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MepiAngn

M xprion evépyetag oe éva epropLkd mAolo KOAUTTTEL TG avayKEeG KUplwG yLa Ty TpGwor) Tou Kat
v Tapox NAEKTPIKAC evépyelag ot Sudpopa cuatipatd tou, ol onoleg kahunrovran & odokArpou
and £t5ikét oxebraopévous vauTikolg kivnthpeg VIieA (koploug kon Bon@ntikols avtiotoxa). Ze peydia
miola, o kdotoc kavolpou amoterel mepinou to 30-55% Tou cuvohikol Aettoupylkol KOOTOUG,
avéoya pe Tov o Tou mhoiou. Yrdpyouy Loxupd kivnTpa otov Topéa Tng vauTihiag yio t pelwon
TOU KOOTOUC KAUGLpoU KoL TN ouppudpdwon e GAO KoL IO AUOTNPATEPOUS KAVOVIOLOUS anoSoans.
Napdro mou n texvohoyia neTpehaiokvnTpwy eivan TOAL omodotikn, oL peydAot vautikol KwnTripeg
vilteh Bewpolvtar Buaitepa kotdAAniot yia olvbeor toug pe éva oclotnua  aftonoinong
anoppunrduevne Beppodtnrag (Waste Heat Recovery, WHR), koBwg o kwnmijpag amoppintel peydho
Hépoc NS YNHLKC evépyetag kauolpou oto nepBérhoy, kuplwg péow Twy kowoaeplwy (Ewg 27% g
XOUKAC EVEPYELRC KaUolloU) Kot Héow Tou vepod hiEng tou yrrwviou tTou (Ewg ko 25% TG XNHLKAG
evépyeLag kavoipon). Adyw Twy napandvw, n napodoa SwpPn enkevipwdnke otnv afonolnon thg
ATOPPUTTOUEVNE BEpRATNTAC KIVNTAPWY ECWTEPLKIG KAUONEG KAL TILO CUYKEKPLUEVE and TO KUKAwHO
vepot PUENg Tou Yitwviou. H epyacio emkevipwBinke oIy KATAoKEU, Ty MElpapatik] aglohéynon kal
v TARpEN autopatonolnon eveg cucTRpaTtog aglonoinong aropputtdevng BeppoTNTOG HE TN XProN
opyavikoU Kukhou Rankine, el8kd oxedtacpévo ya 1o KOKAwpe PpiEng Tou xitwviou evég vauTiko
Bondntikol METPEAOLOKIVNTHPLL

510 Keddhalo 1, napovotdletal pa veviky eruokdmnon tou kKAGSou tg vautiiag, EmumAéoy,
neplypddetal To UDLOTALEVD KAl To LeAAOVTIKS KavovioTikd mhaiote, kabg eival Jwtikig onposiag ol
evblabepdpevol va éxouv i cadry drolin TPOKELUEVOU va AGPOUV TI( OWOTEG EMXELPNHATIKES
anoddoeic. Enione, nopovoidlovratl GAoL ot onpavrikol ToykooLoL ket iepibepetakol kavoviouol nou
Oa ennpedoouy T vauthla Tig endpeveg Sekaeties. Enuthéov, yivetal eldiki avadopd otnv katdotoon
TWV EKTOMMV artd th vauthio. Tédog, ylvetar pia oAokAnpwpévn mepypadl Twy TEXVOAOYKWY
£EEMEEWY, TIPOKEWEVOL Vi LETPLACTOUV OL OIWAELEG EVEPYELOG KAt vt BeAtuwBel n ouvolik anddoon
gvdc rholow. Yo to dug dAwv twv npoavadepféviwy, sLINTELTOL 0 OKOTOE Kot oL 6ToYXoL TNG rapoloag
uehétng n omola elvar 1 ovdktnon Beppdtniag omd KWNTNPES ECWTEPIKIG KAUONG Ko TILO
OUYKEKPUIEVA ard T0 KOKAwLa vepol 1pBEng tou Xitwviou.

