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Mapaywyn Ymokardorarou Puoikou Agpiou Kai
MeBavOAnc yia aroBKeuon evEPYEING

MepiAnyn AiBakTopixic Aiatpifrig

Kouroouura Eubupic-iwdvva

QO okom6g NG Tapoltoag diarpiBrg pe TiTAo “Mapaywyn Ymokaraorartou Puaikold Aepiou kai
MeBavoAng yia amoBrikevon evépyelag” eival o oxedlaopog xal n BeAtiototroinon Twy
Siepyaciwv  TTapaywyng Kauoipwy, He Xprion nAektpiopol amd Avavewoipeg [nyeg
Evépyewag (AME).

H Trapotoa SiatpiPry eival Xwpiopevn o 6 kepdAaia. To ke@dAato 1 TTapouoidlel To KivnTpo
yia v £kTévinon Tng Siatpiric kot T dopr) Tng. H evepyEliakr] oTpamnyIkn TNG EUpwITaIKg
‘Evwong pe opifovra o 2030 kai To 2050, B£te1 ouykekpipévoug oTOXOUS yia T HETARaon OF
£va EVEPYEIOKO CUOTNUA XAMNMAWV EKTTOUTTWV, PE oTdXO TNV aulgnon Tng EVEPYEIAKNG
amédoong, TS CUNMETOXIS Twy AlME Kal TG Xprions avavewolwy KQUoiHwy oTov TOPEQ
peTapopwv. H rapotoa SiarpIr] EMIKEVTpWVETTl oTa YEAAOVTIKG oevdpia, dmou o1 ATIE Ba
CGUMUETEXOUV TOUAdYIOTOV Katd 27% OTO €VEPYEIAKO HEIYUO KABE Kpdroug PEAOUG Kal To
TAOVaoHa nNAEkTpiopoU ammd AMNE Ba xpnoiporroeital wg amodiikeuon eVEPYEINS yiIa Tnv
mapaywyt] kauoipwy. To Ymoxkardotaro duoikod Aepiou kai n peBavodn prropolv va
XPNoigoTTomBolv w¢ UTTOKAT&oTaTa TWV avTioTOIXWV CUNBATIKWY Kaugaipwy, Yia Xprian oTov
TOMEQ evEpyEIag Kal peTagopwv. H Texvoloyia petarpotrig NnAEKTPIoHOU OF kKadaiya, “Power
to Fuel”, emTPETEL TNV NAEKTPOYNHIKY] HETATPOTTH ToU VEPOU OE 0§uydvo Kal udpoydvo, JEow
¢ Xpriong tAcovaopankoU nAEKTpicpoU améd AlNE. To udpoydvo avapelyvieTal oTn
ouvéxeia e Giofeidio Tou avBpaka, TTou SIOPOPETIKG Ba eKTTEUTOTAY OTNV aTpéoQaIpa, Kal
HETATPETTETAI KATQAUTIKG Ot YTToxardoTaro Guatkol Aegpiou kon MeBavoang. H epappoy Tng
1eEXVOAoyiag eEeTAleTal yia TNV EVOWRATWOT| TNG OE XWPOUG UYEIOVOHIKNS Taprg (XYTA), Kal
OE EPYOCTACIA Trapaywyric NAEKTpIopoU, péow kavong Bropddag Kar Ayvitn. EmrpooBera,
HEAETATAN O ouVBUAOHES TG NAEKTpOAUONG HE aeploTToinon OTEPEWV Kauaiuwy. MEow Tou
ouvduacpoU autol, TPoo@EpeTal N SuvaTdTTa AVIIKATAOTAONG TG povdadag apaywyrig
ouydvou, n peion fj n TAiENS avrikardoTacn Tou KataAuTiIkoU cUOTIHATOS TG avTidpaong
HETATOMIONS Kal NG déopcuong O6fivwv aepiwv, TToU YproigoTroiodvial ot oupBarikn
agpiotroinon yia v Tapdaywyl] kauoipwy. Zuvemwg, EmTuyXdveran T Aaueon xprion
diofeibiou Tou AvBpaxka péoa orn digpyacia, Trou SiaQopeTikd Ba eKTEUTTOTAV OTNV
arddoeaipa, Kal N HETATPOTIN TOU O KQUGTIH0, TUYXPOVWE ME TNV armoBrikeuon evépyeiag. O
ouvduaouée NG TEXVoAoyiag METATPOTIC NAEKTpIoPOU Ot KaUoIUa, ME CEPIOTTOINGH
BlopdZag, HEAETATAI yia TNV TTApaywyr] GVOVEWCIHWY KAUGTUWY, EVW JE agploTroinan Alyvim
¥ia TN HEIWOT Twy EI0aYSUEVWY KQUOiwY, ouyXpoviag JE TNV aToBIiKeUan EVEPYEIQG.

