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Korea Maritime University

Abstract

Waste heat recovery system is one of ORC applied technologies. Waste heat recovery
system refers to the technology that generates power by withdrawing waste heat of
industrial use or vessel and applying ORC. In case of vessels, this technology can generate
1MW of power with only 10% of waste heat withdrawal. In addition, since ORC cycle shows
10~12% efficiency in waste heat withdrawal generation, if applied to industrial waste heat
withdrawal, considerable amount of power can be generated.

Ocean thermal energy conversion was first suggested by France J.D'Arsonval in 1881. The
basic idea is that warm surface seawater is used to generate steam, and this steam again
rotates turbine to generate power. He also designed technology that condensed steam to a
liquid by drawing up deep cold water to surface. This is called "closed cycle". Open cycle is
the opposite concept with closed cycle, and for this to work, warm sea water itself is
evaporated by spray flash in low pressure, and produces steam. This steam rotates turbine
and generate power. If it is condensed wit deep water, there is the advantage of producing
additional plain water. However, since lots of water is required to generate meaningful scale
of power and technical feasibility is not met, focus is only on closed cycle yet.

Distinction of these two ORC properties is a different temperature scope. Waste heat power
generation uses about 160~200 degree of heat source, and makes about 130~170 degree of
temperature difference to condensate water. Ocean thermal energy conversion makes about

20 degree of difference. Cycle efficiency according to this is currently showing about



10~12%, 4%. Common ground of these two technology is the use of ORC, and most of all,
it is required to have technology that can increase cycle efficiency.

Selecting working fluid is important to increase cycle efficiency. Currently used working fluid
includes ammonia, R22, R134a, R245fa, and recently known refrigerants are R1234yf, and
R1234ze(E). According to this working fluid, proper working fluid selection through specific
interpretation is important. To enhance regeneration cycle from existing closed cycle,
currently there are Kalina cycle, and Uehara cycle. Also, turbine design technology, and heat
exchanger design technology are among the important elements.

For the purpose of this thesis, through ORC cycle efficiency enhancement, generation
efficiency can be improved. To increase generation efficiency, comparison analysis was
performed in terms of various specific interpretations of ORC based on working fluid, specific
interpretation of ORC based on operation cycle, and specific interpretation when applying
medium temperature ORC and low temperature ORC.

For this, interpretation through simulation was performed. This is done by comparing with

experiment result. to ensure the reliability of simulation result.



A

cycle efficiency
Ft

h

m

Pc

Py

power
pressure
Qin

R

S

t

Wout

U

Win
AN'TIm

Nomenclature

HadH A
AlolE T &
LMTD BAAS
dets

AR
AA LA
A=
==
e
aedd
7] A
e
Q=

o5 i & A

(mS)

(%)

&J)
(kg/s)
(bar)
(©)
(kW)
(bar)
(kJ)

kD)
()
(kW)
(W/m?.K)
(kW)

()



3
59 azoluf SAEA T AzbstA HaAE = b, Ay A EAZE Tt
Utk T, 7|5 Wt mE AT §7]E FFe)
o] A ARl qfeFo R whEolx|aL, o]ikslEkA o]
FE vl ojibsterAa wiETFES 20209 W=
AGA in] 30% o] FAFohe HRE FHSL Ak oldE oA EAE sidst
7] 91 T b AU A Y] ARl k. AlA U A= FolETE %
dAolaL, g el o, A&H7sE Aol ZWO]E}"’ o g k. Al Y A
= HIEE, AY, AdAdA, 49 5ol A o] T ALAUAE o]&g o
S expd, aelal 7S] HEAE dds O] sto] dEE Aikste 7l A
= Zio Organic Rankme Cycle(ORC)oltl. ORCE ZHgRAIE Zo] ofd H7|=
)= ARESte] AlolEE TS, ]*——4 A F| Aol (closed cycle)ol HIS|
2H& o] -85} ﬂao AR 313 ATH1].
ORCE AlGhd, HA3|add, g AgH =, SEA7F ANk AL
o] Fe] m&o| 7= " rto]Fe HlS| , HHl 2 dwstr)o] %
SHAZE e 7] witel] =S AATE 2
ORCE A&ste= 7= % A A e
duke]l A= HES thA QTO}C’% ORC
ghoh. dube] A9-= ‘HEJ]X]
AE 7]=o|th. HE3I ORCO & &0 ﬁﬂ
UolA 4H - #H D3|
[2].
_%;ql,}.g].t N A AN IR 5T 2030»#77}%] 11%= i‘f & Aot} 1

