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NepiAnwin

'‘Eva «uBpidikd evepyelakd ouoTnUa a@aAdTwonc» e€ivalr éva Juvapikod
oguoTnua eneEepyaciac vepoU nou enIdelkVUEl TOOO OUVEXN OCO Kal JdlaKpITh
dUVauIKN CUMNEPIPOPA, NEPIAANBAVOVTAG £va eUPUTEPO OUVOAO OUCTANATWY EVTOC
TNC doUNC Tou, enITPENOVTAC PeyaAUTepn gueAi€ia oTn povTeAonoinon duvapikwy
PAIvoPEVWY. XTnV napouaca diaTpifn KAl HE OKOMO TN CUMBOAN oTnv €EeAICOOUEVN
npoondadelia npowdNONG TNG EPEUVAC OTOV TOUEA TNG APAAATWONG ME TN HEBODO TNG
avTioTpopnc WONWONG CUVOUACHEVNC UE aVAVEWOIPEC NNYEC evEPYElAc, disEayeTal
H1a EKTEVNC €pEUVA NMoOU ancuBUVeTal o OAEC TIC BadIKEC NTUXEG Nou oxeTidovTal WE
To oxedlaopd, TNV KATAOKEUNR KAl Tn AgToupyia &vog uBpidikoU oCUOTHHATOC
a@aAdTwong HE avTioTpopn wOPwon. To und é€peuva ouoTnua e€ivalr &va
OAOKANpwHEVO olOTAPA nou anoTeAsiTal and TPEiC NAVOMOIOTUNEG HOVADEG
apaAaTwong 6alacaoivou vepoU Pe TN HEBOSOO TNC aVTIOTPOPNG WOPWONG Ol OMOIEC
Ba AsitoupyoUv HdE TNV NaApayodevn evépyela and Tnv  oxedlaopévn,
KATAOKEUAOHEVN, EYKATEOTNMEVN Kal EAEyUEVN OTa nAaiola Tng napouaoag d1aTpIBNG
dIBaBuIag Bepuikng pnxavng Opyavikou KukAou Rankine. Baglkd¢ oTOX0G TNG
napoloag e€pyaciag €ival va MNPOCOMOIWCEl KAl va €PEUVNACEl NEIPAPATIKA Tn
AgIToupyia TnNg hovadag apaAdTwong o PNeTABANTO evepyeIdko (OPTIO, oav AuTO
NMou MpokKUNTEl And avavewoIdeS NNYEG EVEPYEIAC ONWC Yid napddeiyya ol nAlakoi
OUAAEKTEC. H diBabuia unxavn Rankine nou avantuxbnke xpnoiyonolei BgpuoTnTa
yia va napd&el nAekTpIkn evépyela Baoiopevn oTo Beppoduvapikd kKUkAo Rankine
Kal N NAEKTPIKN auTh evépyeia B6a TPoPodOoTEl TIC HOVADEG TNG aPaAdTwaon .

H napouoa €peuva anoTeAel ouvexela NponyoUHEVNG EPEUVNTIKNAG £pyaaciag
nou oxeTi{dTav Ye To oxedlaohd Kal TNV NEIPApaTikh aglioAoynon evog auTdvouou
OuaTANATOC apaAdTwong He nAlakd Opyavikdo KukAo Rankine yia AeiToupyia os
Bepuokpaociakd €Upog and 60 €wc 80 °C. To napov clUoTnua €Xel OKONo va
NPOXWPNOEl TNV £peUva £va PBriya PnpooTd au&avovTag To BepPoKpaciako €UPOG
AgiToupyiag oTtoucg 130 °C, pe Tn Xpnon Jiag diBaduiac pnxavng Opyavikou KUukAou
Rankine, yia Tn digpelvnon TnG PBeATiwong Tng anodoong Kal PeE Tn XPnon
noAuBaduIag povadag a@aAdTwong avTioTpopneg WOUWONG Yia AEIToupyia oc €va
gupUTEPO Nedio evepyelakoU popTiou Kal TNV Napaywyr kadapou vepoU akoOun Kal
oge XaunAo gopTio. O1 TpeIG BACIKEG CUVIOTWOEC TOU NEIPANPATIKOU CUCTHKATOC Eival:
0 NAekTPIKOC BepuavTipacg iIkavoTnTag 100 kWi 0 onoiog xpnoigonolgital oav nnyn
BepuoTNTAG NpocgopoidlovTag To nedio TwV NAIAK®V CUAAEKT®WV Yia napadeiyua
(METABANTO @opTio BeppoTNTAC), N OXEdIAOUEVN KAl KATAOKEUAOWEVN OIBABUIa
unxavry OpyavikoU KUkAou Rankine nou HPeTaTpenel Tn BepPOTNTA O NAEKTPIKN
EVEPYEIQ HEOW TNG EKTOVWONG EVOG MNPONYOUMEVWC GCUMMIECUEVOU opyavikou
peuoToU Kal TEANOC Ol TPEIGC OMUOIEG unopovadec apaldtwong BaAacgaivoU vepou
avTioTpopng WOPWoNG nou Ba dexBoUv TNV NAEKTPIKA evépyeia and Tn pnxavn
OpyavikoU KukAou Rankine kal 8a napa&ouv @ppéoko nooIPo vepd and BaAacaoivo
yla €va eupl nedio AsiToupyiac.