To KepdAaio 2 gmikevipvetal oty Trapaywyr] Ymokardotrarou <Quoikol Acpiou xat
HeBaveAns Kai otn Siepelvnon, HEOW KIVITIKWY HOVTEAWY Kal HOVTEAWY 100ppoTTias. aTo
Aoyiopikd AspenPlus™ ,otov oplop6 Twv BEATIOTWY TIAPAUETPWV YIQ T PEYICTN UETATPOTI
Toug o€ adlaBamkoUg Kol IS0BEpHIKOUS avTIBpacTripEs.

Yto Kepdhaio 3 efeTdleror n evowpaTwon g Texvoloylag HETATpoTTric nAEKTpiopol o€
KaUolPg, O©Ff XwWwpoug uyelovouikris Tagric (XYTA), kai O gpyooraoia Tapaywyng
NAEKTPIoPOU, péow Kalong Blopddag kar Aiyvitn. ApXIKG, TTapouciaderal pia BIBAIOYpagIkr)




avagopd OTg TEXVOAoYiES nAEkTpOAuong kal déopeuong Blogeidiou Tou dvBpaka. Emiong
TapouadideTar n povreAomoinon tng diepyaociag diopcuong CO,, Tpv Karl peTd amd Kkalon
ato Aoyiouiké AspenPlus,™ kaBug kai n evepysiakr BeAmioTotroinon g diepyaciag. £1n
OUVEXEIQ, TrapoucidadovTal Ta amoTeAéopara amd Ta BEATIOTOTTOINUEVA UOVTEAQ 100pPOTTITG
¢ KatahuTikiig o0vBeong YmokardaTarou duoikel Aepiou kKai peBavdAing, Kabwg Kal 10
povTédo yia 1 Bigpyaocia dioxwpliopol vepou kal PEBAVOANG, O ATTOCTAKTIKEG KOAWVES OTO
Aoyiopikd AspenPlus™. H amédoon ¢ TeXvohoyiag, oplopivn we TTpog TV EI0EPXOHEVD
NAEKTPIKT] EVEPYEIQ Kal T BEPMIKN EVEPYEIQ TOU TTapayOpevou kauaipou Siakupaiveral peragl
51.59% ka1 52.25% yia Ta cevdpla Tapaywyris Ymokardortatou Puaikod Aepiou, gvw
avrioTolXa yia 1 peGavoAn Siakupaiveron petagld 53.26% xar 54.17%. H oAokAnpuwuévn
peAéTn afiotroinang BepuIkic evépyelag yia Tnv Trapaywyr] Yokardorarou ®uacikel Aepiou
KaraAryel o 78.72% ornv mepimrwon twv XYTA, AMdyw Tng aflotroinong Twv Beputov
Kauoaepiwv atrd TIC PnXavég Kalang, evd yia Ta epyooTdaia Plopadag Kal Ayvitn, n oAikr
amédoon Heratpotric evépyelag eivan fon pe 52.55% kai 52.66% avriotoixa. Ta v
Tapaywyr] peBavoAng, n oAIK\ amédoon perarporrrig evépyelag ota XYTA eival fon HeE
71.89% , evih yia Ta gpyootdoia Slopadag kai Atyvitn 52.28%.