¥1o KeddAaio 2, 8(8etal n nepypadn 6Aou tou emipépoug efomAoHoU 1tou GUVBETEL THY TTPWTN
EKGOON TNG EPYACTNPLAKIC EyKaTEoTaoNG opyavikol kikAou Rankine. H erhoy] dAwv Twv enupépoug
gfaptnudtwy, TOU OUVBETOUV TNV EPYOOTNPLOKY EyKatdotaon opyovikob kikAou Rankine,
TEKPNPUDVETAL PE BAON MApAUETPOLE 6TWE N XwenTwoThTa / 1oXU, N anddoan, 1o VALKG KOTOOKEUNG
onowucbiiote dAhog eldikdg 6pog / eptoptopos. Mapouvatélovrol dAa T TEXVIKG XOPOKTNPLOTIKG yia
k&Be emuépouc eforhiond [ ebapnpa,

Ito Kedddowo 3, napoualdfoviol TO GROTEAEOUOTO TWV MEWPAUQTIKWY HETPACEWV TIoU
SlevepynBnkav oe 800 xpovikég niepldbous / xapndvieg, Eniong, emonpaivovial, n ohUoviiki yvwen
TIOU otoKoUioBnKe oxeTikd pe TN cURNEpLbopd, TIG MAPUUETPOUC TIOU EMNPEAlOLY (LY. bawopeva
onnAaiwong oty Tpodobotik avtiia epyaldpevou pPéocou, ThY AROS0CH TWV EKTOVWTWV KoL TNV
enibpaon g unepBéppavong kat tng vrodéng) adhd kot BeAtwoetg mou Ba augficouv Tn cuvolkh
aréSoon Tou cuoThuatoeg opyavikol kiikhou Rankine, TeEkpnpudvetdl n onpaocio tng anddoong tng




tpododotikis aviiiag kai g Aetroupylag xwpls dawvépeva omnhaiwong, ediké v povddec
opyavikol kOKkhou Rankine puprg kAlpokag, Q¢ arotedéopara tg 2™ mepapatikic ekotpatelas,
ouvopllovron OpkeTd onpovikG oupnepdopote.  Flikd  oxedlacpéve  Sokuyleq  omnAaiwong
anokdhuPov otL éva kaBapd Do kedorig avappodnorg (available Net Positive Suction Head, NPSHa)
peyahbtepo ard 7 mH,0 ae Heptkd doptio kal éva kaBapd vog kedahris avappddnong (available Net
Positive Suction Head, NPSHa) peyoddtepo and 9 mH,0 oe mArpeg doptio elvar anapalnto yia t
Swohdion g otabepdtnTag Aettoupyiag tne eykardotaong. Eva dARo ohpaviiko cupnépaopa elvat
dtt, mpoketpévou va peytotonolnBel o weviporikdg Babpdg andboong Tou EKTOVWTH, 0 EKTOVWENG
anotelton va Aertoupyel pe Tig UPNAOTEPES SLVATAG TtaxUTHTEG Teplotpodg. Ta AMOTEAETUOTA TWV
TELPOLOTIKOV EKOTpATEY, Emalfay onpavikd poho ot Swadikaoia e§€AENG g otparhyikiig Aéyxou
KOL QUTOROTICHOU TNC EYKATAOTOONS TIOU TIpayHaTONoLBrKe otn cuvEXeld Kol Repypddetal oto
enbpevo kebdhalo.