H evdeAexnc npogopoiwon OAWV TWV UNOCUGTNHATWY 0dNYEi OTO AENTOUEPT)
Kal MPOOEKTIKO Oxedlaouo Touc. KaT' apxdag, n NA€ov KatdAAnAn diauoppwaon
d01BaBuiou OpyavikoU KukAou Rankine avaAUetal kal uloBeTeiTal, kal To Mo
anodoTikd opyaviko peuaTd (WUKTIKO) dlaAéyeTal avaueoa o 01agopa unoywneia.
O1 eAIKWEIDEIG EKTOVWTEG (TUNOU scroll) TNG CUYKEKPIYEVNG Epapuoyng oxedialovTal
ME 101aiTEPN €UpACT OTA KATAOKEUAOTIKA TOUC XAPAKTNPIOTIKA KaBwc 6a npokUWouv
and Tpononoinon €AIKWEIDWV CUMMNIECTWV. M autd, o TEAIKOG oOXedIAONOC TNG



MNnxavng OpyavikoU KukAou Rankine oAokAnpwveTtal. H npooopoiwaon Tou Bgppikoy
KUKA®UATOG €MIAEYETAI va Yivel PE Tn XPAon &voc nAekTpikoU OepuavTrpa
KaTtaAANANGg duvapikdTNTAG yia TNV €QApHOyn evw NApAAAnAa eniAEyeTal Kai To
KataAAnAo peucTo yia Tn METAd00N TNG BepPOTNTAG MOU MPOKUNTEl va €ival n
MEBUAEVOYAUKOAN (MEG). AkoAouBei o oxedlaopdg TnG povadag avTioTpopng
WOoPWOoNG BacioPEVOG OTNV AVAPEVOUEVN NApaywyr) €veépyeiac and Tn HNnxavn
OpyavikoU KUukAhou Rankine.

'‘OAEC Ol CUVIOTWOEG TWV UNOCUCTNUATWY €nIAEyovTdl KATOMnv gvOeAeXoUC
£PEUVACG KAl EKTINNONC KAl NPAyPaTonolgiTal N KATAOKEUN KAl ouvapuoAOynaor| Toug.
O1 unopovadeg TNE Hovadag avTioTpoPNnNG WOUWONG €ival ovadec a@aAaTwaong idiag
duvapikoTnTag, O100£0IUEC OTO EUNOPIO O1 OMOIEC £yKABIOTWVTAI KAl GUVOEOVTAl OTO
gpyaocTnplio KAatadAAnAa peta&y Touc. H upnxavn OpyavikoUu KuUkAou Rankine
kataokeudletalr anod To MPNndEv, Ot KoIvO nAaiolo nou nepiAapyBaver OAo Tov
eniAeypévo eEonAiopd (avTAia, aTgonoinTr), CUPNUKVWTA KTA). EIOIKG o1 eAIKOEIOEIC
EKTOVWTEG TpornonoioUvTdl OTO JNXAavoupyeio and OIaBECINOUG OTO EUNOPIO
€AIKOEIDEIC CUUMNIEOTEG WOTE VA IKAVOMOINOOUV TIG ANAITACEIG TIC CUYKEKPIPEVNG
€papuoyne. H eykatdoraon nAekTpoBdavac avapeoa oToug dUO EKTOVWTEC ENITPENEI
TNV NAAPN napdkapgyn TOou MNPWTOU EKTOVWTR WOTE N unxavh va Tibetar ot
MovoBdabuia AsiToupyia. 'OTav kal Ta Ouo UMOCUCTHMATa TonoBesToUvTdl OTO
£pYaocTnplo, To NpwTOTUNO- JOKIiWIO €ival €ToINO Npog diepelivnaon.

