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PhD Thesis

Evaluation of sustainable energy routes, under a circular economy
framework, using life cycle analysis principles in a multi-parametric approach

Adaxropun Awarpring

Afoioynon Procev  svepYElRKOV 0ddV o610 miaicio TNg Kvkhuig
owkovoping s@apuotovrag Tig upyés TS avdivong xokhov {oiic ps mohrv-
ROPUASTPLKT] TPOSEYYLION

Thvoyn

Yrbyog Mg Sbaktopkic Sotpifiic eivar vo mopéyel o oMOTIKI TPOoEyyion g odnyd v
SUOTHATIKT 01koSGUNoN Yvdoewv oxetid pe o, pebododoymd miaicwo g aviivong kbkiov Lwiig
{AKZ) mpog My anopdoeay o Tolelg svipyelng kot DAIKOY, kofhG Kat va Topéxst SLOTETES Yo TV
avTipeTdmon TV TpokAfoewv TG epapuoyfic Tovg oe mepiPailoviikd kel owovopd eminedo,

npokeévon v vroompitet v avdntuén nhoictov ToATiKAg ané T} okomd mg Kukhikig oovopiog.

H Sidaxtopikl) SwtpiBy mpoypotonolsl [iel CLYKPITIKY avdAUS 70V DEISTAPEVOV 0dNYidV Tov
GUVBEONKaY e Apeco Ty fueco Tpomo pe ng Texvikés AKZ. Tuykekpyiéva, Siepevvavion Stegodikd 1
Odnyin yiw mg Avavedowpeg IInyég Evépyewg, to TlepiBoilovikd Amotdmewpa IIpoidvrog xer n
Hepiforrovi Afjlmon Tpoidvioc, Zopemva pe Tv odyie Yo Tig avavedoeg mnyég evEpyelng 1)
nepfurhoviicii afordynon tav Ploxavoipov Poacifeton oe mpoxaBopiopévong mepiaihoviikobs
Seiktec. Qotéoo, cvviothron 1 Siebaywyn Aemtopspods Avaivong Kbkhov Zeoig ywr oddxinpn v
aiveida ofiug Tov Plokavoipov. Ermhéov, divetar ugaon omy afoddynon tov Poyevidy exnopndy
CO; kat oty pedodoroyia evompudtmois Tovg oe oevipi mov epevvdvtal, O kobopiopds Tev opiov,
Kode eniong Kol 1) cuvektipmon e sEOIKOVOUNGNG EKTOUTMY TV cLvEovTat pe 10odbvapa cuppoticd
evBIdEse /Kol TEMKE TpoiGvTa omotehoby TIg KbpIeg wapupiTpog, EnmAtov, Bo pmopodoay eniong va
An@dodv vréym o1 amopevydeiceg exmopmis pe ™ xpfion Prosvépyewd/AllE xkotd m &dpkew g
aviAvong oAdkAnpov tov kKikAov {wng. Enuthéov, mpotetvovian Pacixoi Seikteg omddoong (KPIs) yio o
EVEPYEWKS, GUOTANOTE, TPOKEIUEVOD VO EVOPHOVIOTOOV He TIG OvayKeg KoL To evBopépov TOV
gumAskOpEvOY popiey. Ot deikteg amdSoong kamyoplomoodvial avd oTédio Tov KOKAOD fons, dnAndn

atidi0 Kotaokevts, oTddio Asttovpylog, oradio €Aovg Long.

H &idoxvops] SwrpPfy Swpsvvd meporépo 10 mhaicw Kooroddmong Kixhov Zeng (KKZ) yio

KokMKd  evepysokd, ovotipoata. [ivetat ovykpm)] ovidivony tov vewotduevev miaciov KKZ.




