64338/18/D02 - 06/11/2048 !

EONIKO
METXZOBIO
IIOAYTEXNEIO

SXOAH MHXANOAOTQN MHXANIKQN

|

AlL: _ KOXMHTOPAX
ABrva,

Opb1] Eravéinym tov eyypdoov ue AI163902/5.11.2018

Ipog Ta Mékn AEII tng
Yyomic Mny/yov ’
Mny/kov

IPOSKAHEH

© Toag mpookoAodpue oty mopovsicon g Awaktopucis Atwtpifng tov  Y.A. K
MIIPAIMAKH Kaovotavtivov tov Acwvide mov exnévioe otov  Topéo

Oepuomrag, Surhepatodyog Mnyavodéyog Mmyovikdég tov EMII, n omoio Ba

npayparonomeei v Hapaokedn 9 Noeufpiov 2018, dpo. 13:00u.4. 60 Apeidéntpo
. Tlohopéomv tov kmpiov g Kevrpueig Biphodring tov EMII - TloAvteyveiovmoin
Zayphov. O eMnvixdg tithog g Awakrtopiicric AwtpiBig elvor o e8hg :

KOEPMOOIKONOMIKH BEATIZETOIIOIHEHKYKAOY RANCINE
OPT'ANIKOY MEXOY XE IIOAAATIAELZ KAIMAKEZY IZXYOX KAI
AZEIOAOTHZH MEOOAON AYEHIHY THX ENEPTEIAKHY KAI
EEEPI'EIAKHY TOY AIIOAOXHX»

: Ko 0 AyAlcds oG e€ng:

«MULTI-SCALE THERMOECONOMIC OPTIMIZATION AND
THERMODYNAMIC ASSESMENT OF ENERGETIC AND EXERGETIC
"EFFICIENCY IMPROVEMENT CONCEPTS OF ORGANIC RANCINE

CYCLE»

O Koopntopog tng Zyois

PR | o~ ~
N. Moappapag
Kabnyntig E.M.II

Hpoov IToAvtexveiov 9, {157>80 TToAvTexvetovnmoln Zaypagov  THA.: 210-7723492, FAX: 210-7723571



Hepiinyn

To avtikeipevo tng mopodoos STPIPNg aPopa GTPATNYIKES Yo TV oOENGCT TG OKOVOUIKNG
OTOOOTIKOTNTOG TV EVEPYELNKMY GVOTNUATOV KOKAoL Rankine opyavikod pécov (ORC). Ot otpatnyukég
avtég mepthapPavouv: 1) m Beppo-otkovopukn PeAtiotomoinon tov cvuPatikod ORC (SORC) (kepdioto
3) kot 2) 1N BepnTIKY dlEPELYNOT KAVOTOU®MY TPoNYUEV@V dtotdEemy Tov KOKAOL Kot LeBOdwV yia T
Bedtioon tov gvepyelakov kot e€epyelokov tov Pabpod amddoong (kepdiowa 4, 5 ko 6). Téhog, oT0
KePOAoo 7 mopovotdletor M ovATTLEN KOl 1) KOTOOKELT €VOG KOWVOTOUOV, OIKIOKNG KAIHOKOG
GUGTNHOTOG TPITOPAYWOYNE TOL Tpopodoteital amd Propdla kot Paciletal otn cuvdvacuévn Asttovpyia
evog vrepkpioipov ORC kan gvog kvkAov copmieong atpod (VCCO).

To mp®dTO KEPOAOIO TEPIEXEL UKL EMICKOMNOT TNG 1OTOPIKNG €EEMENC Kol TNG TPEXOLGOG
TEYVOAOYIKNG KOl EUTOPIKNG KaTAoTaoNnG TG TE)voAoyiag ORC, evd avaAdetar To pepidio ayopdg twv
UEYOADTEP®V KOTACKELOOTMY Kol 01 PAcIKEG PApUOYES TOVG. Ol SLVOTOTNTES KOl Ol TPOOTTIKEG TV
cvotnuatov ORC mov mpocavatoAilovior otnv aflomoinorn OSlopopeETIK@OV EVEPYEINKADY TNYDV
(yewBeppia, omopputtdépevn Oeppodtra, Propdlo, mMAOK EvEPYED KOU OIKIOKA GULOTHLOTO
UIKPOCLUTOPOY®YNG) TAPOLGLALOVTOL €V CUVTOWIN, VA €KTIBEVTOL TOL KUPLOTEPO TAEOVEKTNLOTO KO
eumodila avd mepintoon. To kepdlolo KAEIVEL (Lol TO AETTOUEPT] AVAAVGT) TOV GTOYOV TNG O1O0KTOPIKNG
StatpPnc Kal TNV Topovsioon e SoUNG TNE.