O

N

’

%0,
r
% |
N

o
°

AL 2
o nZ :
2

BY
! =
0,
e
o
H

i)
ko
O/

st

NG

=
°

(

e

tot,

},

&{5 ST

£ _lZi

Ty

o, GSL' 2

LR

o il
)
)
o
o

2 >

S

jie4

o,
lo,
—
[
=R
ol
)t
£
M
—
=
lo,

N
o
o

=

2
>

ol
Ql',
3

ol
il

o] t}H[3].

o w F5HE HgFduAE oF 55.1x10" kWolm, 2 Fol A 26yt
Ao &85 3 F dupd, 1% kW7t 7HE3 Aoew FAS 4= Q. o
2000 7]=o 2 gk MA oA e] 8] oF 1008 &l A= el
3l vl 3Wo] v R Eeiodlom | s YgalS G 800melske] Al

olate] A& At i, ZTTe ATTE Apel7t 20T o]l o] Axr

2609 A=7F Ho T2 dde T »l‘jr

oy ™



= a0l J.D'Arsonvalel 98] #A|etE AT, 7]EH el A7

g ¥HGT 272 AN TE AEHT OS] HYS SAAA A
ol

ol

S

= % =

& ANT 5 ok, aET A N%%_ ERow 32101%34 1%
o u

Q)

?
>
o
i
o
©
ot
kJ
=
v
N
==
of
>~
>
o
il
o°

el e waz, 4%4—2— o] -5t} %:*17 4 HrRE S
Mo AT F o gl drk. et 2 frel e Qi) e
we ol Bol aFHol /%A Bggol by REste] WalAolZol YFH ot

2 9F 160~200TC2 EYS o83t SFHF9e 2=xto]7F oF 130~17
= odkhd ) e whEe] A olo w2
5 oF 10~12%, 4%E YeERHIL Qt}. o] Z}.P_E—c ORC
g glon Folut Alo]ZFe] g &S TEo Xar 9l

ORCS] A 7lwRe IA 4572 YHY. A i< 2eA dQZolv. s
A= ORCOll & F&FS v AT, 7S] AFgHAA = A EeFAZe PJAQO} R22,
R134a, R245fa7} lom, ol d¥A = Yrj2% R1234yf, R1234ze(E)7} vk, =
FAE oEA ARgst=rkel wet AbolFel IA FFE WY, F HMHE% Em
AA7I=olt)k, HH fo] o ALE-3k= BRI B]3] ORCol A}83t= 2sfAE A
Jolsttt whebA EfNle] Mo uhegt 48 F 3l 9 T3 IA Hedn. V&

AtolZ o] qfriol weh A d

_,d
%2,
o
_EL

radial turbine¥}, axial turbines 2l &7
AAZE aste. Al AR gty d Aot Oéﬂi_ﬂb 71%9] shell & tube?]
Augr|7F dE A Aok, AN o] Ayl Fyx & Bylolyel dag& % plate
typedll Hl3] vt} webA plate type Dulgk7]E ORCol A &st7] 913 7l=o] Foln
o dgsi, mpAete R Alo]F o] Aot} VAo ARl Alo]|FE = AL
o] k. E=g "HAlo]Z9 &85 Fol7] A% A Aol Z(regeneration cycle)©]
Aed o= HEle| Eo3t A A dFE Aedste] dudr|E THALLEZA
Ao 3= £33 Alo]F 58 FUE B Jub. T3 o] F Alo]F 9ok oy
ol/&9] T3 AsHAE ol&3 ZEUAte]Z(Kalina cycle), F-olstet AlolZ
(Uehara cycle)o] dth. o] Al Alo]E9] v g8 Fol7] 98] actd otk
[81[91].