Entrhfov, avantoocetol évo cuykekpipévo miaicto KKZ yio 6ha 1o ot¢die tov kbxhov, To mhaicio avtd
&xer avamTuyBel o8 cuvapmon pe Tov xpdvo, mpokeEvon vo. tapéxet agtodynon ko’ 6An ™ Sdprew
Lafg Tov efetaldpevoy cuothpatos. Epgoon divetar otov vrodoyiopd tov efotepikod kéoToUg, T0
onofo vrohoyiletar copeova pe vy Tomonomuévn pebodoroyia tav MepPorroviikdv Tindv. Qatéoo,
8o mpéner va Sobel mpoooy ong Swdikacies mov OGo cupmepiinefolv, dote va omopevyBobv
vroAoylopol wov nepapfivovy Siepyasiec mov site éxovv idn Ingbel eire dev oamoutelror va
yprjotponomboby, 13ing ot mepmTdoE; sxpeTdAlenang vronpoidvay. Oreg TpoypatoroinKe Kot 6To
mhaioto e AKZ, mapéyoviar oxetikoi Ssiktes amddoong yia kée o1d.d10 T00 KiKAOD Lariic, TPOKEIEVOL
va KohD@BOBY Ot GVEYKES KaL 01 oaUITOELG TV epmAexdpevav popéav oty eberalopewn aivoida afiog.
On Seiictec omdSoong £xovv dnpovpynei pe Phon mv evempdroon Sewtdy g avéivong kbrhov Lo

Emmhiov, 1 SwrpiPf wpotsiver éva mhadoto Tlodvkprmpiaxic Afiyng Amopdoewv (MCDM) yw myv
oMok afloAdyron tev efetaldpevov Siepyacihy 610 MAGicIo TEV apxBY TG KUKAKAG okovoiac,
Kaepylc nopovsdletonr cuykpiticli aviivon 1ov tpexovodv pebodoroyidov MCDM divovrag £pgoot
570V TopEe oL Umopoby va Ppowv epappovit. Tlpog avth My katebfovon, mPEXOVTOL TABOVEKTINOTE,
Kol meploplopol g kGOe pebodoroyiag pe Elgacn oIV spoppoyn, TI anorthoel; dedopévav, Ty
apePorbnro kor m Spdvere. Me Béon o mapandve, tpoteivetar Evag ovvdvasuos Soo nebodoroydv
AHP-TOPSIS, mpokeyévov vo. spappootel oe ovetipate xukhikig owovopios. Ta kprrfiplo wov
opiloviar oe avtd 1o mAcicio sivar mepiPoidovind, owovopikd ke texvikd. H uélodog AHP
eQuppOLETHL Y1t Tov mpoodopiopd Tov oxsTikdv Pupdy Tev kprnpiov wov ypnoporolodvial om
Sdacia exthoyiic, evd n Texvic TOPSIS ypnowomotel owtd to Pépn me AHP v vo iepapyfioet nig

svordokticés ADoELS,

Y10 mhaicio g mopodoog Saktopikhc SwtpiPlic 360nke Euguon oe mévie (5) Topeis g KUKMKAG
owovoplag. Ov  sfetolopevor  topeis sivar  Tlopayoy) Pokavsipev v spappoyl  omy
agporopla/vontiMe, petaokevn Propnyavikdv pe xpfon Puosvépyetas, ypfion Proyeviv gxmopndy CO,
10, Tapoyeyh mpoidviey mpooTiBiuevig a&iug, mopayayl ko xpion avaveboyav agpiov le £pgpoan
o10 Proatplo/Propeddvio ko oyetikés ohokAnpopéves aiveides ofiag kar Swysipon tov amofAntey,
copmephapfavopévng g ovaepdPlog  xdvevong. Kkopmootomoinen, ovaxbkhmon, amoTEQP@ON
omoppmépevey kaveipov (RDF)YActikdv Ztepedv Anofhitev (AZA). Ebikdrepa, doov apopd mmy
mapoyeyl Poxavsipav mpog xpron Tov o topsis, omng 1 asporopio/vavtihio, To amoTeAéopata TG
AKZ Seiyvouv 611 1) aviikotdotoon 1oV oopfotikdv Kowoiuov pe ta mapaydpeve Prokadotpa O
pmopodoe va pswbost g exmopnés GHG émg 85%. To Seikteg omwg m xhparich eddayfy kai 1
npotoyevi] evépyeln, 1 Sadwacie g mpoemebepyaciog gaivetar vo £xgt TV Kipia GO,
Melhovued abgnon g Sieicduong ATIE Ba umopoloe vit Heidhoet IEpuItépe T SKTOPTES £mS Kat 70%.

