
TOPOUETPIKT OVOAVGT OGOV a@opd TNV emidpacn TV 1O10TTOV ToL LAKOV (Ogppuikn
ayoylpoTTa, €K OeppoyopntikdtnTo KAT.) otov puBud @OpTIoNG EKEOPTIONG TOV
GLOTNLOTOG,.

Ocov agopd otig pevotomompéves KAveg avakvkiopopiog, yivetoar povieAomoinom g
TOAVPOGIKNG PONG LLE TN YPNON TOL AVATTUYUEVOL LOVTEAOL OMIGHEAKOVOAG EAOYLOTOTOINOTG
gvépyelag 010popav kKhpdkav (EMMS) 1 onola av&aver tnv axpifeia tov amoteAeoudtoy o€
oyéon pe ovpPatikd povtéda (m.y. o povtélo omobédkovsag tov Gidaspow). Emmpdohera,
dAlo otoryeion mov e€etalovrar eivor M emidpacm NG petagopds Oepudmrtog pécw
axtwvoPoriag (to ovykekpuévo eoavopevo ypnler aiag vo ueretnel oe mepurtmoelc (o)
PELOTOMOMUEVOY KMVOV opog pong Omov m emidpacmn HeTaeopds Oeppotntog péowm
axtvoPolriag uropei vo givarl onuavtikn, oAl Kot o€ (B) THTovg pEVGTOTOUEVOV KAMVMY TOL
amofnikedovv evépyelo amd tov NAMO KAT.). ZTnv TeAevTaio. TEPIMT®ON 1 EmMdpACT TNG
axtvoPoriag givarl TOAD oNUOVTIKY, KOOMS T0 A®POVUEVO COUATIONN ATOPPOPOVV EVEPYELQ
a0 TOVG TOLYOVG TNG HOVAdNG o1 omtoiot eivon gite dlamepatol oty NAtakn aktivoPolio (Gueon
amoppOPNoN eVEPYELNG) €iTe adOMEPACTOL (EUUEST ATOPPOPNCT EVEPYEWNG). ZMNUOVTIKY
wpooTOEéuevn ol otV EMOTNUOVIKY KOwotNnto, €ivolr OTL To OVOTTUYUEVO HOVTEAQ
EMKVPOVOVTOL EVOVTL TEIPAUOTIKOV OTOTEAEGUATOV amd TAOTIKEG povades (300 kWin-1
MWi) ot omoieg pumopohv vo TpocEPovV Ui o PEFAICTIKT EIKOVO TOV POTKOV QUIVOUEVOY



o€ UeyaAn xkhipoxo. ITo ovykekpipévo ot apBunTIKEG TPOGOUOINCELS TEPAapavouy, (o)
KOTOOKELT] KOl EMKVP®ON TOL HoviéAov EMMS ce ocOoTnUo peELGTOTOUMEVNG KAIVIG
avaxkvkropopiog 1 MW, 1o omoio AauPdver vmoyn ) Sduerpo tov aviwpaoctipa, (B)
LLOVTELOTIOINGT GLGTHUATOG PEVGTOTTOMUEVNG KAIVIG 68 dV0 Khipakeg (1 MW ko 20 MWiy)
70 omoio Agrtovpyel oG evavabpokmTNG Kol BEATIOTONOINON TOV GYESIAGHOD TOV UECH TNG
HeAETNG Sopopmv cevapiov, Kat () LOVIEAOTOINGT] GLGTHLOTOG PEVGTOTOUEVNG KAIVIG TO
omoio Aettovpyel g aoPecstomoin TG Kot Aapfavel Oepudtnra, eite HEGM TG EYYEVODG KOVGEMS
otepeod kawoipov (oxy-fired Cal), eite péow éupeonc mpdcsdoong Bepudmroac (Indirectly
heated calcium looping). Empdcbeta m didaxtopikny datpiPr] EMIKEVIPOVETOL OTH
HOVTEAOTOINGOT] GLUGTILOTOC PEVGTOTOMUEVNG KAIVIG LE PUOAAIdEG TO omoio Agttovpyel @G
doyeilo amoBnkevong/evorlraking Bepuomrog (20acikn por) — XTr GLYKEKPEVT] LOVAd
VIAPYEL PO GEPA 0md COANVAOCELS LEGO OTIG OTO1ES péet atudg 0 omoiog Tpafdet Beppotnta
Ao TN pevaTomomuéVT KAV, I'or T por) Tov atpo PEGH OTIC COANVMOGELS YPTCLOTO0VVTOL
oLVOPTAGELS KOTOAANA Stapoppopéves and to xpnotn (UDF — User Defined Functions).