AT A= ORCY E&FYS Bl TH &&S Folvd domn, OrRCY 7]
Nd 2 PengRobineson WA, Ate]Zo T/ AFfFA, ORCO #-&Aldel izl

Lo Lo o



Agetlon, HAsFEd B G mAT AN A &ske Atel S FHERAlY] F
., ZHsfrAlel wE ORCE] thekg S48 4 %/\]' |2l w& O0RCEl SA a4 ol o
3l = Aspentech HYSYS 7.3H A& o] &

O

, ole] Al Mi«l BgAde ASsdlE 1=

o H
¥2,
rr
>

( mﬂ
=
£ N
[‘ﬁ »



2. ORC ¥ Z&A

2.1 ORCE] 71 &7

100
___ carnot
g‘ 801
% ol central station steam rankine

J/ stirling otto,
40 // diesel

brayton

steam and organic rankine
1 | ]

1000 2000 3000
Peack cycle temperature [1C]

Fig.2-1 : A kind of the thermodynamic power cycle

s
>
1 Turbine
£ Steam
Ql—_*:h generalor
:
Condenser s
Un
Pump

Wp
Fig.2-2 : Diagram of the Rankine Cycle

Aol FEl7t A AAGE AA Wgels HAo]l 27 dHE Eolee AE 3 AlolE
(cycle)S AT 3o}, Fig.2-12 G stoA A= thermodynamic power cycle
o] THE YERHT. oA 49 2% mE Alo]E9 &S HoFT. Rankine,

o Tr

_4_



Brayton, Stirling, Otto, Diesel, central station steam rankine< -$-2]7} &ybA o
2 21 9l+= rankine cycle®] 99L& steam and organic rankined J¥o] TFE AS
& g d10].
Fig.2-2+= R Ate] 29 271 ddwstel 27le] SShistE s A= Alolg &, 2
SHAZE F719F A ARWstE Ftete] g AlolES A sk AbolFolth. o=
7] AtolZoletal BV % e, 7] WA FFEE(GEYE), R &
= 3E71(E97E), H(GER), 5571(EE) e 7 8] T AtolE
o] 73 %o St}
Ao 2] 2H5-R-Al (working fluid)E E(water)S AFE-3HC},
Sholl Al 100C A #+ FAlolth. Eo] HEZE FalA OLE:]O] }
st F71E Wstal, 715 BHRS 3HAA deuxelA sl
=S 9 Ha, v FVE S57E FHetY °”Xﬂ” -4
Z 7]8 =

I~

i

2 rlo

O>'
01}4
ol

A

LE
m&z
_\dm{lj

(o
ol mlo rr HU

o
X
it}
au)
rone
I,
2
o
fr
~
2
o
ol
rir
ad
e,
Y
1o, om
o,
—10
= e e
ﬁ ﬂl
> i K
th o
~
2
oo
e
o o
o
=2
s
il
o

o%v
N9
>
9

B oo o
=2 fo
£
=)
==

O
=
£

>~
=
o,
iy
o

|
il
9

A -2Fel Harry Zvi Tabor¥} Lucien Bronickiol 23l
E9] Aol E FAAL2 ZFom ALEStE AE AT BAA fUA= uf
. 7IAE BERY b He] Y] g dgdes G 2 =
$%ol hsstel, vhe RE8 Wie] fele Aol Fol o).

ki
2
>
!