H neipapatikn a&lioAdynon &ekiva Ye ToV €pyacTnpiako EAEyX0 TnG povadag
avTioTpoPpnc wopwaong. O TPEIC UNOPOVADEG oUVOEOVTAl OTO NAEKTPIKO JIKTUO Kal
AeIToupyoUv oc PeTaBANTd @opTio (pubpilovracg Tnv TaxUTNTa MEPICTPOPNG TNG
avTAiag uwnAng nieong Tng KAabe piag), o didgopec aAaTdTNTEG vEpOU TPoPodoaiag
npooopolalovrac U@AApupo, BapU updAuyupo Kkal BaAacoivo vepd Kal o€
OlapOpPETIKEG BepUoKpacieg vepoU. AIEENXON eniong, BewpnTIKA £pEUva OXETIKA HE
TN AsiToupyia TNG emAeypévng noAuBaduiag  diauoppwong Tng povaddag
a@aAdTwong, nou Tpo@odoTeiTal and &va QwTOBOATAIKO ouoTnua JdlaPopwV
IKAVOTHTWY, O OIAQOPETIKEC NEPIOXEC TOU KOOWOU YIA HIA TUMIKN XEIMEPIVN Kal
KaAokalpivr] NUEPA Kal CUYKpPIVETal e Pia oupBaTikn povoBaduia apaldtwong. Ta
anoTeAéopaATa AUTAG TNG €peuvag okonelouv va anodeifouv TNV npoopepduevn
gueAIfia evOG TETOIOU OUOTANATOG.

H pnxavn OpyavikoU KukAou Rankine nou avantuxdnke e€eTaleTal o akOUN
HeyaAUTepo BABOG oc J1APOPEC OUVONKEG AsiToupyiag ye okond va agioAoynbBei n
ouunepipopd TNG Kal n nNpoo@epouevn sueAi&ia and Tn diIBAbuia diaudppwon. H
unxavn g&gtaleral pe peUpa dIkTUOU Yia XapnAr Bepuokpacia (70 ye 95°C) pe vepod
gav epyaldpevo HECO OTO BEPUIKO KUKAWMA Yia JovoBadpuia kai difaduia AsiTtoupyia
o€ JeTaBaAOpevo Bepuikd @opTio pubpilovTag Tn ouxvoTnTa TNG avtAiag kal Twv
EKTOVWTWYV. AKoAouBei n diepelivnan yia uwnAoTepn Beppokpaacia AsiToupyiag (110
ME 130 °C), pe peBUAAIVOYAUKOAN w¢ epyalOPevo PECO OTO BEPUIKO KUKAwpa. H
napayopevn 1o0xUc odnyeiTal 0 NAEKTPIKA PPEVA KAl KATAVAANIOKETAl O Yia BEPUIKN
avtioTtaon. H Asitoupyia Twv dUo eKTOVWTWV £E€TAleTAI EEXWPIOTA KABWC QUTEG Ol
OUVIOTWOEG TOU OUCTHAMATOC €ival TPOMOMOINWEVEC KAl anaiToUv Xapaén Twv
KAUMNUA®V AgiToupyiagc Touc via va aflohoyndei n oupnepipopd Touc. Tda
anoteAéopaTta noAudpiBuwv  Jdokihwv oe  didpopeG OuvOnKeC AsiToupyiag
NPOCMEPOUV Mia NoAU Eekabapn kai akpifn €ikdOva TNG CUPNEPIPOPAC TNG HNXAVAG
OpyavikoU KukAou Rankine.

