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A Study on the Characteristics of an Organic Rankine
Cycle for Ocean Thermal Energy Conversion According
to Pinch Point Analysis and a Transcritical Cycle

Kim, Jun Seong

Department of Marine Systems Engineering
Graduate School of Korea Maritime and Ocean University

Abstract

Due to the recent energy shortage, global warming, and environment
pollution, the importance of energy saving and environment regulation is
rapidly increasing. One of the methods to resolve these problems is using
new renewable energy. Ocean thermal energy conversion, which is one way
of using new renewable energy, is a power cycle utilizing the temperature
difference between surface water and deep water. As ocean thermal
energy conversion uses a heat source at low temperature, it is essential to
use an organic Rankine cycle. Thus, this study examined the characteristics
of an organic Rankine cycle for ocean thermal energy conversion according
to pinch point analysis and a transcritical cycle.

First, thermal efficiency analysis on an organic Rankine cycle depending
on various types of working fluid and cycle was conducted. A classic simple
Rankine cycle, regenerative Rankine cycles, and a Kalina cycle were
considered in the analysis. In addition, nine types of single working fluid
and three types of mixed working fluid were selected. For cycle analysis

_ix_
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methods, pinch point analysis was conducted. As for single working fluid,
thermal efficiency was the highest in RE245fa2 in a simple Rankine cycle
and regenerative Rankine cycles. As for mixed working fluid, thermal
efficiency was the highest when the composition ratio of NH; to H,O was
0.9:0.1 in a Kalina cycle. Compared to a simple Rankine cycle, a Rankine
cycle with open feedliquid heater, a Rankine cycle with integrated
regenerator, and a Kalina cycle showed thermal efficiency increase rates of
approx. 2.0%, 1.0%, and 10%, respectively.

Second, exergy analysis on the cycles at each heat exchanger was
conducted considering the influence of pinch point temperature difference
and that of outlet temperatures of a heat source and a heat sink.
Thermodynamic performance was analyzed by applying seven types of
working fluid to the cycles designed according to pinch point analysis. As a
result of performance analysis, as pinch point temperature difference and
the temperature difference between inlet and outlet of a heat source or a
heat sink were low at each heat exchanger, second law efficiency
increased but cycle irreversibility and exergy destruction factor decreased.
In addition, cycle irreversibility largely changed where thermodynamic
change occurred. Of the selected types of working fluid, RE245fa2 showed
the most excellent thermodynamic performance.

Lastly, recent research related to a transcritical cycle of an organic
Rankine cycle using a heat source at low temperature was reviewed. A
transcritical cycle was made up of an solar-boosted ocean thermal energy
conversion system using R744, economical and stable working fluid, and
then thermodynamic performance analysis was conducted according to the
state of turbine inlet. As a result, a transcritical cycle showed better
thermodynamic performance as turbine inlet temperature was high. On the
other hand, turbine inlet pressure of a transcritical cycle showed better
thermodynamic performance than a subcritical cycle only in the optimized
state. Compared to an optimized transcritical simple Rankine cycle, an
optimized transcritical Rankine cycle with open feedliquid heater showed
increased second law efficiency and reduced cycle irreversibility.
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Fig. 1 Schematic of the OTEC potential around the world and the OTEC
plants that are built or planned (source : OTEC Foundation)
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Fig. 2 Schematic of the OTEC working principle (source : http://resource.ansys.
com/About+ANSYS/ANSYS+Advantage+Magazine/Power+from+the+Sea)
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Fig. 87 Fig. 9= 5@3 A4 B xko 29| Agwst o=l T-
dera ook B3F A4 %71A}°lﬁ°11/\1h 59 x| He| S0l

O

%
V17 A8 Al e e BHY A4 Gl 2ol @

%7} 58 Ao S LxrHT} ) Tolok 3t} Z3F Tchanche et al
(2014)2] Ao o3t 5T ANA AWIAe]Ze A9, Fig. 92 T-sA =l A
11 @3 29 A PAlele] EHRHIAFAAO] AIF7|GHolA TAYS= dry

o

fluid =2 isentropic fluidg 2-sFAHE AABs= 2o sttt #AF719Y
oA BAAAL BN FHEFTA TheAe]l @] wEolth oA7|A dry
fluid, isentropic fluid Z8]ar wet fluides 22 E3t57]149 71&717F &, F

g 18l3 &< o]tkBao and Zhao, 2013).

Fig. 108 22y Alo| 2o AF=s ety T B2 Zol4 177,
A7), BRBE, EGAE FAFUeM, HFAE e 2k F8I]oA
FEe BH 3] 6W AHl F7] st A A A

sod $U1E

AEE AR o] FojXTH 6 Ao =7]= HES JtEAZ FH gdd
T2 FUEa, TH A-Y] dAs AYT|AM 3 A Hxo EEd
593 dus 3 5, FFVEE Ay ddd FUI 2o SF7]A
o] 10 ol ZEy Abolg2 WAl E3 ZE] NHy/H09 22 &3t
AEaAE AT 53] . ol Y AeRAe SRk 557
oA Sl Wt wet FLREE FSAAL, SEEEE AT ©]
73 @ ATRAL sete] dALed 9ol HZtEdS E<ltk(Tchanche

et al., 2014; Shin et al., 1999; Yari et al., 2015). Zhang et al. (2012)2] A7l
ot ZEjy Aol ZF2 71ES FrIRIAlE R T HIZMYAd WA, d95HE

Hiol stk
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2.3 ¥¥=7

AsHAE 718z ol & FFS A= 8holth B AT
A= NIST RefpropE #=xshe] sl xtidtbd g fr1eglAle] Sl 233t 2y
FAE Agstden, d44r7|ee e 2ok HE 2
ol AFedst 9 0ES 5 5o IAAHEAE
do &

oft

He AsHAle dFddelA ALsAT. A7IA, di7]ZERAIZHALT;
Atmosphere Life Time)o] 1,000 years ©]3}, X 7-23Fx]4(GWP; Global
Warming Potential)7} 3,000 °]s}, <2£33]X]4(0DP; Ozone Depletion
Potential)7} 091 ZH&fA1S A¥31¢ 1, ASHRAE(American Society of Heating,
Refrigerating and Air-Conditioning Engineers)Std 534 Al, A2L, A2 159
A5 FAE AE3st9th o7]4 ASHRAE <Hd5Fo] d#x# 2 R236ea,
RE245fa2, R1612 =4, F71d4d AsqA2 k53310 ASHRAE b5+
of 3 Bd Hdwe Table 13 2th F=3F 9o AA7|Fo] wgh B A
2 g3 9% 2] 25 4= Table 2 2 Table 33 2t}