1l Peng-Robinson W72

c 3]
B RO A ALg AbolF o Bel Ik HES 2hsmA Brh. Fig.2-38 b 7]
ol wi W Atel 2o T/SHES vhehith, 45 RA B (oup)ol olHH 45 A
© 120 A Wa "o aea el oa) Q.0 9% Qe 2802
w7 g%ste] AEZSY} ZAhT A £33k AERAE AEEI} s
ool Qe stel 3>4m Wel H3, BN BuE AEFAL $571F AUwA
i>l0% AERs oA gasl B el & Ael2E T

<
o
D
©
r
d



400 Critical Point

50b:
0 -

300
250 Zin /

Wi

tu

200 bine

Temperature (‘C)

150

100

0.06bar
i - (0.87psi)
&5 ’% T/menp Qout \ \/
1 4

¥

0.0 l‘.O 2.0 3;0 4i0 5.0 6‘.0 7.0 810
Entropy, s (kJ/kgk)

Fig.2-3 : Rankine cycle T/S curve
#d717F gl 7P V1] HE s7iAbelEe] Al2Ee] das, nad 7|E HE
vl 7+

et g $0R el £ 9l
Wour — Wi
Min Q..
. (h3 h4)_ (h2 h1) (2.1
(hy — hy) ‘

of & Ao|t},

Al el Am@rlE Fa A7) sttt AwdHe ool AEFAL AL
A3 AL Wl ENle] AL s Ak Aadrle e Aes AL o)
2

Q= UAAT,, Ft (2.2)

Ue FdEATE 12 AR A2 %iﬂi dolgo] ofFojd u FIAL]
Al
2]

2} Egm ol olgle 21(2.3),21(2.4)¢} o] xHY
q=UA(T,— T),) (2.3)

1 1 Azxa 1
T ke ThO (2.4)

s Agudon Awds)lel stolxe WHe] Wik Al.: BFBRLEAZA



H
°
)

o} 12]

I ] o
23 AREE AAZIA BH A Peng-Robinson™d 45 AR5}

Peng-Robinson< o}#e] 21(2.6)3 Zt},

p— RT _ a
V—b V(V+b)+b(V—0)
a=a.x
2T2
o, = 0.45724 P
b—007780R
—0. e

c

Va=1+r(1-17"?)
k= 0.37464 + 1.5422w — 0.26992w>

T
L=7

c

P =critical pressure
T.=critical temperature

R=71 A%<
Peng-Robinson®#A 212 1976130l Alvftlel] U= Albertathere] thst

_7_

(2.5)

45 dEdE ATim e
: LO)E YET. 5, £F ols¥#4 4o
S GAjolrh. m3 frAle] sl eibd wol
5. =

AT O/ ABA AL ALGEA e AFHelA =

SRR

(2.6)

(2.7)

(2.8)

(2.9)
(2.10)

(2.11)

(2.12)

<4 Robinsond}



W

HARQD Pengell o3 WHEolZl AA|7b A|l2~®lRbgA o R fHgk WA Fol| shutol
o @D ad 58 Fehed AHgshs Aot 4(2.8)2 o F Tk AolH,
RZ T.P.2 olFA Ut 2(2.9)%F bE Fate Ao, 2(2.10)2 19 W& oS
T 4 Ak ek g AL ADYA 7 5 den, A(2.12)w T8 78 F 3
ok 2(2.6)% o]&3ste] AlEHE A U9 Z|A Al dig AXE sl on, A
Abell BQ g 252 2(2.7)~(2.12)F °] &3t Axks 3 13].

B oEfdAe g AS o F8&X 29 Aspentech HYSYSE AR&ate] Al
EooldS sttt HYSYSE Al=®le] FAHMAl] f83tn, thdst &=, 949,
TS So W Alagle] Y54 2 F54S AIsH A5 F s AlEY
Mojtt, gxz el vlgd 9 HAds wdsty] 98 20004 11€ <1t
oA AP ‘P LH(OEC)ZAE Aealy 2 A5 A7 o 29
AnE vgow 22 20s A&ate] AlEd oS Tt 14].