TéAog, napoucialetal eniong BewpnTikn OlEPEUVNON TOU OAOKANPWUEVOU
ouoTAHATOC TNG pnXxavng OpyavikoU KUkAou Rankine pye Tn povada a@aAdtwong
avTioTpopnc WONwoNG, Nou BacileTal oTa NeIPAPATIKA ANOTEAETHATA TWV EAEYXWV



kdBe unocuaoTrHaToc nou diggnxOnoav. H kaBapn napayouevn 10XUC ano Tn hnxavn
OpyavikoU KuUkAou Rankine vyia Astoupyia otoug 120 kar 130 °C (onueio
oxedlaopou) odnyeiTal otn povada apaAdTwong avTioTpoPpnc WOPWOoNG HUE OKOMo
va e€eTaoTei N napaywyn kadapou vepoU uwnAng aAaToTnTag Kal N Asiroupyia Twv
Unopovadwv.

H diadikaoia Tou NARpoucg oxediaopoU, TNG KAaTAOKEUNG Kal a&ioAdynaong Twv
UMOCUOTNMATWY KAl TOU OAOKANPWHEVOU ouoTAHATog opilel &kdBapa Ta
NAEOVEKTNHATA TWV UBPIdIKWV oUOTNNATWV apaldTwong. Eniong, n Texvoyvwaia
NMou anokKTNONKE €NITPENEI TNV AVAyVWPICN KAl TNV anoTEAEOUATIKN Olaxeipion Twv
TEXVIKOV OeudTwV nou oxeTiovTal HYE TETOIA CUOTRAMATA. ZUPNEPACHATIKG, TO
ouoTnNUa nou avanTuxbnke amnoTeAei €va NOAAd UMOOXOWEVO NPWTOTUMNO MOU
napoucoialel enapkn kar anodoTIKr A&IToupyia OTIC NAEIOTEG TWV OUVONKWV OTIC
onoieg ekTEBNKE Kal aoPAAwWC anoTeAel €va €EalpeTIkO €QAATNPIO yia HEAAOVTIKN
€pEUvVa OTOV TOMEA TNC aPAAATWONG VEPOU HE XPAON aAVAVEWMCINWV MANyWV
evepyelag. OAokAnpwvovTag Tnv napouca diaTpiBn, NpoTeivovTdl oUOTACEIG VId
MEAAOVTIKN €peuva KABWC Kal NMPOoTACEIC yIa MEPAITEPW €vioxuon TNG anodoTIKAG
AgIToupyiag epappoywv UBPIdIKWY CUCTNHATWY aPaAdTwaong vepou.



Summary

A “hybrid energy desalination system” refers to a dynamical water
treatment system that exhibits both continuous and discrete dynamic behavior,
encompassing a larger class of systems within its structure, allowing more flexibility
in modeling dynamic phenomena. In the current thesis, in order to contribute to
the ongoing effort for promoting research in the area of reverse osmosis
desalination combined to renewable energy sources, an investigation that
addresses all the main aspects related to design, manufacturing and operation of
a hybrid reverse osmosis desalination system is conducted. The investigated
system is an integrated system that consists of three identical seawater reverse
osmosis desalination units which intend to operate with energy from a designed,
developed, installed and tested in the scope of the present thesis two- stage
Organic Rankine Cycle heat-to-power engine. The main target of the present
dissertation is to simulate and investigate experimentally the operation of the
reverse osmosis units in variable power input, as the one deriving from solar
collectors or other similar renewable energy source. The developed two- stage
Organic Rankine Cycle engine uses heat to produce electrical power, based on the
thermodynamic Rankine cycle and this electricity is intended to feed the reverse
osmosis units.