210 Keddhalo 4, mopouotdlstal i teAdkr avdntugn tou mpwtotlnou cuothpatog aflomolnong
AMOPPIMTOUEVNS BepUdtNTEG He T Xprion opyavikol kukhou Rankine. Feptypddovrar 6leg ot
ATAITOVHEVES EVEPYELEC VIO TH AErtoupyla Tou TpwToTUTIoU cUCTAHTOS aELOTIOIMNONS AROPPUTTGUEVNG
BepudTnTOG HE TN XpRon opyavikol KUkAou Rankine o MpoypoTikG HNXOVOOT&O10 wC QUTOVOUN
eykordotaon xwplg duowr eniBAedn. Mo cuykekpluéva, n extipnon enkwduvotnrag / kwdivou, n
EKTETOUEVI AVOKOTHOKEL KOL TWV TPV KUKAWUGTWY {Bepud vepd, epyaldpevo péco, Baaoowd
vepd), TAAPWG AELTOUPYLKOC CUTOMOTOMOG & £Aeyyog, n eykotdotaon mAotdoppag Slenmadrs
avBpwrnou-pnxovig (Human Machine Interface, H.M.L), ToTOMOMTIKG CUPHOPOWTNG UE TOUG KAVOVES
Tou vrioyvplova DNV GL yia eykatdotaon og Aol (DNVGL rules for ships Pt.4 Cp.6 piping systems),
elval tot Mo onpoviikd. TéAog, ermbelkvioviaL TA EVIUMWOLAKA AELTOUPYIKG XOPOKTNPLOTIKA Tou
vauTkol ripwtotinou cuotiuato aflorolnong anopptntopevng OeppdTnTag He Tn Xprion opyavikod
kGkAOU Rankine, 6nwc n autdvoun ekkivhon Kol TEpUOTIONOS Asttoupylag KOl N ERTUYNHEVN
oupneplpopd ce cuvOikee petaBaridusvor doptiou [/ Beppokpaaiag tou vepol Pogng tou ytwviou
(wg mpooopoiwon g petaBorfc dopriou Mag vauTkAg pnxovig eowIeptkng kawong). TEAog,
niapououtloveal ol tpéyouces efehifels ouotnudtwy aflomolnong anoppintopevns Beppdtnrag He T
¥pAoH opyavikod kGkAou Rankine yio voutikég shappoyeég. Eve) Mapouoldfetal OUVONTIKA UL
avaokaTnon o€ BewpnTikG, EPEUVATIKO Kol EpTopiko entredo,

Jto KeddAhowo 5, afloroyelton n owovopk amddoon kat 1 Buwoludtno evog oUCTHHOTOG
aflomoinong anoppurtépevng Bepudtnrog pe TN ¥prion opyavikoy kdkhou Rankine. Efetdletal ya
emiSewktik} edoppoyr nou oamotedeitar and éva mholo petadopds epnopevpotokiPwtinv (13.6000
TEU, Twenty-foot Equivalent Unit), to onolo xweltal and lypovo vautikd kivntipa vriigA pe péylotn
loxte {Maximum Continuous Rating, MCR} 72,240 kW. Afiwohoyouvial S0o evahhakTikég Bohdooieg
Slobpopec kal exTipdTal n koBapr nAekTpiky WXVUE aAhd kol i cuvoliky kaBapr) nAekipik evepyeld
Katd T StdpKela Tou ETouc TTou Topdyetal and To gvotnua aflonolnong aropplitdpevng OsppoTnTog
He T ¥phon opyavikold kkhou Rankine. Eriong, umohoyifovral Sidupopol otkovopukol Selkteg, omwg n
kaBapi mapotoa afla thg enévbuong, o sowtepkdg Babpog amdboong, 10 WooTHBULGILEVD KOOTOG
evépyeiag (Levelized Cost of Energy, LCOE) tou cuotiparog aflonolnong anopptdpevng Beppodintag
pe tTh xpAon opyavikol kUkAou Rankine. Téhog, oto mhaicto piog ohokinpuwpévng avaiuong
evawoOnoiag, aftohoyolvial ol napdustpol mou ennpediouv Toug alkovoplkoug Selkteg kon kot
ETEKTOON T OLKOVOULKEG EMIBOCELS, OTWE Ol WPEC AEToupylag, To EMITOKLO avaywyhs Kol to keddAolo
enevbuaonc.




sto teheutato Keddhalo 6, avadépovral ta KUpl cupmepdopata Kol emTelydara g
napoloog Stotpifrc, akohouDolpeva and Tig KAWOTOUEG TITUXEG TG, TNV tedevtala evdTnro autol
tou kedohaiou, ToPEXOVTOL OPLOPEVES TIPOTAGEL Yia LEMOVTIKY epyacia.