Fig.2-4, Fig.2.5v= TE7]¢ WA 9 §] - &7 Alo]& EAoltt. AZFoA 5 g A
A= Ao Az, F HAls Add7, A HAlE AlEgold Aol
o aHeA & g Aol g FAVE RS S HolErh. Fig.2-6& T
7] = gholth. AAzo] AlEH ol gt v Aol 3

=
o sk =8 gkS ek, Fig.2-7, Fig.2-8& gl ¢ - =
T AtelE sfiMelnt. &9 AFA whel 27.3kWeF M]=E 26.05kWE HERH
3 ¥ } A ko] 2 4= o). Fig.2-9, Fig.2-10, Fig.2-11& =
W TARES YRl gloy, S5 (head)oll A o
A Jdold #e uvEhdch. 919 A9 dHeoly Hlal BAE Fote] AegraoaH
dol Atk A S SRlstion | olE SR o] B =

>

M 2



mass flow(kg/s)

mass flow(kg/s)

temperature(C)

temperature(C)

80 30
X working fluid M [ ]
70 - X warmseawater M |
@ coldsideinletT v L o5
V cold side outlet T
60 - B hotsideinlet T
< hotsideoutlet T | ¢
& & - 20
50 A
40 - - 15
30 A
- 10
]
20 A
] ] -5
10 A
x x x
0 T T T 0
design condition ~ experiment simulation
Fig.2-4 : Simulation results of evaporator
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Fig.2-5 : Simulation results of condenser
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Fig.2-9: Simulation results of pump head
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Fig.2-15 : Diagram of Uehara Cycle
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Fig.2-16 : Refrigerants nomenclature
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Hlof A H¥, 2R FdE5719 FHE e 1A o
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FLAMMABLE

LT F'l:"n-:? e 2 &5 wihen moderatel

& preheated to burn
0 Wil ot burn

REACTIVITY

4 May detonate - Vacate
ares if materials are
exposed to fire

2 Strong shook or heat may

detonate - Use monitors

fram behind explosive
resistant barriers

2 Yielent chemical
change possible
= Use hose
streams from
distance

Unstable if heated

= Use normal

precautions

O Mormally stable

Fig.2-21 : A standard table of the safety

YoM AFs FFHAe] HAAWHOZ saturation vapor curve, thermodynamic
parameter, environment “L¥]al safety ©|ZEA & 471X thal] AH3H . AF3 4
A7V 7hE F8g Qaolt), o] 47X 7F B A EtAl awlEeof AH g AsA

g A4F 57 Ao B wRe] AF ggel AGHeRa HFeEhnae] Lw
e tart. gl thy] WEe] AgsA B AFFA L3 debA =)
£ SR B4 S9, el BE gad. a2 wEe] Fod

pu- -
870 W A8 4EFAE A Aol P L P RolrHz20].

2.5 ORCO] 2 -g-A}l

ORCE %Esa} % of W} YT &xE F2 320T ©]8te] %04 ORCE AME-
A Pk, 320C o]e] dUoAE ORCHEUE BIIALol S AL&3ht). Fig.2-22+&
L r9 %aﬂoﬂ w}% ORCH S vepdtt, 8 o] 10kfelolar, %7} 200~320C
o] 749+ micro cogeneration® ORCE A &3l dYolt). v &322 10MV <
ol =g 9o] 20~30CY wi= OTECl ORCE 2 -&3HA ©vl. 283l main ORCYH 2
225 2%7F 100~200C Alele] 9d4de] ORCO] F+ JHoz & 7} At} Main ORCH S
o= A U3 AEHE FokRyE dAdsFEdel vk, HAEIFEHE HYAE
H S ORCol A-&3te] WS Ailehs 7otk §4 9 ARt A Heix= 49
ol g3t M-S wEE WHE dA & A Fo oh[21].
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Fig.2-22 : Application of the ORC
/z'"( uuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuu ¥y
3 y z
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1
—E’ HE G: Generator :
I I
i T: Turbine 5
C: Condenser 2
Economize P: Feed pump

H.E: Heat exchanger

Turbo
charger

Fig.2-23 Waste heat recovery system for the ship
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Fig.2-24 Ocean thermal energy conversion
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3.1 Adrg I3 A ~de] 7|27