Téhog tifetar éva yevikd TAQICIO €QAPUOYNG TOV TPIOV HEAETNUEVOV TEXVOAOYIOV
amofnKevong evépyelag (0mobnKevon eVEPYELNS GE OTEPER KOKKMDIN copatidle vd Tn Hopen
a1 tg Bepudtnrag (o) Ko ynutkng avtidpaong (B), Kabmg kot amodnkevon evépyelag vmo
popon Aavlidvovcog OepuotnTog oe VAIKG oAdayng eaong (y)). IMo ovykexpuyéva,
TapovGtaleTal Lo Be@pNTIKY GVYKPLOT| Y10 TOVG SLLPOPETIKOVG TOOVG Pefddwv Béppavong
Kol amofnKevong evépyELag OGOV 0POPA TOLG PLOOVG POPTIGNC KOl TO YPOVO (POPTIGNG TOVG.

AéEaig KAEWLd: YTMOAOYIGTIKY] PEVGTOOLVOLIKY, CLGTHHOTO OTOBNKEVONG EVEPYELNG,
GUOTHIOTH KOKKMOOVG POTG, VAIKE 0AAAYNC @AGTC, TOAVPAGIKY poN], LETAPOPE Bepudtnrag
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Summary of PhD Thesis

The scope of the present Doctoral Thesis is to model and optimize novel energy storage systems
operating at high and ultra-high temperatures based on either (1) phase change materials
(PCMs), or (2) granular materials. The latter can be part of sensible heat storage fluidized bed
systems or thermochemical energy storage systems, such as the carbon capture calcium looping
(CaL) cycle. All three types of systems (latent heat, sensible and thermochemical) can be used
in applications of various scales (from experimental facilities to industrial scale units) as stand-
alone technological options or in conjunction with other conventional power generation units.
In addition, they are aimed at temperatures above 500-600 °C, without excluding their operation
at medium or low temperatures.

More specifically, the innovative systems examined in this doctoral thesis are a) a latent heat
thermal energy storage system that contains silicon as a phase change material and operates at
ultra-high temperatures (~1410 °C), b) the calcium looping cycle, which operates at high
temperatures (~650-900 °C) and can be used for energy storage in the form of chemical reaction
and simultaneous capture of carbon dioxide and c) a sensible heat storage system based on a
gas-solid fluidized bed (~500-600 °C), which can operate either for energy storage or as a heat
exchanger in power plants. However, the use of such systems on a large scale requires in-depth
knowledge of various heat transfer mechanisms and various complex fluid flow phenomena
taking place during their operation. The use of computational fluid dynamics (CFD) tools can
help to understand such mechanisms, as well as to optimize such systems, in terms of their
operating conditions, but also of their design. In the framework of this doctoral thesis, the
development of several CFD based tools has been achieved by utilizing a commercial
simulation platform (ANSYS Fluent™) and where it has been deemed necessary, in-house
codes in C and FORTRAN programming language have been used, in order to improve the
accuracy of the developed models. Validation of the numerical models has been done using
experimental data, which have been retrieved either from the literature, or from cooperating
universities carrying out the experimental campaigns of the studied systems in the context of
the research projects, during which the doctoral thesis has been prepared. Verification of the
CFD models against theoretical models has been also done in cases where there has been lack
of experimental data.