210 0e0TEPO KEPAANO Tapovstalovtor ot Pacikéc apyés e texvoroyiog ORC kot n yevikn
puebodoroyia mov okoiovbeiton ota Kepdlowo wov axoiovBodv. Kot apydc, avoivovior To
TAEOVEKTNUATO, TNG TEYVOAOYIOG og oyéon He Tn ovpPatikn teyvoroyio kOkAov Rankine vepov-atpov.
‘Eneita, ocvvoyilovtar ot 1010tnTeg S0pOp®V OPYOVIKOV OLGLDY, 7OV OTOTEAOVV KUPLO OTOLXELO
oyxedlaopod cvotnudtov ORC, evd emonuaivovtol to. Pocikd TAEOVEKTUOTO Kol LEIOVEKTLOTO TOV
vopoyovavlpdkmv g epyalopueveov HECOV. XTN CLVEYXEW TOPOVCIALOVTOL Ol GTUOVTIKOTEPES OPYES
KkaBmg kot 1 pebodoroyia oyedacpod cvotnudtov ORC mov akolovbeital oto endpeva Kepdloto g
epyoaoiog. EmumAéov, opilovtor ot ypnoipomotodpevol deiktec Beppoduvvoptkng anddoons, evad yivetal
GUVTOUN aVOPOPE G€ PAGIKEG GTPATNYIKEG AVENONG TNG. £TO TEAOG TOL KEPAAAIov divetar 1 AoTta TV
epyalopevev pécwv mov e£eTalovtal 6TV EpYAcia UE TIG PAGTKES TOVG 1010TNTEG.

To 1pito kepdioio eotidlel oV avAmTLEN LUOG OAOKANP®UEVNG HEBodOAOYING e OTOYO TN
Oepuo-owkovokn Peltiotonoinon ovotnudtov ORC  mpoopilopevov  kupiong 7y  a&lomoinon
amoppitopevng Bepuodmrag. Evtog tng eéetalopevng khipokag woyvog (1-700 kW,), 1o €1d1kd K06TO0G
enévovong (EKE) tov cuotnudtov xopaivetor and kot ehdyiotov 2000 €/kW, o pecaiov kot pueyding
KAMpokog epapuoyéc émg ko 12000 €/kW, og pikpng kKMUoKeS 10006, ZVYKEKPIUEVQ, GE TOAD LIKPEC
(<10 kW,) gpapuoyég, To EKE givar modd vynio, kabang kopaivetot amd mepinov 4000 €/kW, puéypt 8000
€/kW,. Zta 50 kW,, to EKE xvuaiveton amd 3000 €/kW, puéypt 6000-7000 €/kW,, evd ota 100 kW,
ovvnbmg xopaivetor amd 2500 €/kW, péypr 6000 €/kW.. e yevikéc ypauués, mapatnpeitar Eva £viovo
(QOVOUEVO  OlKOVOopiog KAIMaKOG Yoo ovothuato 1oyvog péxpt 50-100 kW.. T ovomiuorto
gyKaTeoTNUEVNS oyvog ave twv 100 kW, 10 @owvopevo otkovopiog KAMUOKOG YiveTol OA0Eve Kot
acOevéoTtepo Kol ovolooTikd eEapoviletoan og KAlpokeg 1oyvog dveo tov 300 kW, pue 1o EKE va
otabeponoteiton mepimov ota 2000 €/kW.. Adyw g LEYAANG GLVEIGPOPAG TOVG GTO GUVOMKO KOGTOG
eEOMAIOLOV, Ol EKTOVMTEG Kol KOT' ETEKTOOT 1) EMAOYN TOL €id0vg Kot NG d1dtadng Tovg emnpedlovv
ONUAVTIKA TO GLVOAKO kOoTOG emévdvong. o epyaloueva péoa yaunAng kpiowung Beppokpaciog, ot
KOYAM®TOL EKTOVMTEG EIVAL TEPIGCOTEPO AVTOYWVIGTIKOL Ao TIG GTPOorhopnyaves, Adym TG VYNAOTEPNS
TUKVOTNTOG TOV OMOTOVOUEVOD 0gpPiov. ATTO v GAAN, Yoo pEVGTA VYNANG Kpiowung Bepuokpaciog, ot
oTpoPriopnyaveg eival mo EAKVOTIKEG amd TeYVOoOolKOoVOoKn dmoyn. Ot mo onpavIikEG UETOPANTEG
oyedopod givor M wieon artpomoinong kabmg kol 1 Beppokpaciot GCLUTVIKVEOONG TOL KOUKAOD,
axolovBovpeveg amd o Pabud vrepBépuavong, o omoiog Umopet va GUVTELECEL O UEIMOT TOV KOGTOVG
TOV EKTOVOTIKGOV unyovov. Emumdiéov, n eddylotn Oeppokpacioxn oapopd (EOA) éyer ovdétepo
YOpPOKTAPA, KoODg Oev emmpedler onuaviikd to KOotn, He efaipeon TIC €QAPUOYES YOUNANG