AbgEHE a1ee] dglo] 100T~200CALeldlE 7] @FAte]ZS ALg37|dE d
dol U A}, 87 wie] RCS AMESlY] FEI AYS WE F Q). o] 2n
dolo] RCE HDE 5w, e Sofl 483 5 gt 53] FAds50do] A
Sol= thokgh Ak ok A& hsaitt. SEwds, AATG MEHE @D, »
#7] 2274 e Aurel w77k dd B kb Hopo] 283t HEAE 49

¥ 4 3]42H (Waste Heat Recovery System)o]&h 7|Eol| Bl x|= 4YS 3435t A
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Fig.3-1 : Gas flow of the waste heat recovery system
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3.2 Auhg HE3 e AbolE R FEfrAle] &
Ao A S - AE AelERE T EE A o
€& = vk "FAte] S At AgetA =W Aol hddate] dulel] ul |3}
Fow Azl Frh. AT Ak o) vla| E&ol Wr] WFe] BEL Holwx}
S| A 2S A Aol § wiad @ ol w@ Aue] 554 w2
<= well ZeurtolEt f-olstebitol g Aol EdEERAIE ARt wEol
Ao A gahr)ol i Qb wefol olego] 9v] wEel melshA ekskeh. Alutel
e wel= Aeol o sHAARE FRuE AdEs FHs= Aol HeA
o Holop & Zolth. 1127] WEel RCE A8 wolw BAFIAS ALais
ApolEQl AsAtolZ 3t Al Fol UE ATE AW .

oj of o

o

HEs| e AEshs AJefAds 2299l oF 160T~220CHE== A7t &
T ok €9, A, =Sdlee] d ds T8 =R sto] gEuYo}, Rl3da,
R245fa, solkatherm®] WYmj&2] EAld s A

EoBad 240w Aa U9 4 SR oFoln FaAF BT, of
549 548 Bol & %t 5439 9984 440 58 A2 nan, AW v
HORE ¥yl Aoel A A A RAL dotg. ada AA) H2d
A el @ oFo] AUEA B, AN st AHOT Fetel welst B
3t

3.2.2 R-134a

R-134a(CH2FCF3)= Ea]2 A 0% BhA2/, A2/ 181 2475 o]Fo]x &
SARA Qlolh. ol F IE 4B Sl ml A ol 2ol Wulolt}. FA

20114 o]F AarE= AEAlE o WilE AlgaH ZahA stn Ak 2w, A
ol Ag BEAsele] Al A ATA LsolAn AL PEALel
t13as 2200 S Qb AFelth. 27lel wEoldl A2 R-129] jAdu) =
A ol ok, MEAS 265,30 % EEAS o 4A0] o HE el g
Qo) Zel shpolty.

3.2.3 R-245fa

R245fat= R1239] o] Wwl= siQbgl Yufjolr). R1239] A% 45 XFg HCFCs
Aldoltt, o242l (0P R-11,R-123%t} Wx|vt dAdd EAL v]g- Hojd 3oz
de A it
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2.4 Solkatherm
ﬂ@*og.wﬂﬂﬂ RlojA] djel 89l

gt AR

d & x3E olErt. EAoRE F
Sola, BRANARE vlw e Lxolx we Hu, dFol v WeiEd Lol
HlZ2gk Aas Bol7] wide A YujEx AFo] ).

3.3 Ato]E 2 AERAY TR wE 4 A A
Al B o] de AgZ 21l aspentech HYSYSE o] &38te] &
Heoe &

st o] 2o R = o9 table.3-13 2t}

=

A4 e

of

SRt A

table.3-1 : calculation condition
Cold S.W(flow) 50[kg/s]
Cold S.W(Temp) 30[C]
Warm S.W(flow) 51[kg/s]
Warm S.W(Temp) 180[C]
Turbine Efficiency 75%]
Pump Efficiency 80[%]
Heat loss Zero
Heat Exchanger Type Shell & Tube

3.3.1 Aol S (IR Yo}

Fig.3-2 :

Closed cycle(ammonia)
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Fig.3-2% dHAte] Sl digt AlE#oldddeltt. AlEHIMAS F343 o] 180T
Lo Y& o] &3t AwEHo] 100kW7F HA ettt efAe dE= dx
Yols HojFEr.