Table 1 Safety classifications according to the ASHRAE safety group

ASHRAE safety group
Flammability in air Lower toxicity | Higher toxicity
(@ 60[C] & 101.3[kPal) (OEL*= (OEL*<
400[ppmJ) 400[ppm))
Higher flammability A3 B3
Lower flammability A2 B2
Lower flammability(with a maximum
burning velocityy (of < 10[cm/s)) AL BaL
No flame propagation Al Bl
*OEL : Occupational Exposure Limit
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Table 2 Information of the selected working fluids in this study (dry fluid and

isentropic fluid)

Class Dry fluid Isentropic fluid
Substance R236ea RE245fa2 R134a R1234yf
Type HFC HFC HFC HFO
CAS no. 431-63-0 1885-48-9 811-97-2 754-12-1
P, pazc[MPa] 0.2 0.08 0.65 0.66
PjarpcMPal 0.12 0.05 0.41 0.44
ALT [years] 10.7 2.2 14 0.03
GWP 1370 286 1430 4
ODP 0 0 0 0
ASHRAE safety N E
group Al A2L

Table 3 Information of the selected working fluids in this study (wet fluid)

Collection @ kmou

Class Wet fluid
Substance R32 R152a R161 R407C R410A
Type HFC HFC HFC HFC HFC
CAS no. 75-10-5 75-37-6 | 353-36-6 - -
Pm],@24aC[MPa] 1.64 0.58 0.9 0.99 1.61
PMQ@IOOC[MPa] 1.11 0.37 0.6 0.78 1.09
ALTlyears] 4.9 1.4 0.3 15.66 16.95
GWP 675 124 12 1774 2088
ODP 0 0 0 0 0
ASHRAE safety _
group A2L A2 Al Al
- 15 -




Fr71d Ao 2o AAA SHLEY 5252 A Al2E a8 3
o] % F83tHSun et al, 2012; Yang & Yeh, 2014). Yoon et al. (2013)
Ofe ZsFAcd e =LA E Aol ZY AeE
TELEE dASA FASIAO Y, o8 2 %*—1“&%% °l
A D Aol Fe] FAO wel PPTDE Wtk st 2
T mE WAoo 998tz BN FHeTe) $EL
Al fFABHE AL vurgEAEA] gow, Yy 319 Watel PPTDE dAsH
A8l PPA 7|¥o] Atk Wang et al, 2012; Li et al., 2012; Guo et al.,
2014; Aydin et al.,, 2014). 2%9] AFA Alo]F HAA XL Table 49} Zo
o, Aydin et al. (2014)°] ATES FHxake] Zwr|s} $=7]e] PPIDES 7z}
2CE 7MY =3 55 45T dTeEs 44 28T, SCT=E 7HA
stgom, 7247t 27 S LA 3CE 7MASAT EReE == F

rir

F5Ae] A=+ Fig. 5, Fig. 7, Fig. 99} 2o x3=571g ol 335t 101H,
$E71E A AsHAY A=E ESpAGE O dFets 002 7183
o, ZEu Aol AS HREISE filHE AEfAe] dHE ER71CAA
AR He 710t SR dARHS IAHE Y s 25 AHFF
< 1,000 kg/s2 7183tk @ Fotel A3t 2 dudty] WA FE7s)
= FAEA

MEE A BRIAo]Z] A9 T Aol EH g2 FdE(WXR,, )0l &

Astrz, 5tz Ao]Z ol EAA AHWI(f)E AL Z a7t AtkShin
et al, 1999; Kim et al, 2006). & A9 729 PPTDO we} SE2=9t
= [e)
o

<=7F AaiAy SR =79
2 msjojow slgsAonE

>~

bolgel mSKP,,)H AP0l ARHL.
e 2 (D} o] AHul(f)E Ao % Yk

=
FE (P

mid

Pmid low+f( high Plow) (1)
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Table 4 Basic design parameters for the thermodynamic cycle

Parameters Values
Surface seawater temperature [C] 28
Deep seawater temperature [C] 5
Seawater temperature difference [C] 5

(between inlet and outlet at the evaporator and condenser)

Evaporation pinch point temperature difference [C ] 2
Condensation pinch point temperature difference [C ] 2
Evaporator exit vapor quality 1
Condenser exit vapor quality 0

Surface seawater flow rate [kg/s] 1,000
Turbine adiabatic efficiency [%] 85
Pump adiabatic efficiency [%] 80

AHAYZ17F o) FA ] el A Zete AEE UEUl= Jid ol A=ICIL =

reg

(Shin et al., 1999; Wang et al., 2011). 533 A =IAelZ3 Zey Alo]
Z9] A xAoE A7 F85(e, )5 AR Hart Ji, Fig 88 =

reg
shel 1 Aol A @9 Bk

e @

2

o F7IAYA A o] tite g Hoh AW thre] AA| VA A A o] AtE
AHCengel & Boles, 2011). ¥ AT-l4= Peng-Robinson A4S AM8-3I%
o, 2 A~z A 4 gt
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RT ao
P= 3
V,—b V2420V, —b°

m

0.45724R* T2, @
“ Pcrit

0 07780RT,,, ©

‘Pcr it
a=1+kr(1—T15) (6)
k= 0.37464 + 1.542260w — 0.269920> @)
T

Ty = 7. (8)
AZNA, AR} FAXE(T,,) Z IALHL,,)S o]l&3dte] 2

@W-GNA ash bghe AT F Atk A @A AWLE(DS YALE
(1,08 o183 BHLE(THE T2 4 ou, 4 DelA HFH AHwE
olgdl kite T 4 A A D-@A T BHLE(TY} kB o] &3
A OAA agke AET 7 ATk A D-OANA T @ fA0 w9l BY
SV, )8 4 @l ddsta 7Ag Ay dEPL FEF 5 Aok