Bepuoxpaciag. Téloc, Ppédnke mwg mapd TV evoeyoUeévmg BETIKN eminT®OoN OV pmopel va €xel otV
TOPOYOUEVT 10Y0, N TPOSHNKN EVOALUKTOV avokopiong Beppomrag (avokopot®v) dev givol yevikd
TPOTIUNTED OO OUKOVOULKT ATOWT] Y10, EPAPUOYEG ATOPPUTTOUEVNS BeprdTnTag.

210 T€T0pTO KEPAAOLO, Olepevvatal N ddtaén cvotnudtwv ORC dumdng Pabuidac (DSORCs).
I[Tio ovykekpéva, ovortoydnke &va povtého mpocopoiwong ocvotnudtov DSORC, to omoia
amotelobvton amd pia Paduida vyming (YO) kot pia Baduide youning deppoxpaciog (X®), otig onoieg
ypnotpomoteital to id1o M dtapopetikd epyoaldueva pevotd. EmmAiéov, avantiydnke Evag adyoptOpog yo
TOV VTOAOYIGHO TV PBEATIOTOV TILOV TOV TEGEMV OTLOTTOINONG TV dVO Pabuidwv kabhg kot tng EGA
OTOV OTHOTOTY Ko TG Beppokpaciog cvumvkvmong g Paduidag YO, pe otoxo T LEYIOTOTOINoN TG
OUVOMKG TapoyOUEVNG 10YDOG TOL GLOTAUATOG Yo €vo HeYOAO €0poc Oeppokpacidv. Ot kvpleg
petafAntég oxedtaopuon mwov ennpedlovv 1 Peitiotonoinon twv cvatnudtov DSORC sivar kupimg ot
mESES aTpomoinong o kKabe Pobuida koi, oe pkpodTeEPo Pabud, n tun g EOA. Amodeiydnke ot 1
EMAOYN TV BEATIOTOV TTEcE@V atponoinong kal g EOA emnpedletan oe peydro Poabuod amod tn oxéon
peta&d g Oepuoxpaciog €10600v TG TNYNG Bepudtnrog Kot TV KPIomv OepUokpacidy TV
epyalopevov pevotmv Tov DSORC. Kat' apynyv, mpénet va emAéyovTol YoUNAES TIEGELC ATUOTOINONG Kol
Yo Tic dvo Pabuideg 6tav mn Oeppokpacio g mNyNg BeppotnTog eivar TOAY yapnAn. Xe ovtn TNV
mePinTOON, TPENEL va. emMAEyovTAL Yo uUNAES TIEG EOA Yo tov atpomomt ¢ Pabuidag YO. Otav, and
mv GAAN mAevpd, M Bepuoxpacio g TYNS BepuodtTnTog eival moAD VyYNAY, Ba Tpémel vo emAéyovion
VYNAEG KO YOUNAES TEELS aTHoToINoNG oTig Pabuidec YO ko X0, avtictoya, eved n EOA 0o npénet va
avéavetal. Télog, 6tav m Oeppokpacio g mnyng Oepuotntog Ppioketol avapeca ot KPIGUUEG
Oepuokpaocieg TV epyalOUEVOV PELOTAOV TOL YPNOILOTOOVVTOL ot Pabuideg, ot 6Vo miéoelg
atpomoinong o mpémel vo avEdvovior UePIKDS, evdd 1 EOA Ba mpémel o€ KAMOlEC TEPMTMOELS V.
avéavetal. Ta ocvotiuoata DSORC eivar guvoikd oe ovykpion pe to cvatiuate ORC piag Pabuidag
Kupimg 6tav 1 Bepurokpacio T Tnyng Beppdtrog ivat ToAD yaunAotepr and Tig Kpioiueg Oepuroxkpacieg
TV gpyalOUEVOV PELCTMY 1| OEVTEPELOVIMG OTAV PpiokeTal evidg VO GUYKEKPIUEVOL €0pOVE HETAED