Summary

The energetic consumption of a commercial ship mainly consists of propulsion and internal
consumption electricity needs, which are entirely covered by specially designed marine diesel engines
{main and auxiliary respectively). For large ships, the fuel expenses constitute about 30-55% of the total
operational costs, depending on the type of vessel. Strong motivation exists within the marine sector to
reduce fuel expenses and to comply with even stricter efficiency regulations. Although, the Diesel
process is highly efficient, large marine diesel engines are particularly well suited to be coupled with a
WHR system, as the engine loses a large part of the fuel energy to the environment, mainly with the
exhaust gases (up to 27% of the input energy) and the jacket water {up to 25% of the input energy). In
this perspective, the present work focused on the recovery of heat from the internal combustion marine
engines and more specifically from their jacket water cooling circuit. This research focused on the
construction, experimental evaluation and full automation of an ORC WHR system, specially designed
for the jacket water of a marine auxiliary diesel engine,

in Chapter 1, a general overview of the ship industry is presented. In addition, the existing and
future regulatory framework is described, since it is crucial to have a clear view in order to assist
stakeholders to make the right business decisions. All major global and regional regulations that will
impact on shipping in the coming decades are also presented. Furthermore, special reference is made
on the status of emissions from shipping. Finally, a comprehensive description of technological
developments is made, in order to mitigate energy losses and improve overall performance. In light of
all previous mentioned, the scope and objectives of the present study are discussed which is the
recovery of heat from the internal combustion marine engines and more specifically from their jacket
water cooling circuit,

In Chapter 2, the description of all components consisting the first version of the experimental
Organic Rankine Cycle test rig is given, The selection of all components, compiling the experimental ORC
system, is justified in regards to capacity /power, performance, material or any other special conditions
/ restrictions. All technical characteristics are presented, for each component.

In Chapter 3, the results of the two experimental campaigns are presented. Significant knowledge
on the behavior, influencing parameters (i.e. cavitation phenomena on the ORC feed pump, the
performance of the scroll expanders and the effect of superheating and subcooling) and improvements
that would increase the overall performance of the ORC system are highlightad, The importance of the
feed pump performance and free cavitation operation is justified, especially for small scale ORC units. As
a result of the 2™ experimental campaign, several important conclusions are summarized. Specific
cavitation tests revealed that a NPSH, > 7 mH,0 at partial load and a NPSH, > 9 mH,0 at full load are
necessary to guarantee operation stability. Another important conclusion is, in order to maximize
expander’s isentropic efficiency, that the expander is required to operate at the highest possible
rotational speeds. The results of experimental campaigns, played an Important role in the evolution
process of the automation & control strategy which was realized in the following chapter.

In Chapter 4, the final development of the WHR ORC prototype is presented. All required actions so
as to operate the experimental ORC prototype in a real engine room as a standalone facility without any
physical supervision are described. Namely, hazard / risk assessment, extensive reconstruction of all
three circuits (hot water, working fluid, sea water), fully functional automation & control, Human




Machine interface in corporation, certificate of compliance to DNVGL rules for ships Pt.4 Cp.6 piping
systems, are the most important ones. Finally, marine ORC prototype’s impressive operational features
such as autonomous startup and shut down and a successful rump down and rump up behavior during
the HT temperature variation (ICE load variation) are demonstrated. Finally, the current status of
Organic Rankine Cycle marine applications is presented. A theoretical, research and market based

review is described, briefly.

fn Chapter 5, the economic performance and viability of a jacket water WHR ORC unit is assessed, A
show case is examined which consists of a 13,6000 TEU containership, which is powered by a two-stroke
marine Diesel engine with a Maximum Continuous Rating {MCR) of a 72,240 kW. Two alternative sea
routes are evaluated and the electrical output and the total net electrical energy over the year are
estimated, respectively. Ultimately, several economic indexes, such as Net Present Value of investment,
Internal Rate of Return, Levelized Cost of Energy (LCOE) of the WHR ORC unit are calculated. Finally, in
the frames of a comprehensive sensitivity analysis, parameters affecting the economic indexes and thus
the economic performance, such as running hours, interest rate and capital investment, are evaluated.

In final Chapter 6, the main conclusions and achievements of the present thesis are briefly
mentioned, followed by its innovative aspects. In the last section of this chapter, some
recommendations for future work are provided.