Z10 Kepdhaio 4, yeAetdran n aepiotroinon pe arpd, pe ofuydvo xal pe peiypa atpol-ofuyovou
oe d00 KAIpOKES WeyEBoug, O ouvduaopd e TNV TeXvoAoyia HETATPOTTHE NAEKTPIOUOU OF
Ymrokardoraro Quaikol Aepiou Kal peBavoing . O okomdg Tng HEAETNG Eival 0 OPIGHOG TWV
BEATIOTWYV TrapapéTpwv Kai amodooswy 1ng Siepyaciag kal n peiwon Twv ekmopmwy CO,,
Karé tnv Trapaywyn Twy Kaugdipwy. H PovIeAOTToiNGon TN¢ GEPIOTrOiNGNG TPaYUATOTIOIEITa
oTo Aoyiopiké AspenPlus,™ pe Tnv eVOWUGTWON TTApaUETPWY oo TEIpANATa AepIoToinang
nAiavBou, Ot HIa ATUOOQPAIPIKR KAivn avakukhogopiag. ZTn OUVEXEIR, HEAETWVTAI Of
amraltoUPEVES TEXVOAOYIEC KOBapIoHoU Kal EAEyXoU TG oUvBeang Tou cuvBETIKOU aepiou atrd
QEPIOTTOMNON Kal £ITIKEVIPWVOVTA! OTR XPion evepyoU dvBpaxa, oTn Xprion KAraAuTikoU
OUOTANATOS TNG QvTIdpACNG PETATOTIONG, OTIG TEXVOAOYIES Biaxwpiopoy kal avapopewong
MOCWV Kai orny Texvohoyia Siaxwpiopod o6fivwv aepiwv. lMapouaidfovral emiong Ta
amoTeAéouaTa TWY TIEIPQUATWY pe evepyd davBpaka yla T O£opeucn  ToAouoAiou,
vagpBaheviou, udpGBeiou, kapPovulooouhpidiou kai BiBeidvBpaka. H  TEXVOAOYia
DlaxwpIohol  6fiviov  Oepiyv,  HERETATAl  HE TN Xprion  XNUIKWV - DIGAUTGY,
MeBuAodiaiBavoAapivng Kat avBpakikol kahiou, HEOW HOVTEAWV OTO AOYIOHIKG AspenPlus™
. O1 araimiiosig awdédoong g Texvohoyiag diaxwplopel 6§iviov agpiv Kal Tou KaTaAuTIKoUu
ougTHUATOS TG QvTidpaong HeTatdmiong opifovial, clpQwva He TIG QITAITAOLIS NG
akohoubng KataAutikiig olvBeong yia 1a d0o kavoipa. H amédoon tng ouvduacuévig
TEXVohOYiag HETATPOTIAG NAEKTPIOPOU Kol QEPIOTTOINONG TTPO¢ TTapaywyr] OUVBETIKOU
puotkoU acpiou dlakupdiveral petall 57.67% kai 63.43%, yia Ta BEATIOTQ LEAETWHEVA
oevapia (xapnAr Triean Aermoupyiag, aepiomroinon pe ofuydvo Kal atpd Kat HeEyeBog
EYKATAOTAONG MAEKTPOAUTWV iG0 HE TIC avdykeg ofuyévou Kal pe UTTEpPHEYEBES cUOTNHG
nAEKTPOAUTWY). H avtioToixn ohikr} améSoon HeTd TV aglotroinon BeppIKIG EVEPYEIQS yia TNV
Trapaywyr Yokardorarou duoikold Aepiou eivan fon pe 72.83% kal 73.51% e Tautdxpovn
Tapaywyr] atgol’. H amédoon Tng ouvduagpévng TEXvoloyiag PETATPOTITG NAEKTPITHOU Kal
dEPIOTTOINGNG, TTPOG Trapaywyr HeBavoAng eival ion pe 53.20% kai §3.70% yia 1a BEATioTa
oevdpia (UynAr Tricon Aermoupylag agpiotroinon e ofuydvo Kol arpd kxal pEyedog
EYKATACTAONG NAEKTPOAUTWV fo0 PE TIG aVAYKES ofuyGvou Kai UE UTTEppEyeBEG oUoTNHa
NAEKTPOAUTWV), EVLY oI avTioToIeg oAlkég amadooeig sival foeg pe 59.19% kai 58.71% perd
N XPion TWV amoppITITOHEVWY agpiwv atré TN dlepyasia.