Ooov 0Qopd TV EpITOOY HETAOKEVAG Hovadug Proabavoing v Biboin mopayoy aeponopiKey




koooipov, Ta vmolovicpéve amoteAéopata defyyovy OTL M HETUCKEDT] VQISTEUEVNS EYKOTOGTOONG
aovéhng 1G et kolotepeg mepiPoiioviikés embooeig amd T X®PIoT rertovpyin Mg vAGPYOLCUS
povadag mopayoyig PoaBavéing ko pog véeg KOTOOKEDTG  OUTOVOUNG Hovadag aepomopkdv
kovoipov. O KOplog aviikTOLOg Mg eRiNTOCNG 610 PovouEvo Tov Beppoknmiov oLVSEETOL PE TN}
Aettoupylo Tov oLoT HaTog CUUTEPUYEYNG (~42 %) 600 KoL TEV Aepritov guoncod aepiov (~25 %) Yo
mv kéhoyn Tov onaitfoewy Beppomrog Kut woxbog TG gykotdotaong Prooavoins. Emumhfov,
Sievepynidnke afoddynon kixiov Cwfg y Ty ofoAéymon g nepPoiloviikic anddoong, TS
Sadikaoing mg cvv-gnelepyaciag ypnoomompévon paysipkod ehaiov (UCO) pe opukto erappd
NETPEAIIO ECOTEPIKTG KaboNG O TPEXOVOD, povada vipostelepyaciog viileh oe SwhioTiplo. InUoviik
peiwon Tov extoprdv aepiov Tov Beppoxnmiov (repimov 7,7%) 0o smEpel 1) CVIIKOTAOTOCT TOV
suppotikod opokTod kewoipov viiled pe to viiled HVO Rappavoviag by kot 10 UCO. Mux véu
povado, Shong rov gpnoiponete] amokheioTikG poyelpkd EAoio ©g TPdT A1 Oo propodoe vo ovkijocet
neportépm Ty efoucovépnon exnoundv agpiov tov Beppoknmiov fwg kol 93%.  2xeTkd pe To
ovovedhoylo ofpl, 1o onotehéopore g AKZ  amodewvoouy iy wpOTEPAIGTNTA TG APHioNS
kompiéc/icTnvotpogixdy ortoPrfitav avil yio koAMEpyees chigmva pe Tig odnyieg tov RePower 2030.
Efetalovion dgpopeg texvoroyies avafdOmong Poaepiov, 7wy, HepPplivec, XphoOT CHIVOV KoL
Tpoapdprot TaAdvroong nieone. ZOUeovo. ue o omotehéopora g AKZ, 1 ypiion apwdy mapovctalet
10 (EAapphc) vyAbTEPO MepPuddovied omotinopa doov agopd v vepdipuavor Tov whavity. Ta
amotehéopota Kootohéynong Koxhov Zang kepaivoviat and 40-86 €/MWh prousboviov avihoya pe
mv TexvoAoyia kol v mpdT VAN wOL ypnowonoeiton,  Avagépetar 6t og mepitTmon wov
ypnotporomPsi 0 opyaviké KAdope Tov AcTIKGV AmoppiIHGTaY, spoappoleron téhog eo6d0v, omoTE
HEwdvVEToL T0 avtictoo k6oTog Kokhov fofic. Ze oplopéveg EPWTOOSI; PE VYNAR X@PNTIKOTNTO
Broaepiov kut xpijon opyaviked KAdonaTog, T0 GOVOAIKS KOGTOG Béost tov apydv ms KKZ extpdot
yapnAdTepo and 306/MWh. To arotehéopate GUYKpIONKOY HE TPOTEWOUEVO umyavieud omipiéng yio
enevdvoelc Plopebaviov oty EAAGSe, katadfiyoviag amyv owovouks Tovg ProcipdrnTa. EnutAtov
ohokAnpopéves dhvoideg offog Propebaviov, cvpmepdapfovopévg g xpfiong Tov vronpoidviov
(Broyevéc CO, ko ywvepévop viod) kot g vyporoinong Tov lopedaviov, a&0Aoyii@nicav pe Baon to
maico aviivong kbxhov {ofig Tov avarnTixdnke ot VTRV T SBAKTOPKT SwrpiPi. To amotédecyo TG
AKZ Befyver 6 1 ovvodxd clvoido abiug fyet apviukés exmopmic Ady® g amoguync 1oodivapov
Broymukdy (evdidpeco mpoidv) ket vrodeipuatog (tehikd nTpoidy) mov kopaivovio omd -2 kgCOse/NmY’
Bropsbavio émg -2,4 kg COzy/Ni’ Propediivio. Bhoet g KKZ, 10 ouvohks k6610G wroroyileton ota
75-1606/MWh Propebdvio avddoye pe v mpdm AN mov Yprotponoleiton Kat Ty EQPOPUOCHEVT
texvohoylo. (xopls va AapBavetal VIOYW T0 ERLTOKIO avoyOYAS). Enwiéov Pioel TV DIOAOYIGUDY TOV