toug. Ta péylota opéln otov efepyeloxd Pabud oamddoorng pmopodv va gtacovv kot 1o 20%. Ta
ocvotiuoto DSORC  eivar 10waitepo €AKLOTIKA Yoo €QOPUOYEG OVAKTNONG Oeppotntog YoUnAng
Bepuokpaciag, otav epyoaldpevo pevotd mov Oo pmopovcav va gival MEPIGGOTEPO AMOJOTIKA OE
ocvotiuato ORC povig PoBuidog dev eivor StoBESIo Yo TEYVIKOVG, OTKOVOUIKOVG, TEPPAALOVTIIKOVG
AOyoug M| AOYOVG OGQAAELNG. X€ OLTH TNV TEPINTTOOT, EpYULOUEVE PEVOTA e YOUNAOTEPO KOOGTOG 1 LE
peyoAvtepn Olabecipudtnto pe vymAn kpiown Oepuokpacio pmopovv va cvlevybBovdv pe aviictoryo
peVoTA YounAdTEPN G Kpiong Bepprokpacioc.

Y10 WEUMTO KEPOAOIO Olgpevvdrtal 1 ¥pNon SVASIKOV (EOTPOMKOV UIYMATOV 7 QUOIKOV
vopoyovavOpakwv ce S18popec OVOLOYIEC LOPLOKNAG CLYKEVTPMOONG TOV GUCTATIKAOV TOVG GE GUCTHLOTO
ZORC. H oyxetikny Peitioon tov efepystokov Pabuod oamddoong o€ oLYKPION HE TO OVTIoTOL(O
ocvotiuata ORC kobopav epyalopevov péocwv (PORC) kvupaivetonr and 3.6% émg ko 48.3%. Kot'
apynv, n avénon tov e&epyelokov Pabuod amddoong Yo To TEPIOCOTEPA UIYUATO LEYICTOTOIEITOL OF
oA YOUNAEG Beprokpacieg nyng Beppdtrog, tov kopaivovtar omd 100 °C émg 140 °C. Evtovtoig, og
Bepuokpacieg vynAdtepeg and 200-260 °C (avaroyo pe To piypa), n Beiticoon tov fabpod arddoong twv
ZORC ocg ovykpion pe ta ocvotiuatoe PORC elayictomoteitar. Avtd cvpPaivel dtott n advénon tov
Babuov expetdAievong g Tyng Bepudtnrag mov emtuyydvetal and ta cvotiuata ZORC sival oyetikd
O ONUOVTIKN € YounAoTeEPEC Beprokpacieg mnyne Bepuotntag, eved kobiotator apeAntéo yio mnyég
Beppotntog vyming Bepuokpaciag. o ke €va dvadiko piyua, To cvotiuate ZORC eival katd kbplo
AOY0 guvoikotepa oe cuykpion pe ta cuathpata PORC mov Aettovpyovv €govtog og epyaldpeva péca ta
OLOTOTIKA TOV Lypatov tovg otav o) 1 Beppokpocio mnyng Bepudtrog sivor younidtepn omd v
kpiowyn Beppoxpacio Tov GVGTATIKOV YOUUNANG Kpiowyng Oeppokpaciag Kat, o pkpotePo Pabuod, B) étav
n Oeppoxpacio g myng OBepudtrag Ppioketal eviog evog Oepuokpactakod €0povg UETOED T®V
KPIoIUOV BEpUOKPACIHV TOV GLOTATIKAOV VYNANG Kot YOUNANG kpicwng Beppokpaciog. 'evikd, to
ocvotiuota ZORC pmopovv va eivar 1010dtepa EAKVOTIKG Y10 EQAPUOYES YaUNADY Bepuokpacidv (100-
140 °C), yo t1c omoieg mapatnpeiton onuavtiky PeAtioon tng TapayoUeEVNS 1GYV0G TOVG e TAPOUOIEG