A8 /‘Polﬁ ‘;‘ X‘%%Zﬂ«l %"E‘Q o< Bl fste] 4 (9=
O

Au}

Hlo] (Mol Fze £28FH(W)S Aste] Ao 2o AHwZ

A
o
X

A3, olF Tl YHA(QIR Wrel AelE &&(p,)e HEY 5 Yot

(Cengel & Boles, 2011).
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Fig. 11 Aol A A 9Fo] AFFAe NS AsrA2 A7dsho
S WAoo HigE Aol E &S £43F Adolth o714 NHye 7244
I EAE THAY =R g HA e e rAEA dEA UvkYang
Yeh, 2014). RE AEHAES vns IS A NH7t &F 367%% 713 5o
< BAoh 83 959 AERAl SolAs RE245fa27t 9% 3.65%=% 717

LS HYon, RATCTF oF 347%= 7Hd e &8

et al. 2006)2] A7-Z23s} PpX7IAIZ AFFAldd wWE e BAIS
& Zol7k AU ole AAT FAE Al d9eE 54 B dT=
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Fig. 11 Thermal efficiency of the simple Rankine cycle

MR AN BAAelZe BF TG EP, )0 EAstER AsHAERE
FHEHH(f ) wE JIEE AN WAl EY 'S WHEE B4 ZAde
Fig. 12¢} 2ok 2 AFdA HAAT? 9F9 #AsfA 5 RE245fa2, R236ea,
R152a, R410A7} 7/NE A2 PF1xjo]Z2 L FESAEZA =& FL88 RHoln

_19_

Collection @ kmou



21tk Shin et al. (1999), Kim et al. (2006)¢] <2}

Ao 2ol A k= uI(f)7F 0.3~0.4Q1 A-F- 7Hg Abol

gk ol f-= HRBWOERE FE2H F719 AZFFEol /M A AdH o] Wi
o,

olty. ZrEfrAEE AdHUI(f)l e EE&HE= HIT FFS Hola Ut

Ll SIS
>
ol
ol
X
e =L
ok
ot
2
o
o=

K Rik
in
3.69
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Thermal efficiency (%)
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Fig. 12 Thermal efficiency of the Rankine cycle with open feedliquid heater

for various pressure ratio

Fig. 132 d<= @Ael 23 /10E A Aol 29| AlelE E&< Pl
g Iefzolw, Fig. 14« Fig. 13914 7Id A Aol Ee a&dsE
((An/n) <100, %)& WeRATE T @A) 2ol A 7HE Ako] 2 A &0
R407C7} ¢F 3.47%°1 A ¢F 3.55%% <¢F 2.3%2] 7t = =
™, R152a7} °F 3.63%°ll A <F 3.68%= °F 1.3%°] 7}

=
© AEaAcdA AL A BAelFe ZEo] T WAl EY
1

o ZE

TE&ES A3ttt ol#lgt A#= Fig. 63 7o YERRo] ERIGA F7]H
715 F714710 FAAA T A aRde & 5 doen, A dA
g 7] &AM AulEHo] HeHe ARV AFHAEE BT Folste
B A8dTES AolE Hola Ut
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Fig. 13 Comparison of the thermal efficiencies between simple Rankine cycle

and Rankine cycle with open feedliquid heater
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Fig. 14 Thermal efficiency enhancement rates of the Rankine cycle with open

feedliquid heater
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Fig. 16= 533 XH/%* %71/\}0] oA dry ¥ isentropic fluid 4&° &&3}

e WALl Z Y A w3k Ao, B Aol AFoA = Wang et al
(201D9 dA7E5 F=xst A7 F8E(, )E 092 7Hgstith. Fig 162
Fig. 15¢] @& &3 A AAo|EY EE&4SES YEIAY. o774 dry
fluidQl R236ea”} <F 3.64%01]/\1 oF 3.67%=2 ¢F 1.0%°] BEENTES B¥oH,
RE245fa2= <F 0.9%9] SN4SES XY isentropic fluide! R134as}
R1234yfe] 749 &&o] 27 ¢F 0.1%, 0.4% FAFAoH, o]z st Ax= dry
fluide} Hlaste] Firom e a845ES H9ET Fg 95 =34
El¥ o a4 A dry fluid7} isentropic fluidell B8} FA=7F o & A
o] dYgoz HATY, = Aol Ed EHHI] EFA| M)A isentropic
flude FE=7F A9 §gle WA dry fluids FE=E7F SAch weba dry
fluidg A& 7%, isentropic®] 7-¢-EHt FZEHEH EZH SHH izt
a7t o Am oo Wt o £& 58 TS 7IHT & UATH
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1:011
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Fig. 15 Comparison of the thermal efficiencies between simple Rankine cycle

and Rankine cycle with integrated regenerator
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Fig. 16 Thermal efficiency enhancement rates of the Rankine cycle with

integrated regenerator

A7 533 A AAo|FolA wet fluidE AL A$ oS go I
o] WA gttt Fig. 85 FEelA AAYVIE A 6H Mo AFHA 255 2
sl SHAANA FL7] FakE F7tekA sk 3W A FAFHA 22E s
Al sled AUZ #H Ao]F A e AEE 471 gtk =3 wet fluides B3
Ao A HUZT & A=7t AUXA e A9 RNl AH &G FHekst
o 282 = Tchanche et al. (20149 AFHE T A BALo] Sl A=
wet fluid2 o} dry @ isentropic fluid7} o A&sictsE AL & 4+ ot