TPOYHOTOTOMONKOY Y10 TOMKPITNPIOKT) avdAvon mpoTeivoviol ceviplo, wov divoov Papdinte oe




TEXVIKA, TEPIBUALOVTIKG Kot OIKOVOIKGE KpiTpio. ZYETIKG Le Tov Topée, TG SWXEipLong aropPiupd Ty,
paivetal 611 0 Kefoplopds Tav opimy mov cvvdioviol pe TV sE0IKOVOUNOT] KL TNV ATOPUYT EKTOUTOY
Swdpapotier kpiowo péio v mv zepordovech ofwokdmon. Zvvendg, n olykpion petadh
avaepopiog ydvevong kot Kopmootonofong amodsicviet 61u 1 avaepdPiu xdveven rapovoiialet apvnrikd
7EPIPOAAOVIIRG amoTON®U AGYOD TG VAOKKTACTOONG THG EVEPYEW oL Topdyston amd T opuKtd
kodopa/ro Sfietvo nhektpikig evépyewng H obykpion g aepilonoinong og cuvEOAOHO UE TV avaKTon
TALGTIKOG/ xopTiod pe T S1ddeon ot hpoug oG amodekyviel Tig mepBaddoviikég emBapldvoelg g
whsvtaiog H odykpon petofd tov dbo peBoddov omotégppeong RDF kol obppeiktov aotikdv
amoppippétov (ATZA) odnyel oto cvpnépaopo 61t n anotéppacn RDF £xer pikpdtepn enidpoon oto
povdpevo Tov Oeppoknmiov omd my amotéppoon AZA. [lpaypatoromidnke avdivern evonobnoiog
Pactopévn oe Stapopetikéc Stapoppdoetg piBIoNG Y 10V S1oX®PIORS ¥apTod Kot TAASTIKOD GT
povide MBT. To amotedéopota emikupdvovy Tg mpotspadTnres g tepupyiog dayeipong
amopptupdTev, kaddg Ta cevipia pe VYNAS Sympiond TokdTipey vAKdY, mog xeptt Kol TAAOTIKG,
Aoy wo QIMKG mpog to mepdAiov doov agopd tov ovifkTomo oTo avéuevo tov Bspproknriov. H
avidvon evototnoiog mov Pooiletar ot perafoln tov mocootod avikmong deiyvel pia mepitov
yooppua| oxfon avriotpoeng petabd Tov WOCOCTOD AVAKMONG Kal TOv GuvoAdV memPaiiovikdy
smmthoeav. TEAog, mopéyetat TEXVOOIKoVOLKT a&10A0YiIoN V1o OAOKANpOUEVD BEVAPI0 KAPGK®OGS Yo
gQappoyh o€ peydhovg Sfpovs. EEetdlovrat kpioiieg mopauetpor, Onwg 1) TN THANGNG THS TOPaYOYIS
NAEKTPICHG EVEPYELHG, T TEAOG £10680V Kl To SYESI0 XPNHUETOSOTHONG, TPOKEEVOD VO TPOCHOPITTODY
ot PértioTeg cuvlikeg Yo enevdiosig otov Topéa Swelpiong anopptupdtov og avtictoovg dipov.
Onog nopovotdletal, 70 TELog £10680v anotehel my mAéov kpiown mopduetpo v m Broopomro
avtictoyov encvdbosmy.