TOYOTNTEG TEPLOTPOPTC KL TOPAUETPOVS HEYEDOVG TV GTPOPIAOUNYOVAOV GE GOYKPLON LE TO GCUGTHLOTO
PORC. EmmAéov, Ba pmopovoay va ival otkovopkd EAKVGTIKA 6Tr| Oeprokpoctiokn teployn petaly 180
kot 240 °C, 6mov mapd 10 pikpotepo epmplo Pertioong Tov fabpod amnddoong Tov TPOGPEPOLV, 1|
TOPATIPOVLEVT] OLVATOTNTO LEIMOTNG TOL KOGTOVG TV oTpofthopunyovadv Bo pumopovse va aviiotaduicst
70 aENUEVO KOGTOG TV EVOAOKTMOV OepOTNTS TOL GYETICETOL [LE TNV EQUPLOYT TOVG.

270 €KTO KEPAANIO LEAETATOL 1] EPOUPUOYN TNG OVOYEVVNTIKNG TPOBEPUAVONC Yo TV adENCT] TG
evepyelokng kol e&epyelakng amodoons tov ocvotnudtov ORC. Xvykekpyévo €EETACTNKOV TPELS
drapopetikég drotaéelg avayevvntik®y cvotnpdtov ORC (RGORC) pe kol yopic avakdpueo, ot omoisg
eitvar o1 O-ORC, CB-ORC kot CF-ORC. Ot mapandve datdéelc feAtiotomomOnkay kot cuykpibnkay pe
70 cVUPOTIKO pn-avayevvntikd cvotnue SORC. Bpébnke g ta cvotipato SORC pe avakdpion Exovv
TAVTOTE KAADTEPT) AOSOCT| OO TOL OVOLYEVVITIK( CUGTAUATO. XVVETMOC, Ol AVAYEVVNTIKES SL0TAEEIS Ywpig
avakopeon votepobv évavit Tov SORC, kobng yopoaktnpilovtor amd yapnAiotepn amdO0GT EVED
TOPOAANAL ExoUV aLENUEVO KOGTOG AOY®D TOV UEYOADTEPOL TANOOLE CLVIGTOOMOV EEOTAIGUOV TOL
amottohV Kol TnG TOAVTAOKOTNTAG TNG KATAoKELNS Tovs. Eviovtolg, Bo umopovoay va amoteAécouy pia
eEAKLOTIKY emhoyn OTav dOev eivar epiktny 1 gpapuoy] SORC pe ovokduon, kétt mov cvppaivel oe
EPUPUOYES epYalOUEVOV PELGTMOV YOUNANG Kpiowung Beppokpacioc. ATd Tnv GAAN TAEVPA, TO. GLCTAUOTO
RGORC pe avakoépon vreptepotv évovit T@v SORC pe avokopion, pe 1o mepidmplo Pertioong g
amddoone Toug va. cuoyetiletal apvnTikd pe tov PBabud vrepOBépuavone tov kdxiov. o mapdderypa,
otav ovtog eivar 40 K 1 oyxetikn avénon g evepyelokov Pabuod oamddoorg otny mEPITTOON TNg
dudtaéng CF-ORC xvpaivetoar and 2.59% émg 7.93%, axoiovBovpevn amd avty g ddtaéng O-ORC,
mov Kvpaivetoar omd 1.29% €wg 6.45%. Otav o Pabuog vrepbépuavong etvan 10 K, 1 oyetikn avénon tov
evepyelokoy Pabuod oamddoorg oty mepintwon g owdtalng CF-ORC, xvpaivetar and 2.78% Ewmg
9.47%, axolovBovpevn amd avty g dwitaéng O-ORC, mov kvpaivetonr and 1.29% og 14.40%. H
ouataén CB-ORC mapovstdlel T yoUnAOTEPT] ATOO0GT|, EXTVYYAVOVTAG U0 LEYIGTN OYETIKN AOENCT TOL
evepyelokoL PBabpov amoddoons katd 1.35% oe cvykpion pe to cvotnua SORC pe avaxoduon. Télog,
YPNON OVOYEVVITIKAOV GUOTNUATOV LE ovaxkopion yo tn Peltioon tov eéepyelakov Babpov amddoong
TV cvpPatikav cvotnudtev ORC o epappoyéc avaxtnong armoppmtopevng Beppotntog 6 cuviotdral,
kaBmg 1 Pertioon g evepyelakng amddoons tov avayevvntikdv ORC dg duvatol va ovtiotadpicst Tig
avénuéveg ommleleg myng Beppotntog mov eppavifovral Adym tng vyniotepng Bepuokpociog Tov
epyalopevov peuatov otV €i6odo Tov atpomowth. [lapodla avtd, n epoapuroyn tov cvotnudtov RGORC
Ba pmopovce va dwkaoroyndel edv dev egivon daBéoa epyaldpevo pevotd vyYNnAOTEPNS KPIoLUNG
Bepuoxpaciog.