Zeu Aol F2 £ AEHAE AFEStE AlolZolth. £ AEHAEMA
NH3/H,0+= ZEly Abel &9 71 AFfAlolth. &3 Chen et al. (2008)-> R22
o AP e E H]-Zn] £3yujel R134a/R325 A A8t 1, Yoon et al. (2013)
S F2=xEHE [ Aol E9 R134a/R32, R152a/R32¢] &3 A& A
AR A9 Z 58S HRltde A2AE ERIFAUT wEtA B AFAE
NH3/H:0, R134a/R32, R152a/R32 €& Z&FAE Zeu AtolZoll &8st A}
olF A%l sl vimwEAEYT. Yari et al. (20159 AFE Fxdto &3
2R Al 2489 B T g Wste] mE AlolE Aes EAsgl o,

i rlo
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M7t AREE AolF B WAS FS5HTE A L 5 Ak BN AT @
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Fig. 18 Thermal efficiency of the Kalina cycle (R134a/R32)
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Fig. 20 Thermal efficiency enhancement rates of the Kalina cycle
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Fig. 21 Definition of PPTD in T-s diagram of the simple Rankine cycle
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21 10~1D2 #HHl, 2 129)~(132 =71, 4 1H)~15+= FB=, 4 (16)~17
S VA bl @ Az oy et AMA] #3&E YEeRATH
(18)& Atol o] W7k A(7,,,, )< YERAE 2olu, o #e zt el oA
A g Eo g Ao A 19+ AlelE &8(,)e 9rlsiH, 4 2002 4
APl A T3 Ate]F E&S 719 E&E Uie grolth o] #s A2Hz a8
(ng) &2 AX=A F&(exergy efficiency)oleta gt 7 FHXEE v
oh. =3 Wang et al. (2012)9] 945 F=xsto 7, 2 7+ 4 CD-C@)= A
o3ty 4 QDA 7, SE7NA 43 AL HL2EATH Y
=) u] gt} Shengjun et al. (201D)e] ATFE
&S EDFEHE & & Aok 2 @3)+260< T3 HYl, 57, Bz, Fd7)
N Z}zte] %“f‘ﬂ?q &S AuEgoa Yo EDFE 78 + Utk 18

Z}zke] EDF #es @ste] AtolE9] & AxA <l
L

LolE ol g8l A2MH Eae 42T F A

N

I
EDF, = ——— (23)
W=,
I
EDF, = —— (29)
oW,
_ b
EDF, = ———— (25)
W=,
I
EDF, = ———— (26)
W=
EDF,,,, = EDF, + EDF, + EDF, + EDF, 27
1
T 1+ EDF;(N‘(I] (28)
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) 5SS 1000kgls2 QAT HAson, olisle dud
9 gm@r] welxel dEgss At guly Pxe mge 4%

85%, 80%= 7HAstAoH, +9 5719 25+ 20CE 7M.

Le et al, (20149 dAFE AHEHA HZ A AAZHoZE AF2dstA] 5
(GWP; Global Warming PotentiaDell thst A7} B S ZA3ls] = FAolBm= o
< GWPE 7kl Z&/AE o] &3 F7|@2A o2 HHs AFE T35
o B AoAe 7Y d7E5 Fxsto 2F A AR 9FY AEHA T
GWPZF 1,500 o]&lQl ZsfA= F7H8or angsted F 759 AsFAE A
Attt Z47ke] ASHRAE Mdsw % ZrsfAldd thd AE+= Table 1,

Table 2 ¥ Table 38 #=xs}H Ht}.

2 gIAE BA0 FHE tehly] A8 ASE AAZA G e 2

43} 5U3HA Peng-Robinson W74 2-& AM&-3H T
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Table 5 Basic design parameters for the thermodynamic cycle including

independent variables of temperature in heat exchangers

Parameters Values Variables
Surface seawater inlet temperature [C] 28 -
Surface seawater outlet temperature [C] 25 22-26
Deep seawater inlet temperature [C] 5 -
Deep seawater outlet temperature [C] 8 7-11
Evaporation pinch point temperature 9 1-6
difference [C]
Condensation pinch point temperature 5 1-6
difference [C]
Evaporator exit vapor quality 1 -
Condenser exit vapor quality 0 -
Surface seawater flow rate [kg/s] 1,000 -
Turbine adiabatic efficiency [%] 85 -
Pump adiabatic efficiency [%] 80 -
Ambient temperature [C ] 20 -
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Fig. 22, Fig. 23& 71®AdA =z 2472t S%7] & PPTD ¥sto] mE A2
HE &8 % Aol2 7t dehit ) & dde] 4ET exds
7} 9AF A, PPTDY ghol #old 43 W7} 4&stn] PPTDY Fhol

we} PPTD7} 1

DN
o
—
=
AN
L
12
ol o
o
rlo
=
3,
3
o
N
Lo
e
o
ol
ol
[
b ot
2
DN
L
By
m'
o
rlo
_>‘:‘
o
iy
p:;{'
o

of Hlgste] Fsste WA ARIF Y BIZIAA S AT olHd Ays ¥
G358 FrR8AA A SE

al., 2012)¢} fAbstH, SiF2=2RA S 771l W2 dU2= S
L s

NS oAA w2 A w7k e] Holzk FedstAl Btk AFRA
deqstn Aol sl vlaEAslnw A2EH £& D Aol2 iR

FrArEtR o, AAgs 25

Fig. 24 €984 A5o] 7Fg 94 RE245fa2E 2 (23)~27) & &3}
PPTDo| w2 EDFe] wWsle] tis] vebd zolt}. Fig 23< #=xstd PPTD7}
FEel ek AtolF uirtdgo] Aest, F AAA B JAHEDE,,,) EI
0.75014 16622 A5 & 5 Atk ZF 71718 AAR o] g AT
A7 Y= Wei et al. (2007), Le et al. (2014)¢] A2 F=xdto, 7zt 7]7]W¥
EDF ®3lo] tis] A rw Z27] = EDF ZHEDF)o] 0.25¢14 0.992 =LA
stk W $=7] = EDFQ] FHEDE)S 0.32914 0482 oA &2ZF 4

Ho
Y
ofy
o
R
rlr

RE245fa27} 7} -3l ATt

o

O-

oA o2’ ol 7] = PPTDe| W3yt SE7]9 dE=Ry A4
el & & F71 "WEelt 5, 27 F PPID7L 7125 B 71710
His SL7oA AdE=ZS AYgFo] AA FrbstH, EDFe| #= A s

. HH¥l = EDFe| gi(EDF)} Hx = EDFO| (EDF)L wnz & W3tE

_35_

Collection @ kmou



Holx] ton, olgd Aye EE ZsfAllA

iency [%]
th
=
=
=

Exergy effic
e
7]
[=2]
[=]

PPTID [C]

o
T

e

Ll
f
R
i)