H avéiuon guaiodnoiag Twv TAPARETPWV Twv HEAETOUPEVWV DIEPYACIV KAl N ETTIPPOI] TOUSG
oTov TEAIKG BaBud arédoong yia Tnv TEXvoAoyia PETarpoTrtic NAEKTPIONOU ot KaUota Kal Tn




ouvBuaopévn TEXvoAoyia QeEpIoTTOiNoONG Kal HETATPOTIAG NAEKTpIOYoU OF  Kauolpa,
mapovoiafovial oto Kepdhato 5. ZTn GUVEXEID, TTPQYUATOTIOETA! HIQ TEXVO-OIKOVOUIKN
avaAuaon yia Ti¢ 800 Texvohoyieg kal Ta d0o kadoipa. H wapaywyr] peBavoAng, WEow Tng
TEXVOAOYIag HETATPOTIS NAEKTPIOHOU eival TTAEOVEKTIKY] Ot OXEon HE 6AQ Ta dMa oevapia,
AGYWw Tou MIKpOTEPOU KOOTOUG emévBuong. MNa v TepITTTWwon Tou Alyvitn, n emevduon ot
guvduaopévn TEXVOAOYia, TTpog Trapaywyri HeBavoAng WE aeplotroinoT, o€ HEYEDN TG TaENng
Twv 100Wth elvan Bioipn, utré oplouéves OUVBIKES. Ze GAEC TIS TTIEPITITWOELS TTAPAYWYIG
Ymokardotatou Puoikol Acpiou, Xpeidfovral UeydAeg emBOTHOEIC YIQ VA KOTQOTOUV
Biboipeg. Mera€l Twv TEXVOAOYIWY TTou PEAETABNKAY, N TEXVOAOYIO HETATPOTTTIS NAEKTPITHOU
oe Ymokardotaro ®uoikol Acpiou eival TTAEOVEKTIKT), €4v N ayopd NAEKTPIKIG EvEPYEIAS
TrpaypaToTroleital Je TIREG kdtw Twv 20 EUR/MWh. TéAog, Trapoudiadetar pia odvoyn Kal
ouykplon peTagl Twv dU0 Kauoidwv Ge OXEoN HE TNV ATTOBIKEUCT EVEPYEIQS, TNV amrédoon
NG SiEpyaciag Kol THY TEXVO-OIKOVOIKY] QvaAUCT|. ZUPTIEpacyaTikd, n mapaywyr BedavoAng
elval TTI0 gup@Epouca aTmé TV TTapaywyr] UOIKOU depiou, atrd TEXVOOIKOVOUIKN dtmoyn. H
oplaKt| TIWA fj UTTEPETIUNGCN TwV aVaAVEWCIMWY Kauoiywy, TTou KAvouv v emevducn oTig
Texvohoyie¢ auTég Biidotun, TapouoiGleTan Kai ouykpiveral Pe 1o KéoTog Biogeidiou Tou
GvBpaka.

TéAocg, oto Kegdhalo 6 porteivovian BEpata yia peAAOVTIKY epyacia




Production of Substitute Natural Gas and Methanol
for energy storage

Summary of PhD Thesis

Koytsoumpa Efthymia loanna

The scope of the thesis with the title “Production of Substitute Natural Gas and Methanol for
energy storage” is the process design and techno-economic evaluation of power to fuel
technologies. The present thesis is divided in 6 chapters. Chapter 1 presents the motivation
and structure of the thesis. The European Union (EU) energy strategy for 2030 and 2050
sets specific targets for the transition of the current European energy system towards a low
carbon energy system with increased energy efficiency, increased share of Renewables
Energy Sources (RES) and renewable transport fuels. The present thesis is focusing on
future scenarios for the energy mix, where RES penetration is more than 27%, and the
otherwise curtailed RES electricity is used as a mean for energy storage for the production
of methanol as substitute for transportation fuels and other chemical derivatives and
Substitute Natural Gas (SNG) as substitute for fossil natural gas. Power to Fuel concept
involves the use of electrolysers, which are operated during surplus electricity hours of RES
overproduction in order to split water to oxygen and hydrogen. The latter is subsequently
used together with otherwise emitted CO; to produce methane and methanol integrated in a
landfill plant and in a biomass and lignite fired power plant in the framework of this thesis.
The combination of water electrolysis and solid fuel gasification offers the substitution of Air
Separation Unit, the reduction or elimination of water gas shift catalytic system and acid gas
removal technology. Subsequently, the direct utilisation of CO, , which otherwise would be
emitted in the production process and its conversion to valuable fuels in combination with
energy storage is achieved. The combination of biomass gasification and power to fuel
technology is investigated towards renewable fuel production. Moreover, the use of lignite
and RES derived electricity is investigated for the production of fossil derived methanol and
SNG in combination with energy storage and reduction of energy imports.