Y10 £Pfoopo Ke@AAolo, MAPOLGLALETOL 1| TPOGOUOI®ON, 0 OYESCUOC Kol 1 ovATTLEN €VOC
KOLVOTOLOV, OKIOKNG KAILOKOG GUGTAOTOS TPImapay®yne pe kavoiuo Poudla, o onoio Paciletal ot
dtaovvdeon evog ORC pe éva VCC. Xto ke@dAoto Tapovstaletal 1 S1GTOGIOAOYNOT Kol 1) ETA0YN TOV
SPOP®Y  CUVICTOONDV UNYAVOAOYIKOD KOl MAEKTPOAOYIKOD efomAlcpod TN eykatdotoong H
avantuydeica mepapaTikn eykatdotoon 0o tebel oe mANpn Aettovpyio 6t0 pEAAOV ®ote va derybel n
TEYVIKN NG PLooctudTnTa Kol 1 omddoon NG Kot Vo TPOGOoploTOVY TPOTOTOGELS BEATIOONG TNG.

Y10 0Y000 KeQAANO, GLVOWILOVTOL TO KUPLO CLUTEPAGHOTO TNG TOPOVCHG EPYUCING EVMD
TOPOTIOEVTOL KOl TPOTAGEL Y10 LEAAOVTIKT €pyacia.



Summary

The scope of the present thesis encompasses a number of strategies for enhancing the cost
competitiveness of Organic Rankine Cycle (ORC) energy systems. These strategies include: 1) the
thermoeconomic optimization of the standard ORC (SORC) (chapter 3) and 2) the theoretical
investigation of innovative, advanced cycle configurations and concepts for improving its first and second
law efficiency (chapters 4, 5 and 6). Finally, in chapter 7 the development and construction of an
innovative domestic scale biomass-fueled trigeneration system based on the combined operation of a
supercritical ORC and a vapor compression cycle (VCC) is presented.

In the first chapter, an overview of the historical growth and current technological and
commercialization status of the ORC technology is presented, including an analysis of the market share of
the largest companies which are active in the field and their main target applications. The potential and
state-of-the-art of ORC systems oriented towards the utilization of different energy sources (geothermal,
waste heat recovery, biomass, solar and domestic/micro-CHP) are briefly discussed, while the main
advantages and barriers are outlined in each case. The chapter closes with a more detailed analysis of the
motivation and goals that have driven the work undertaken throughout this thesis.