ER32
EBR134a
BR152a
OR161
BER2I36ea

B REZ45fal

ER1234vf

Fig. 22 Exergy efficiency with respect to the PPTD at evaporator

540.00
522.00
504.00
486.00
468.00
450.00
432.00
414.00
396.00
378.00
360.00

bility (kW]

irreversi

Cycle

Fig. 23 Cycle irreversibility with respect to the PPTD

Collection @ kmou

i

1

3 4
PPTID [C]

_36_

EHR32
zER134a
BR152a
=mER161
BR236ea
ERE245fa2

ER1234yf

at evaporator



175

1.50

195 —+—EDF e
= 1.00 -m—-EDF,t
E 0.75 EDF.c

0.25 —+—EDF total

0.00 s

1 2 3 4 5 6
PPTD [T]

Fig. 24 EDF of RE245fa2 with respect to the PPTD at evaporator

.|_4

o[o
» H oo op
r
fri
N

Fig. 25, Fig. 26 22}
Z 798 E YERd
PPTDO] Zko]l AASFE
57 st B A9

Ao
N

.—E

r ﬂﬂ PPTD 9 %k"l AATE Alo]E & 9 A2WHE &89 e Fof
A Alo] F9] niztd e Atk Li et al, (2012)7 Wang et al., (2012)
o AT e I IArel 2 o] F&7] & PPTD9| gtell wE AbelE A
SHste] tig AT AR AFgE Aok B Ao AARAY wE U=
ARG F7I Al E9 A AolE A Skl o] §%7] & PPTID %
o Wyt %] & PPID 9] ®istit o & IS vHn. d& S %
564 R32 A%5W3lE Fig. 22, Fig. 23 2 Fig. 25, Fig. 263 vlwsle] 2w R
H &3 g F@7] = PPTD7}F 1COA 6CE F718A4 A2YE 88

_37_

Collection @ kmou



oF 57.39%NA <k 38.26%7+A °F 19.13% ZF4stH, Alo]E<9] W7
375.59kWell Al 542.99kW= oF 167.4kW ZF71staith 22 2102 §57]9
- A2WEHR &S 9F 57.63%A °F 37.66%7FA °F 19.97% A, AtolF
of M7} oF 37347kWoll A ¢F 548.36kW7k=] oF 174.89kW F71s A=

o 19

Hol 357] & PPID gte] ®ste] wE Abolg A WsHo] © At =
T lorn, BE AFfAclA FARE AFE BT old @ olfre dAT T
7] &M &57] & PPID gho] wistel e $57] &3 9 AvEd &
o] ¥ A W] wiFeoltt. AT FTRAN Wl Ao]F Hee HlumEH
iR 7] = PPID #heo] Wt we & fAHA 24 AefAs &
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Fig. 25 Exergy efficiency with respect to the PPTD at condenser
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CO, ZUA AtelZe] HAS e tig AFE TP Kim et al. (2012
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Fig. 34 T-s diagram of the transcritical simple Rankine cycle
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Fig. 35 T-s diagram of the transcritical Rankine cycle with open feedliquid

heater
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Table 6 Information of the R744
CAS no. Chemical formula Teit(T) Pi(MPa)
124-38-9 CO, 31.04 7.38
Safety Group ALT [years] ODP GWP
Al >50 0 1
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Fig. 37 Schematic diagram of the simple Rankine cycle for solar-boosted

ocean thermal energy conversion

Table 7 Basic design parameters for the thermodynamic cycle installing
the solar collector
Parameters Values
Surface seawater temperature passing the solar collector [C ] 48
Deep seawater temperature [C] 5
Seawater temperature difference [C] 3
(between inlet and outlet at the evaporator and condenser)
Evaporation pinch point temperature difference [C] 2
Condensation pinch point temperature difference [C] 2
Condenser exit vapor quality 0
Surface seawater flow rate [kg/s] 150
Turbine adiabatic efficiency [%] 70
Pump adiabatic efficiency [%] 80
Ambient temperature [C] 20
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Fig. 38 Exergy efficiency of the subcritical simple Rankine cycle according to

the turbine inlet pressure
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Fig. 39 Exergy efficiency of the subcritical simple Rankine cycle according to

the turbine inlet temperature
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Fig. 40 Exergy efficiency of the transcritical simple Rankine

to the turbine inlet pressure
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Fig. 43 Exergy efficiency of the transcritical Rankine cycle with open

feedliquid heater according to the turbine inlet pressure
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Fig. 44 Exergy efficiency of the transcritical Rankine cycle with open

feedliquid heater according to the turbine inlet temperature
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Fig. 46 EDF distribution of the transcritical simple Rankine cycle (A) and the
transcritical Rankine cycle with open feedliquid heater (B)

45 Q9

oFUYA AolFAME EMYTLEG HUETEC 2242 A2MH A8
o F/HFe % & AN 2UA ARIFS AT ok Aol FH FAA
HUYTLEsl 585% AolFe Aol Y, HUITYHS Aol
Aol AHshE + A= FWet =
N 5 AUD AY A4 B 297 Aol Fel A Este] HEEA
2 Fust F519718 5@ :
97 R AAH Aol F wizkg Yol st
A 3

= Aol ES T3 Aol E AeiAde 7]

_64_

Collection @ kmou



48

A5 %

o

o

ﬁo
)
)l

o] 79 RE245fa27}

Z Aok iy wEbA FEaaA A

of ol AtelF AT ofyel AswAlel AAlAd B ALT, GWP, ODP<} 2

St 2.1,

°

!

Gl

=

HAou, ZEFAE Aol

2+ 5A

A W7 Aol

[¢]

AN 7

s
T

i <F 1.3~2.3%<]

93]

o}
=

o
5

)
o)

Nlo

2l

¥

wAO

p—

H] 7} 0.3~0.4%

ARET

z/d v 7t

NH3/H:0

1

Az A @A

}

9
pul

BER

H
=

S RYgon, dry fluid7} isentropick th
o] 2

S ooenh g ey Ael2e 74

Y AN B0l
E
Byl

2 el

5
2=
[}
=
S}
=

=

Ak
249]

o
=
a3t

AN B Apo] 9]

8

L

)

bt
<k

9

'E&0] =S4T

Aol 2]

€]

ey

a <oF 0.1~1.0%9

9

sAZA o At
1= 71

.