H Sidaxtopucy Soapip pmopei va ypnowonombef g katevduvriplog odnyés v v avdivon
Brocpdirag av efetalopsvov evepysiakdv oddv kurhkig owovopiug Ta mhaisw avéivong kixAov
Lafig kat kooToAdmong kokhov Larlg éxovv kabopioTel evompatdvovag He EKTETONEVOL GpLol TO VRAPYOV
mhaioo mov Ppioketot otig odnyies mg EE. Tu amotediopato g avéivong Pooipdmreg tov
géetaldpevay o8MV KukAlkg oKovopitg Hopodv va xpnolionomBody GToug OVTIoTO(OUS TOpE(C,
TPOKEWEVOD Vo ANeO0DY aro@ioets OYETKG (e TV ROV TV 10 KOTEAATAOY 03OV KUl IPOTACELS Y1tk

pericon and mepiBalioviikh) Kot OIKOVORIKT TAEVPG.




Summary

The aim of this phD thesis is to provide a holistic approach as a guide for systematically building
knowledge about LCA and LCC methodological frameworks for sustainable decision-making in key
sectors, as well as provide recommendations for addressing the challenges of their joint application, in

order to support the development/proposal of policies frameworks from a circular economy perspective.

First of all, the phD thesis conducts a comparative analysis of the existing directives that linked with
direct or indirect way with the LCA techniques. In specific, the Renewable Energy Directive, the Product
Environmental Footprint and the Environmental Product Declaration are investigated in detail. The main
gap especially in Renewable Energy Directive for biofuels is that the environmental assessment is based
on pre-defined environmental indicators. However, a detailed LCA analysis is suggested to be carried out
for the whole value chain of the biofuels. In addition, emphasis is given in the evaluation of the biogenic
CO, emissions and how those emissions can be integrated in the investigated scenarios, The definition of
the boundaries is the main parameter, as well as the consideration of the saving emissions linked with
equivalent conventional intermediate and/or final products. In addition, avoided emissions by the use of
bioenergy/RES during the whole life cycle analysis could be considered as well. Furthermore, a list of
integrated key performance indicators (KPIs) for the energy systems is proposed in order to adapt the
needs of the stakeholders accordingly. The KPIs are categorized per stage of life cycle, i.e manufacturing
stage, operation stage, end-of life stage.

The phD thesis further investigates the Life Cycle Costing (LCC) framework for circular energy systems.
A comparative analysis of the existing LCC frameworks is carried out. In addition, a specific LCC
framework for all the stages is developed. The developed LCC framework is dynamic, since the
operational life cycle cost components is in function with time. Emphasis is given in the calculation of the
external cost. This cost category is calculated according to the standardized methodology of the
Environmental Prices, However, attention should be given in the processes to be included, in order to
avoid duplicated calculations especially in cases with exploitation of by-products. Similatly, to LCA
framework, relevant KPIs are provided for each stage of the life cycle, in order to meet the needs of the
stakeholders involved in the examined value chain. The KPIs have been builf based on integration of life

cycle indicators.

Furthermore, the thesis proposes a Multicriteria Decision Making (MCDM) framework for the holistic
evaluation of concepts based on circular economy principles. A comparative analysis of the current
MCDM methodologies is provided by giving emphasis to the sector that they can find application. To this
direction, advantages and limitations of each methodology are provided with emphasis to the

applicability, data requirements, handling uncertainty and transparency. Based on the given background, a




combination of two methodologies AHP-TOPSIS is proposed, in order to find application in the circular
economy concepts. The criteria set up in that framework are environmental, economic and technical. The
AHP method s implemented to determine the relative weights of the criteria used in the selection process,

while the TOPSIS technique utilizes these AP weights to prioritize the alternatives.