3.3.2 A Aol Z(YEY o)

Fig.3-32 Aol Eel digt AlEdoelddzoltt, AafAle dEyolo]n 1o u}
2 9% a&S ARtsalth. Fig.3-4, Fig.3-5% Alel29 Fiel we v ==y
a&olth. AuEEe AQAALe] Zo] 102.37kW, HHAFo]F o] 100.56kWE A} AYAfo] E o]
D ato]Zel vla] AujEEe] o 58 & F AT EI a&5S A Yo S|
9.7%, Lu|Alo]Fo] 9.33%2 A Aol Fe o] EUL. I oFERE FLVE E9
he gujzh AT el od] dlde] Hol Bo7by] wlite]l e RS54 =9 %
ORLE £ 4 B F9S 95 7 7] "ot S ARE FH ag&dAe A
AArolFo] AgsittE A gl & 4 Ul

o] AT ANE npgrow U zHef-A¢) Ri3da, R245fa, solkatherm 123l &
S A&ste] Dol S ALl Sl A FLT sAS FEsi

Fig.3-3 : Diagram of the regeneration cycle
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Fig.3-4 : A power of the closed cycle and regeneration cycle
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Fig.3-5 : A efficiency of the closed cycle and regeneration cycle
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3.3.3 B Aol = (&)

Fig 3-6%} Table.3-2% Wu|rlo] oA &S AME3lY EWI9] 9]-¢te Wale] w2

#1582 348 gﬁ}o]u} Table.3-2¢1A4 B EJWIS] ¢j#9teo] /Mg &

&3 &8S Holx ¢Yr}. Fig.3-7& HW otz o] Yolx
Z_‘]—

3.3.4 HH Aol = (R134a)

Fig.3-8%} Table.3-32 WuAlo]Zol A R134aS AFE3le] EIWIY JF+4+8 W3to] w}
2 =93 589 A3 ditoltt. Table.3-3¢04 BE™ €W g]etede] 7pd =S
wjQl E3Fete 4d0baroll A 7HY & 8% £9& Holil vk Fig.3-9&5 EHW $+d
o] vrolAl ggo] Yrolx= AL B 4 k. ES, R134at 30barolsto A= &9
I gg&o] 543 oAE S & F vk o] AFE B wjo] | Alo] FelA
AERAE Rl3daZ AFE8IQS wlol= BRI Q]FtEe] =845 EYdAY af
o] gojubr, 30baro] el =l fFAs|ofF strt.

3.3.5 "y Alo] & (R245fa)
Fig.3-107} Table.3-4= dHAlo] Zo Al R245fas AF&3le] EJRle] <ol rots wis)
=

e 93 g&5 A3 @-‘Jro]‘jr Table.3-49lA4 =%& HW EHHl &
30bar ¥ rqm 7}% =93, &2 36barolA 7HE =2 AS B 4 9}, Fig. 3-11
AujEgo] =4

o uw xgEdA] FHo| }ﬂ =7 vgkon, 30bar oA |
o} miﬂ/\}o]aow e AS R245faz ARESISlS wol= ENle] Qlated
30~40barol| A ARge wjol] &3} g&o] FL2 A3ES Wola 3l

3.3.6 “1ﬁ]/\}°]i(solkatherm)

H
%‘E’%‘Ol Eﬂ%‘é‘b 25bar°ﬂ*1 7}1* %:?-3— 7§_Jﬂr§ T ‘th‘r Flg 3-132 ol o
=93 g&dely, 2t M w2 A9E B
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Fig.3-6 : Simulation results of the closed cycle(water)