AKX 7V Aol
o|Fof H

A}

°F 9.4~11.6%9]

A8
A

K

N

A4 72kl
- 65 -

[¢]

o

o]
yul

Collection @ kmou



ETEE

SAUAE F71ANA ) 2o o

=

Abo]

Fo] daghr|y AAZJELE=Ate] WHatel A3 A3 9

=

R

9

AE A&

H 3tol] wh

bk 4%

oo B oo R Yoo M YTy BT T A
PA-EE R TR RN X g BWFE g
Koo 4 kg F L XN E g T %
o . S ¥ ) g B ®
o N o AR X W o 33 X - T m T 2 _
SR LT PT I T T oL oy o 2T
—_ To 4 goi._#o QEan
X OB g w W A T oY 5 Jo
T oo s X ol N L
R e T T aOR oy K T EFERy T T
B Y RTE AR D, R T T, B T
of = 7 oo B g X = = G SR

— = &oﬂ1_|7,;oﬂ| n = T or M
E_%xﬂgm%%wv}@@mw TS m e
CCEC ! S TN - o of o Ch

_ dl(.mﬂ,l\ll_ln/uju ‘IO_EOH . X
Ag ¥ e sxQTHeTf®us w, w5
X o oMo 3 N = AR N L T T 53
P FTghowoawdgs W <X %4
" T o S X % - =@ T TR 5 A
23 umov_A]Ho.o o X T T mumﬂzEL
T o B o) K =aRS Bl —

g e Sy ree s Sk BN T e
—_ @E]_L.Juo‘,w ‘mﬂ‘_L;\_;O)A
m%awmﬂn%%mﬂwﬂmﬁ#%%ﬂmoﬂﬂmmmn

el i~y X =

%M%}%ﬁiﬁﬂ%mﬂ.fr% £ F o T @ g oo
T o N =o Mmﬁmﬂoo o = =
o NPT ST T e R G S T =
M %) ) I o T N IS o o
a - B og Lo®oop Lo 2 S EoW
o B I o= o} 0 o T =
° i = of o T
AEﬂqw%%#Hﬁ,mrﬁﬂﬁzdoﬂﬁl i)
R Yy R g NN 2R g Lo Ny
o %o %m%ﬂﬁv%ﬂLA% Heu._mo ovﬂ%ﬂmﬂmo
o B EE TN oo W P o~ B2 A
Koo _ B O R
m_x%ogﬂrii%:ulo_umu%WZWOﬁo ﬂo_aiﬁ?
RO M RN S TR S
R o RN i K Hm,_ T N o o R = M oz o &
. & N H R R T & ToE o Nomox T
oW T T WO W N T O B R B W o oF

L

) By

£

L
) .

o

Fgo] ofA Aol FnTh FoiA

e}
T

°©

EEDREES

of AAzAANA HZH3E obdAl AtelEH =dA Aol

)
- b6 -

A2

Al Z2YA Aol Eol ¥

fe13
=

Collection @ kmou

ST

]

H



=
=

& 1Al Zoll A YA Aol

o

)

)

~
o

il

Els

1HE Al Hd

o
=

Fed 27l A

J

= WAAAZ17] 9

T
s

3

A Aol el

GA Abel 2ol

AP ETE Qla] A2

=]
23]

pa—

0

ﬂ%
fu
il
To

N

0

3 Afol 2 Hl7tel

A

=l
=

HH, S27]

0

71 =

S
=

S0

A

Tchanche et al. (2014)9]

Rz

7]

?_]__

.

ol
A

1l

P
o

o} metA

;:-_]__

o Hlgo] B
A AolZe) AEE A AESWY op2 AAH B <

]

o

o %

=
=

#7271 Ato]

_67_

Collection @ kmou



AR, A4, Y7, 2006 g =2 AJ2"le] EY38E Alo] o O
S AT FE] QoL R/ 8)5] =g, 26(2), pp. 9-18.

_—_I".L
AES, 015, 77PN ZE VHFE VY A EAZRTH o] B
g T RAh TS oy .

>
0
s
(i

A4, A54, A8, 422, 2015, #5745 Aol gl e s ad
A& F71RAAI 2] HAe8H. earrtg /L o/ g 518 =/, 39(9), pp. 881-889.
AEA, A=Y, FE2D, AFE, 2015 Z2Ey AolgS 8T =LA
F71 A ) 2] A8, WISHE SFrfg A AL o]Fets F7]) =) 3.
], 2015, 2= Fr1RIA Aol F

o
T
o AN, 15 3= G - R3] FA g =T

A2, A=Y, 252, AR, 2016 XNEJAELER}] W P =R
& f71uR Aol 2o A RA. @7 aEdLo) 7 537, 406), pp. 4T6-483.

ANES AE54 AR AP, 1999, Kalina Ale]l &3 AA) Rankine Alo| &L
N 2"l SEr 9Fof i 2] 8F8] =27, 19(3), pp. 101-113.
+A4¢ 5, 2012a. M ZH wWE R7448 Y=z LA Ao|F9 AMe

4
B4, gropE A=) o] 7 815 %], 36(5), pp. 580-585.

_68_

Collection @ kmou



249 =, 201, AFWs] W} R7ME ISR WA Apo]Fo| A
X, gl g g3 o] 5815 <], 36(8), pp. 1036-1043.

Aydin, H. et al., 2014. Off-design performance analysis of a closed-cycle
ocean thermal energy conversion system with solar thermal preheating and

superheating. Renewable Energy, 72, pp. 154-163.

Baik, Y.J., Kim, M., Chang, K.C., & Kim, S.J., 2011. Power-based performance
comparison between carbon dioxide and R125 transcritical cycles for a

low-grade heat source. Applied Energy, 88(3), pp. 892-898.

Bao, J., & Zhao, L., 2013. A review of working fluid and expander selections for

organic Rankine cycle. Renewable and Sustainable Energy Reviews, 24, pp. 325-342.

Barse, K.A., & Mann, M.D., 2016. Maximizing ORC performance with optimal
match of working fluid with system design. Applied Thermal Engineering, 100,
pp. 11-19.