As regards phase change materials (PCMs), the heat transfer mechanisms through conduction
and convection, the development of dendritic formations during the PCM solidification and
their effect on system performance, as well as the PCM volume change during their phase
change are taken into account. The enthalpy porosity approach combined with the volume of
fluid (VOF) method are used to simulate systems based on phase change materials. A critical



parameter for the optimization of these systems is the heat losses from the crucible sidewalls,
which increase inversely to their volume, while they also depend to a large extent on the shape
of the storage container of the phase change material. This model is applied for modeling the
three-phase flow inside a container that contains a PCM that changes phase from solid to liquid
and vice versa and an inert gas that is inside the same container over the material. Two types of
PCMs are tested (i) paraffin wax, which changes phase at low temperatures (~40 °C) and (ii)
new generation PCMs, such as boron/silicon alloys, which are characterized by a latent heat of
the order of 2- 4 MJ-kg* (an order of magnitude greater than that of standard molten salts widely
used today). Due to the high melting point of such materials (for example pure silicon melts at
about 1400 °C), there are many technical problems in the system itself that need to be studied.
A major problem is the high heat losses from the vessel sidewalls. The type of insulation
(materials, thickness of materials), as well as the shape and volume of the container itself can
play a high role in the amount of lateral losses. Other parameters investigated in such a storage
system are its charging-discharging rate, as well as the storage time (the time before it loses all
of its stored energy in the form of latent heat). Regarding the shapes, great emphasis has been
placed on the optimization of the shape of the truncated cone, as it presents great flexibility in
design in relation to, for example, the spherical shape. Finally, a parametric analysis has been
made regarding the effect of the material properties (thermal conductivity, specific heat
capacity, etc.) on the charging-discharging rate of the system.

Regarding the circulating fluidized beds, the multiphase flow is modeled using the developed
energy minimization multi-scale drag model (EMMS), which increases the accuracy of the
results in terms of the overall pressure drop predictions, solids recirculation flux and predicted
flow patterns compared to conventional homogeneous models (e.g., Gidaspow's drag model).
Furthermore, other elements investigated are the effect of radiative heat transfer (this particular
phenomenon is worth studying in cases of (i) dilute flow fluidized beds, where the effect of
radiative heat transfer can be significant in (ii) types of fluidized beds that store energy from
the sun etc.). In the last case (i.e. solar particle receiver) the effect of radiation is very important,
as the suspended particles absorb energy from the walls of the unit which are either permeable
to solar radiation (direct energy absorption) or impermeable (indirect energy absorption). An
important added value to the scientific community is that the developed models have been
validated against experimental results from pilot units (300 kW-1 MW4,), which can provide
a more realistic view of large-scale flow phenomena. More specifically, the modeling activities
include, (a) construction and validation of the EMMS model in a 1 MWy, circulating fluidized
bed carbonator, (b) modeling of the carbonator reactor at two scales (1 MW+, and 20 MW4,) and
optimizing its design through the study of various scenarios, and (c) modeling of a fluidized
bed system that acts as calciner and receives heat either through the in-situ combustion of solid
fuel (oxy-fired CaL) or through indirect heat transfer (indirectly heated calcium looping).
Finally, the present thesis focuses on modeling a bubbling fluidized bed system that acts as a
storage vessel/heat exchanger (2-phase flow). In this unit, there is a series of tube buddles, in
which steam flows and draws heat from the fluidized bed. Appropriate user defined functions
(UDFs) have been used to implicitly model the steam flow inside the pipelines. Added to this,
a theoretical model has been used to carry out extra parametric studies on the effect of several
parameters (e.g. fluidizing agent type) on the overall heat transfer process inside the sensible
heat storage system.

Finally, a general framework is set for the application of the three main technologies studied
(energy storage in solid granular particles in the form of sensible heat (a) and chemical reaction
(b), as well as energy storage in the form of latent heat with change materials phase (c)). More



specifically, a theoretical comparison is set by comparing the different types of heating and
storing methods studied in this Thesis in terms of charging rates and charging time.

Keywords: computational fluid dynamics, thermal energy storage systems, granular flows,
phase change materials, multi-phase flow, heat transfer
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