Chapter 2 focuses on the SNG and methanol production via catalytic processes. Equilibrium
simulations via modelling in AspenPlus are performed in various process conditions for pure
mixtures of Hz, CO and CO, in order to define the optimum conditions for maximum
conversion in isothermal and adiabatic reactors. In addition, kinetic approach for the CO,
derived methanation and methano! is modelled and compared with the equilibrium results.

Chapter 3 is investigating the implementation of power to SNG and power to methanol as
means of energy storage and CO, utilisation in three different cases, namely a landfill plant,
a biomass and a lignite fired power plant. The state of the art electrolyser and CO; capture
- technology Iis reviewed. MDEA is modelled in AspenPlus™ for pre and post combustion
capture and optimised via using low temperature heat and reducing the imported steam.
Catalytic SNG synthesis is modelled in AspenPlus™ and optimised according to the power
to fuel technology and gas specifications. Methanol and distillation synthesis are modelled
with equilibrium approach. The cold fuel efficiency of power to SNG ranges between 51.59%
to 52.25%, while for the power to methano! between 53.26% to 54.17%. The overall process
integration of power to SNG resulted in an energy conversion efficiency of 78.72% for the
landfill case, where hot flue gases from an internal combustion engine are used, and 52.55%




and 52.66% for the biomass and lignite fired plant respectively. The overall process
integration of power to methanol resulted in an energy conversion efficiency of 71.89% for
the landfill case, where hot flue gases from an internal combustion engine are used, and
52.28% for both the biomass and lignite fired power plant case.

Chapter 4 accesses steam, oxygen and mixture of steam and oxygen gasification for
methanol and SNG production with a combination of electrolysers in two different scales with
the aim to define the optimum efficiencies and to reduce the direct CO, emissions during the
production process. Modelling of steam and steam/foxygen gasification process is performed
in AspenPlus™ according to a correlated gasification model with experimental values for
sunflower from an atmospheric fluidised bed gasifier. The gas cleaning and conditioning
technologies required for the syngas produced via the gasification focusing on activated
carbon, water gas shift, tar reforming and acid gas removal technologies are investigated.
Gas cleaning and scavenging is experimentally investigated in terms of activated carbon s
capacity for the removal of toluene, naphthalene and hydrogen sulphide, carbonyl sulphide
and carbon disulphide. Chemical solvents are investigated with equilibrium approaches
using potassium carbonate and MDEA. Capture ratios are balanced with and without water
gas shift reactor according to the requirements of the fuel synthesis. The cold fuel efficiency
of gasification and power to SNG ranges between 57.67% to 63.43% for the optimum cases
with low pressure steam/oxygen gasification and electrolysers sized according to oxygen
demand and according to the oversized electrolysers case respectively. The respective
overall process efficiency for the SNG cases resulted in an energy conversion efficiency of
72.83% and 73.51% with the production of steam. The cold fuel efficiency of gasification and
power to methanol was equal to 53.20% to 53.70% for the optimum cases with high
pressure steam/oxygen gasification and electrolysers sized according to oxygen demand
and according to the oversized electrolysers case respectively. The respective overall
process efficiency for the methanol cases after use of the purge stream resulted in an
energy conversion efficiency of 59.19% and 58.71% with the production of steam.

Chapter 5 includes a sensitivity analysis of process parameters and their influence on the
final energy efficiency for the cases of power to fuel and for the combined gasification and
power to fuel process. A techno-economic analysis of the two concepts is presented and the
optimum conditions, under which an investment on these technologies would be viable are
investigated. Methanol production via power to fuel is advantageous in all cases studied
compared to the combined gasification and power to fuel technology due to lower capex. For
the lignite case, where no premium prices are applied, the gasification and power to fuel
technology could be applied in scales of 100MWth of methanol under specific conditions. For
the SNG cases studied, it was found that high subsidies are required to make such an
investment viable and among the cases studied, power to SNG is a preferable option only if
the electricity price is lower than 20 EUR/MWh. Finally, a summary and comparison between
methanol and SNG production is performed on the basis of energy storage, process
efficiency and techno-economics. It is concluded that from the techno-economic point of
view methano! production presents better business cases than SNG production. The
marginal/premium price for the viability of the investment is also investigated in terms of
carbon emission costs

Chapter 6 presents suggestions for future work.