Cayer, E. et al, 2009. Analysis of a carbon dioxide transcritical power cycle

using a low temperature source. Applied Energy, 86(7-8), pp. 1055-1063.

Cayer, E., Galanis, N., & Nesreddine, H., 2010. Parametric study and
optimization of a transcritical power cycle using a low temperautre source.
Applied Energy, 87(4), pp. 1349-1357.

Cengel, Y.A., & Boles, M.A., 2011. 7Thermodynamics. McGraw-Hill.

Chen, H., Goswami, D.Y., & Stefanakos E.K., 2010. A review of thermodynamic
cycles and working fluids for the conversion of low-grade heat. Renewable and

Sustainable Energy Reviews, 14(9), pp. 3059-3067.

_69_

Collection @ kmou



Chen, H., Goswami, D.Y., Rahman MM., & Stefanakos, E.K., 201la. A
supercritical Rankine cycle using zeotropic mixture working fluids for the

conversion of low-grade heat into power. Energy, 36(1), pp. 549-555.

Chen, H., Goswami, D.Y., Rahman M.M., & Stefanakos, E.K., 2011b. Energetic
and exergetic analysis of CO,- and R32-based transcritical Rankine cycles for

low-grade heat conversion. Applied Energy, 88(8), pp. 2802-2808.

Chen, J.,, & Yu, J., 2008. Performance of a new refrigeration cycle using
refrigerant mixture R32/R134a for residential air-conditioner applications.
Energy and Buildings, 40(11), pp. 2022-2027.

Chen, Y., Lundqvist, P., Johansson, A., & Platell, P., 2006. A comparative
study of the carbon dioxide transcitical power cycle compared with an organic
Rankine cycle with R123 as working fluid in waste heat recovery. Applied
Thermal Engineering, 26(17-18), pp.2142-2147.

Goto, S. et al., 2011. Construction of simulation model for OTEC plant using

Uehara cycle. Electrical Engineering in Japan, 176(2), pp. 1-13.

Guo, C., Du, X., Yang, L., & Yang, Y., 2014. Performance analysis of organic
Rankine cycle based on location of heat transfer pinch point in evaporator.

Applied Thermal Engineering, 62(1), pp. 176-186.

Guo, T., Wang, H., & Zhang, S., 2011. Comparative analysis of natural and
conventional working fluids for use in transcritical Rankine cycle using
low-temperature geothermal source. International Journal of Energy Research,
35(6), pp. 530-544.

Hung, T.C., Shai, T.Y., & Wang, SXK., 1997. A review of organic Rankine cycles
(ORCs) for the recovery of low-grade waste heat. Energy, 22(7), pp. 661-667.

Karellas, S., & Schuster, A., 2008. Supercritical fluid parameters in organic Rankine

cycle applications. /nternational Journal of Thermodynamics, 11(3), pp. 101-108.

_70_

Collection @ kmou



Kim, H.J.. et al.,, 2012. Feasibility study on the commercial plant of ocean
thermal energy conversion (OTEC-K50). Proceedings of the Twenty-second
International Offshore and Polar Engineering Conference, Rhodes, Greece,
June 17-22, 2012, pp. 736-768.

Kim, J.S., Kim, D.Y., Kang, HK., & Kim, Y.T., 2016. Performance analysis of
an organic Rankine cycle for solar-boosted ocean thermal energy conversion
system according to the working fluid. /nfernational Symposium on Marine
Engineering and Technology 2016, Korea Maritime and Ocean University,
Busan, Korea, November 3-4, 2016, pp.87-87.

Kim, Y.M., Kim, C.G., & Favrat, D., 2012. Transcirtical or supercritical CO, cycles
using both low- and high-temperatue heat sources. Energy, 43(1), pp. 402-415.

Le, V.L., Feidt, M., Kheiri, A., & Pelloux-Prayer, S., 2014. Performance
optimization of low-temperature power generation by supercitical ORCs
(organic Rankine cycles) using low GWP (global warming potential) working
fluids. Energy, 67, pp. 513-526.

Li, Y.R., Wang, JN., & Du, M.T., 2012. Influence of coupled pinch point
temperature difference and evaporation temperature on performance of

organic Rankine cycle. Energy, 42(1), pp. 503-509.

Maizza, V., & Maizza, A., 1996. Working fluids in non-steady flows for waste

energy recovery systems. Applied Thermal Engineering, 16(7), pp. 579-590.

Mikielewicz, D., & Mikielewicz, J., 2010. A thermodynamic criterion for
selection of working fluid for subcritical and supercritical domestic mirco CHP.
Applied Thermal Engineering, 30(16), pp. 2357-2362.

Schuster, A., Karellas, S., & Aumann, R., 2010. Efficiency optimization
potential in supercritical Organic Rankine Cycles. Energy, 35(2), pp. 1033-1039.

_7']_

Collection @ kmou



Shengjun, Z., Huaixin, W., & Tao, G., 2011. Performance comparison and
parametric optimization of subcritical Organic Rankine Cycle (ORC) and
transcritical power cycle system for low-temperature geothermal power

generation, Applied Energy, 88(8), pp. 2740-2754.

Song, J., Song, Y., & Gu, C., 2015. Thermodynamic analysis and performance
optimization of an Organic Rankine Cycle (ORC) waste heat recovery system

for marine diesel engines. Energy, 82, pp. 976-985.

Soto, R., & Vergara, J., 2014. Thermal power plant efficiency enhancement
with Ocean Thermal Energy Conversion. Applied Thermal Engineering, 62(1),
pp. 105-112.

Sun, F., lkegami, Y., Jia, B., & Arima, H., 2012. Optimization design and
exergy analysis of organic rankine cycle in ocean thermal energy conversion.

Applied Ocean Research, 35, pp. 38-46.

Tchanche, B.F., Papadakis, G., Lambrinos, G., & Frangoudakis, A., 2009. Fluid
selection for a low-temperature solar organic Rankine cycle. Applied Thermal
Engineering, 29(11-12), pp. 2468-2476.

Tchanche, B.F., Lambrinos, G., Frangoudakis, A., & Papadakis, G., 2011. Low-grade
heat conversion into power using organic Rankine cycles-A review of various

applications. Renewable and Sustainable Energy Reviews, 15(8), pp. 3963-3979.