In the second chapter, the fundamental principles of ORC technology and the general
methodological guidelines followed in the thesis are presented. Firstly, the advantages of ORCs against
the conventional water-steam Rankine cycle are summarized. Secondly, the properties of organic working
fluids, which constitute a critical component of the design of ORC applications, are analyzed. The main
advantages and potential drawbacks of hydrocarbon working fluids, which are considered in the present
thesis, are highlighted. Subsequently, the main principles governing the design of ORC systems are
introduced and the main aspects of the methodology followed in the subsequent chapters of the thesis are
presented and discussed. Furthermore, the main thermodynamic performance evaluation indexes used in
the thesis are defined and explained. The following section of the chapter involves a brief introduction
into some commonly considered efficiency improvement strategies. In the last part of the chapter, a list of
the working fluids that are examined is given and their main properties are presented.

The third chapter is focused on the development of an integrated, holistic methodology aiming at
the thermoeconomic optimization of ORCs, oriented primarily towards waste heat recovery. Within the
investigated scale range (1-700 kW.,), the specific investment cost (SIC) of ORC modules varies from a
minimum of approximately 2000 €/kW. at medium/higher scales to a maximum of over 12000 €/kW, at
very low scales. More specifically, at very low (<10 kW,) capacities, which correspond to micro ORC
systems, the SIC is very high, ranging from approximately 4000 €/kW, to 8000 €/kW.. At 50 kW,, the
SIC ranges from 3000 €/kW, to 6000-7000 €/kW., while at 100 kW, it typically ranges from 2500 €/kW,
to 6000 €/kW.. There is a considerable economy of scale effect for power capacities of up to 50-100 kW..
For installed power capacities higher than 100 kW,, the economy of scale effect becomes progressively
weaker and practically disappears at capacities above 300 kW,, as the SIC variation for higher power
outputs becomes nearly flat, being stabilized at around 2000 €/kW.. Due to the increased contribution of
the expanders into the total equipment cost, the expander type selection and configuration greatly
influence the overall capital expenditure. For low critical temperature fluids, screw expanders are more
cost-effective than turbines, due to their higher vapor densities. On the other hand, for high critical
temperature fluids turbines are more favorable from a technoeconomic viewpoint. The most critical
design variables are the evaporation pressure as well as the condensation temperature of the cycle,
followed by the superheating degree, which can play a major role in reducing the costs of expansion
machines. Furthermore, the evaporator pinch point is a neutral variable, having a minor influence on the
total costs, with the exception of low temperature applications. Lastly, it was determined that while
having the potential to increase the power output of ORCs, the addition recuperation is generally not
favorable from a thermoeconomic standpoint in waste heat recovery applications.



In the fourth chapter, the concept of double stage ORCs (DSORCs) is investigated. More
specifically, a DSORC is modeled, consisting of a high (HT) and a low temperature (LT) stage.
Configurations including the same and different working fluids in the two stages have been examined. An
optimization routine was developed to calculate the optimal values of the evaporation pressures of the two
stages, as well as the pinch point in the evaporator and the condensation temperature of the HT stage in
order to maximize the total power output of the system within a wide range of heat source temperatures.
The main design variables affecting the optimization of DSORCs are primarily the evaporation pressures
in each stage and, at a lesser extent, the pinch point value in the evaporator of the HT stage. It was shown
that the optimal selection of the evaporation pressures in the two stages and the pinch point in the HT
stage evaporator is largely influenced by the relation among the heat source inlet temperature and the
critical temperatures of the working fluids of the DSORC. In principle, low evaporation pressures for both
stages should be chosen when the heat source temperature is very low. In this case, low pinch point values
should be set for the HT stage evaporator. When, on the other hand, the heat source temperature is very
high, high and low pressures should be selected for the evaporators of the HT and LT stage respectively,
while the pinch point value in the HT stage evaporator should be increased. Lastly, when the heat source
temperature is located between the critical temperatures of the working fluids used in the DSORC stages,
both evaporation pressures should be moderately increased, while the pinch point in the HT stage
evaporator should be occasionally given high values. DSORCs are favorable compared to single stage
cycles operating with the two respective working fluids used in their stages mainly when the heat source
temperature is either far lower than the critical temperatures of these fluids, or, secondarily, within a
specific range between them. The maximum relative exergetic efficiency benefits can be as high as about
around 20 %. DSORCs can be an appealing option, especially for low temperature waste heat recovery
applications, when working fluids that could produce more efficient single stage cycles (under the given
heat source temperatures) are unavailable for technical, economic, environmental or safety reasons. In this
case, less expensive or more easily available alternative high critical temperature fluids can be coupled
with lower critical temperature fluids.