The present work is the sequel of another research that referred to the
design and experimental investigation of an autonomous reverse osmosis
desalination system with solar Organic Rankine Cycle engine operating at a
temperature range of 60 to 80°C. The present system intents to bring the research
a step forward by increasing the operation temperature range up to 130°C, using
a two- stage Organic Rankine Cycle engine, in order to investigate the efficiency
amelioration and with the use of three reverse osmosis desalination units, in order
to operate at a wide load range and produce fresh water even at low power input.
The three main components of the integrated test- rig are: the electrical heater of
a capacity of 100 kWt used as the thermal source simulating for instance the solar
collectors’ field (variable heat load), the designed and built two- stage Organic
Rankine Cycle engine that convert the heat into electricity through the expansion
of a previously compressed organic fluid and finally the three identical seawater
reverse osmosis desalination units that will receive the electric power from the
Organic Rankine Cycle engine and produce fresh potable water from water of high
salinity in a wide operational range.

A thorough simulation of all the sub- units of the integrated system leads to
the detailed and careful design of each sub- system. First, the two- stage most
appropriate configuration of the Organic Rankine Cycle engine is analyzed and
adopted and the most efficient organic fluid (refrigerant) is selected among several
candidates. The scroll expanders for the current application are carefully designed
as they will be manufactured by scroll compressors’ modification, and the whole
Organic Rankine Cycle Engine design is finalized. The heat cycle simulation is
selected to be an electric heater of appropriate capacity for the current application
and the heat transfer fluid is thoroughly investigated resulting in Methylene Glycol
(MEG) to be the most suitable and efficient. The reverse osmosis unit layout is then
specified based on the expected power production of the Organic Rankine Cycle
Engine.



All the components of each sub- system are then carefully selected and the
construction and assembly of each one is realized. The reverse osmosis sub- units
are market available desalination units of the same capacity and they are connected
accordingly at the laboratory. The Organic Rankine Cycle engine is constructed from
scratch on a common skid, including all the selected equipment (pump, evaporator,
condenser etc.). Especially the scroll expanders are modified in a machine shop
from market available scroll compressors in order to suit the current engine
requirements. An electro- valve installed in between their connection, permits the
by- pass of the first expander in order for the engine to operate at single- stage
mode. When both sub- systems are installed at the laboratory, the test rig is ready
for investigation.

The experimental evaluation starts with the experimental testing of the
reverse osmosis desalination unit. The three sub- units operate connected to the
grid, for different power input (by regulating the high-pressure pump’s rotational
speed), in different water salinities simulating brackish, heavy brackish and
seawater quality and in different water temperatures. Case- studies of the
operation of the developed reverse osmosis desalination unit consisting of several
sub- units, powered by a PV system of different capacities in different locations for
winter and summer and the comparison to a conventional single unit are also
examined. The results of these studies intend to verify the offered flexibility of such
a system.

The constructed Organic Rankine Cycle engine is then thoroughly tested in
many different operation conditions in order to evaluate its performance and
offered flexibility of the two- stage configuration. The engine is tested connected
to the grid for low operating temperature (70 to 95°C) with water as the heat
transfer fluid for single and two- stage operation in several thermal power input
values, regulated by the pump’s and expander(s)’s rotational speed. Then, an
investigation for higher operating temperatures (110 to 130 °C) with MEG on the
heat cycle is conducted. The power produced is driven to electric brakes and
consumed on a thermal resistance. The two scroll expanders’ operation is
separately evaluated since these components are modified and require the plotting
of operation curves for reference purposes. The results of multiple tests in different
operation conditions provide a very clear and precise picture of the Organic Rankine
Cycle engine performance.

Finally, a theoretical investigation of the integrated system operation based
on the experimental results of the sub- systems is also presented. The net power
production of the Organic Rankine Cycle engine both in single and two- stage
operation at 120 and 130 °C (design point) is driven to the RO unit in order to
examine the fresh water production from high feed water salinity and the sub-
units’ operation.

The complete design, construction and evaluation procedure of the sub- systems
and the integrated system clearly defines the advantages of hybrid desalination
systems. Moreover, the know- how gained permits the recognition and effective
treatment of the technical aspects associated with such systems. Overall, the
system developed is a very promising prototype which presents a sufficient and
efficient operation under most of the operation conditions it is exposed to, and it
is certainly an excellent springboard for further research in the field of water
desalination through renewable energy sources. Recommendations for future
research are provided as well as suggestions to further enhance the efficient
operation of the hybrid desalination applications.