Tchanche, B.F., Petrissans, M., & Papadakis, G., 2014. Heat resources and
organic Rankine cycle machines. Renewable and Sustainable Energy Reviews,
39, pp. 1185-1199.

Uehara, H., & Ikegami, Y., 1995. Parametric performance analysis of OTEC
system using HFC32/HFC134a mixtures. Solar Engineering, 2, pp. 1005-1010.

Vega, L. A., 2003. Ocean thermal energy conversion primer. Marine

Technology Society Journal, 36(4), pp. 25-35.

_72_

Collection @ kmou



Wang, D., Ling, X., & Peng, H., 2012. Performance analysis of double
organic Rankine cycle for discontinuous low temperature waste heat recovery.

Applied Thermal Engineering, 48, pp. 63-71.

Wang, EH. et al., 2011. Study of working fluid selection of organic Rankine
cycle (ORC) for engine waste heat recovery. Energy, 36(5), pp. 3406-3418.

Wang, J., Sun, Z., Dai, Y., & Ma, S., 2010. Parametric optimization design for
supercritical CO, power cycle using genetic algorithm and artificial neural
network. Applied Energy, 87(4), pp. 1317-1324.

Wei, D., Lu, X., Lu, Z., & Gu, J, 2007. Performance analysis and
optimization of organic Rankine cycle (ORC) for waste heat recovery. Energy
Conversion and Management, 48(4), pp. 1113-1119.

Yamada, N., Hoshi, A., & Ikegami, Y., 2009. Performance simulation of
solar-boosted ocean thermal energy conversion plant. Renewable Energy,
34(7), pp. 1752-1758.

Yang, M.H., & Yeh, R.H., 2014. Analysis of optimization in an OTEC plant
using organic Rankine cycle. Renewable Energy, 68, pp. 25-34.

Yari, M. et al., 2015. Exergoeconomic comparison of TLC (trilateral Rankine
cycle), ORC (organic Rankine cycle) and Kalina cycle using a low grade heat
source. Energy, 83, pp. 712-722.

Zhang, X., He, M., & Zhang, Y., 2012. A review of research on the Kalina
cycle. Renewable and Sustainable Energy Reviews, 16(7), pp. 5309-5318.

Zhang, X.R. et al., 2005. A feasibility study of CO,-based Rankine cycle
powered by solar energy. JSME International Journal Series B Fluids and

Thermal Engineering, 48(3), pp. 540-547.

Zhang, X.R. et al.,, 2006. Analysis of a novel solar energy-powered Rankine
cycle for combined power and heat generation using supercritical carbon
dioxide. Renewable Energy, 31(12), pp. 1839-1854.

_73_

Collection @ kmou



o}

A e o] A=Y

AR DL Dol

HAA Fol ATAEA S 1A BT

A ZAEEUT 1

=

X
_L

—

) 28 F 3} o]

2ar ki A e 3l

A s HelA

=
=

A FAERUT. 223 9E 0

U
=

€]

o
éT

A

EERE
=
=

[¢]

17

al

ot 3] 7 5

Q3 EG2A E719E7 #AEUT

[S]

2l

[S]

]

T
- ‘4

Bl

o

o
o

v
Wl
o

&

X

mu

FH A,

3= o

= A

f5=A

3 SHIMFAY 7] =3

i
=

A uoE QAL U}
WY I3 A FANA o] =L HAw, shbdr

o},

ool olrtobd ol tha ¥

o
1

oy
o
o
P

Ao

P,

A2l &3

e

!

e gol 2, vhgo

2016 124

FrEoyA4d

A of] A]

& A
=

™H
of

0

Np

—

NH

_74_

Collection @ kmou



z 7]

(MOTIE) ¢} g=oll 4 A 7] =3 7HA(KETEP, “OTEC %

2 J FERIS 7<=/, No. 20133030000110)<]
= o] fojxl A3olH ojo] AR olelBA BA=PYT

_75_

Collection @ kmou



	1. 서  론      
	1.1 연구배경  
	1.2 연구목적  

	2. 사이클 및 작동유체에 따른 해양온도차발전용 사이클의 성능분석  
	2.1 개요  
	2.2 해양온도차발전용 사이클의 종류  
	2.3 분석조건  
	2.4 결과 및 고찰  
	2.5 요약  

	3. 핀치포인트온도차에 따른 유기랭킨사이클의 성능분석   
	3.1 개요 
	3.2 해양온도차발전용 사이클의 열역학적 해석 
	3.3 분석조건  
	3.4 결과 및 고찰  
	3.4.1 증발기 및 응축기 핀치포인트온도차의 영향  
	3.4.2 열원 및 열침 출구온도의 영향   

	3.5 요약  

	4. 초임계 유기랭킨사이클에 따른 성능분석  
	4.1 개요  
	4.2 해양온도차발전용 초임계 사이클  
	4.3 분석조건  
	4.4 결과 및 고찰  
	4.5 요약  

	5. 결  론 
	참고문헌   
	감사의 글   


<startpage>15
1. 서  론       1
 1.1 연구배경   1
 1.2 연구목적   4
2. 사이클 및 작동유체에 따른 해양온도차발전용 사이클의 성능분석   6
 2.1 개요   6
 2.2 해양온도차발전용 사이클의 종류   8
 2.3 분석조건   14
 2.4 결과 및 고찰   19
 2.5 요약   27
3. 핀치포인트온도차에 따른 유기랭킨사이클의 성능분석    28
 3.1 개요  28
 3.2 해양온도차발전용 사이클의 열역학적 해석  30
 3.3 분석조건   33
 3.4 결과 및 고찰   35
  3.4.1 증발기 및 응축기 핀치포인트온도차의 영향   35
  3.4.2 열원 및 열침 출구온도의 영향    40
 3.5 요약   45
4. 초임계 유기랭킨사이클에 따른 성능분석   46
 4.1 개요   46
 4.2 해양온도차발전용 초임계 사이클   48
 4.3 분석조건   51
 4.4 결과 및 고찰   54
 4.5 요약   64
5. 결  론  65
참고문헌    68
감사의 글    74
</body>