In the fifth chapter, binary zeotropic mixtures of 7 natural hydrocarbons at variable molar
concentration ratios corresponding to a total of 196 different working fluid combinations are evaluated as
working fluids of ORC systems. The relative exergetic efficiency improvement compared to optimized
pure fluid ORCs (PORCs) ranges from a minimum of 3.6 % to up to 48.3 %. In principle, the highest
exergetic efficiency benefits for most mixtures are attained at very low heat source temperatures, ranging
from 100 °C to 140 °C. On the other hand, at heat source temperatures higher than 200-260 °C (depending
on the mixture), the performance advantage of ZORCs compared to PORCs becomes insignificant. This
happens because the increase of the heat source utilization efficiency attained by ZORCs is relatively
more significant at lower heat source temperatures and becomes irrelevant for high grade heat sources.
Considering a specific binary mixture, ZORCs are mostly favorable compared to the PORCs of its
components when a) the heat source temperature is lower than the critical temperature of the low critical
temperature component (LTC) and, at a lesser extent, b) within a region between the critical high critical
temperature component (HTC) and LTC critical temperatures. ZORCs could be especially attractive
within the low 7}, region between 100-140 °C, in which they have significantly improved performance
and similar rotational speeds and size parameters compared to PORC. Furthermore, they could be
economically feasible within the temperature region from 180 to 240 °C, in which despite their lower
efficiency improvement potential, the turbine cost savings could make up for the increased cost of heat
exchangers.

In the sixth chapter, the application of regeneration for increasing the energetic and exergetic
performance of ORCs is investigated. Three non-recuperative and recuperative regenerative ORC
(RGORC) configurations, the O-ORC, the CB-ORC and the CF-ORC, were investigated, optimized and
compared to the standard cycle. The recuperative SORC always performs better than the non-recuperative
regenerative cycles. As a result, non-recuperative regenerative configurations are not recommended as
alternatives to recuperative SORC configurations since they lead to lower efficiency at increased costs,



due to the increased equipment components and construction complexity. However, they could constitute
an appealing option when the implementation of recuperative standard ORCs is not possible, which is the
case for low T, fluids. On the other hand, recuperative RGORCs are superior compared to the
recuperative  SORC, while their efficiency improvement potential is negatively correlated to the
superheating degree. When a superheating degree of 40 K is assumed, the highest relative energetic
efficiency increase is observed in the case of the CF-ORC, ranging from 2.59 % to 7.93 %, followed by
the O-ORC, ranging from 1.29 % to 6.45 %. When a superheating degree of 10 K is assumed, the relative
energetic efficiency increase in the case of the CF-ORC, ranges from 2.78 % to 9.47 %, followed by the
0O-ORC, ranging from 1.29 % to 14.40 %. The CB-ORC shows the lowest performance improvement,
reaching a maximum relative energetic efficiency increase of 1.35 % compared to the recuperative SORC.
The application of regenerative and recuperative cycles for improving the exergetic performance of
standard ORC systems in waste heat recovery-type applications is not recommended, since the energetic
efficiency improvement of regenerative ORCs fails to outbalance the increased exergy losses occurring
due to the higher temperature of the working fluid at the evaporator inlet. Regardless, the implementation
of RGORCs could be justified if higher T, fluids that could be thermodynamically superior are
unavailable.

In the seventh chapter, the simulation, design and development of an innovative domestic scale
biomass-powered trigeneration unit based on the interconnection of an ORC and a VCC is presented. The
sizing and selection of the various mechanical and electrical equipment components is discussed. The
system will be tested in the future to demonstrate its technical feasibility and actual performance potential
and to determine efficiency improvement enhancements and modifications.

In the eighth chapter, the main conclusions of the present thesis are summarized along with
proposals for future work.