The present phD thesis focuses on the following five (5) sectors under a circular economy approach. The
examined sector are: Biofuel production for application in aviation/maritime, bioenergy refrofitting,
utilization of biogenic CO, emissions towards production of added value products, renewable gases with
emphasis in biogas/biomethane and relevant integrated value chains and waste management, including
anaerobic digestion, composting, recycling, incineration of Refused Derived Fuels (RDF)/Municipal
Solid Waste (MSW). In specific, regarding the biofuel production towards its use in sectors, such as
aviation/maritime, the LCA results show that replacing conventional fuels with the biofuels produced
could reduce GHG emissions by 85 %. For both climate change and primary energy, the process of
pretreatment seems to have the main contribution. Future increase RES penetration could further decrease
emissions by up to 70%. Regardiﬁg the case for retrofitting a bioethanol plant for sustainable aviation fuel
production, caleulated results show that the retrofit of an existing 1G ethanol facility has better
environmental performance than the separate operation of the existing bioethanol and a new-build stand-
alone jet fuel plant, The main GHG impact is associated with the operation of both the cogeneration
system (~42 %) and the natural gas boilers (~25 %) to cover the heat and power requirements of the
bioethanol facility. In addition, a Life Cycle Assessment to evaluate the environmental performance, in
terms of GHG emissions, of co-processing Used Cooking Oil (UCO) with fossil light gas oil into a
current diesel hydrotreater unit at an industrial refinery was carried out. A considerable GHG emissions.
reduction (about 7.7%) will be incurred by the substitution of conventional fossil diesel fuel with the
HVO blended diesel one. A newbuild refining facility using exclusively used cocking oil as feedstock
could further increase the GHG emission savings up to 93%, indicating that additional research is
required regarding the environmental performance of sustainable fuel production processes. Regarding
the renewable gases, 1.CA results proves the priority of the use of manure/livestock waste instead of crops
in line with the directives of RePower 2030, Different technologies of biogas upgrading are examined, i.e
membrane technique, amino washing and Pressure Swing Adsorption. According to the LCA results, the
amino washing presents the (slightly) highest environmental footprint in terms of global warming, The
LCC results range from 40-86 €/MW hyiomenane depending on the technology and the feedstock used. It is
mentioned that in case that the organic fraction of MSW is used then a gate fee is applied, so the
respective LCC cost is reduced. In some cases with high capacity of biogas and use of organic fraction,
the overall LCC is estimated lower than 30€/M Wh. The results are compared with the indicative proposed

feed in mechanisms tariffs for biomethane investments in Greece concluding to their economic




sustainability. In accordance with the sector of biogenic CO; utilization, the integrated biomethane value
chains, including the use of the by-products (biogenic CO, and digestate) and liquefaction of biomethane,
wete evaluated based on the life cycle analysis framework developed within that phD thesis. The LCA
result show that the overall value chain has negative emissions due to the avoidance of equivalent
biochemicals (intermediate product) and digestate (final product) ranging from -2 kgCO;wq/Nm3
biomethane to 2.4 kg COgequm3 biomethane. The relevant LCC is estimated at 75-1606/MWhyiomehane
without taking into consideration the interest rate depending on the feedstock used and applied
technology. Next to that, calculations based on AHP-TOPSIS methodology have been carried based on a
set of technical, environmental and economic criteria. Regarding waste management sector, it seems that
the setup of boundaries linked with the saving and avoided emissions plays a critical role for the
environmental assessment. Hence, the comparison between anaerobic digestion and composting proves
that the anaerobic digestion presents negative environmental footprint due to the substitution of the
energy produced by fossil fuels/electricity grid. The comparison of gasification integrated with recovery
of plastic/paper with the landfill proves the environmental burdens of the lafter one. The comparison
between the two methods of incineration of RDF and MSW leads to the conclusion that the incineration
of RDF has less impact on the greenhouse effect than the incineration of MSW. A sensitivity analysis
based on different configurations for paper and plastic separation in the MBT plant was carried out. The
results validate the priorities of waste management hierarchy, since the scenarios with high separation of
valuable materials, such as paper and plastics, were environmentally friendlier in terms of GWP impact.
The sensilivity analysis based on the change of the recovering rate shows an approximately linear relation
of inverse proportion between recovering rate and fotal environmental impact. Finally, an in depth techno-
economic assessment for integrated scale up scenario for application in high population municipalities is
provided. Critical parameters, such as the selling price of electricity production, the gate fee and the
funding scheme are examined in order to conclude to the optimum conditions for investments in waste
management sector at high population cities. It seems that the gate fee plays a significant role for the

viability of such of the investments.

This phD thesis can be used as guideline for the sustainability analysis of energy circular economy routes
LCA/LCC frameworks have been defined by integrating with extended boundaries the existing
framework found in EU directives. The results of the sustainability analysis of the examined energy
sustainability routes can be used in the respective sectors, in order to take decisions concerning the

selection of pathways and suggestions for improvement in environmental and economic terms.