Table.3-2 : Simulation data of the closed cycle(water)

power W.F.P C.S.pP eva.Q netPower | efficiency | pressure

(kW) (kW) (kW) (kW) (kW) (%) (bar)
closed 53.13 0.146 | 0.175 495 52.81 10.67 6
Cyile 57.39 0.17 0.17 494 57.05 11.55 7
(&) 59.29 0.18 0.23 494 58.88 11.92 7.5

60.71 0.19 0.23 494 60.29 12.20 7.9
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Fig.3-7 : The power and efficiency of the closed cycle(water)
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Fig.3-8 : Simulation results of the closed cycle(R134a)
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Table.2-3 : Simulation data of the closed cycle(R134a)

power W.F.P C.S.P Eva.Q netpower | efficiency | pressure
(kW) (kW) (kW) (kW) (kW) (%) (bar)
closed 9799 | 153 | 7.034 | 1107 8.62 0.78 10
cycle 84.41 7.449 6.682 1110 70.28 6.33 20
(R134a)
114.3 13.17 6.448 1103 94 .68 8.58 30
128.5 21.27 6.448 1099 100.78 9.17 40
120 16
—@— power
100 4 —(O efficiency - 14
L 12
80
< - 10 (g
< B
'g 60 8§
8 &
a s ©
40 4
L 4
20
L2
0 T T T T T T T 0
5 10 15 20 25 30 35 40 45
pressure(bar)
Fig.3-9 : The power and efficiency of the closed cycle(R134a)
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Fig.3-10 : Simulation results of the closed cycle(R245fa)

O
Condenser

Table.3-4 : Simulation data of the closed cycle(R245fa)
power | W.F.P C.S.P Eva.qQ netpower | efficiency | pressure
closed L&D | W) | (kW) (k) (kI (%) (bar)
eyele 89.01 9.789 3.28 855.1 75.94 8.88 20
98.96 12.55 3.28 898.8 83.13 9.25 25
(R245fa) Ty06 1 | 15.24 | 3.28 | 927.3 | 87.58 9.44 30
108.9 18.34 3.28 917.1 87.28 9.52 35
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Fig.3-11 : The power and efficiency of the closed cycle(R245fa)
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Fig.3-12 : Simulation results of the closed cycle(solkatherm)
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Table.3.5 : Simulation data of the closed cycle(solkatherm)

power W.F.P C.S.P Eva.Q netpower | efficiency | pressure
closed (kW) (kW) (kW) (kW) (kW) (%) (bar)
cycle 102.61 5.215 2.579 998 102.61 10.28 10
(solkath | 124.66 7.759 2.579 1032 124.66 12.08 15
erm) 138.37 10.45 2.579 1049 138.37 13.19 20
159.2 13.26 2.579 1039 143.36 13.80 25
160
—@— power
—(O efficiency L 14
140 -
= 120 - 9
g; - 12 E?
[
g S
& 100 - b=
L 10
80 -
60 T T T T T T T T 8
8 10 12 14 16 18 20 22 24 26
pressure(bar)

Fig.3-13 : The power

and efficiency of the closed cycle(solkatherm)
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3.3.7 AR Z(E)

A o] S WuAlo]Fe] & FS S8 e Alo|Folth. duHAte] e HE T}

e B Alo]FS Holu, A& HlA

HAtol 2 o] 7H Aet AEeRAE AAsrIHE ARl w2 AlEd el

T3t

Fig.3-149} Table.3-5v= A|AALe]ZollA] &8 AFEsto] EHl9] ¢f9te Wsle]

=93 58S )43% Aao|tt. Table.3-5004 WA =¥ g8 o

o] 7.9bard Wl 7F¢ =2 #S Holil Jrt. Fig.3-155 X ¢F=o] 7.9baro] st
=97 ga&o] AEsA "ojx= A B F Atk 1A o] Aol BNl <
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Fig.3-14 : Simulation results of the regeneration cycle(water)

Table.3-6 : Simulation data of the regeneration cycle(water)

power | W.F.P C.S.p Eva.Q | netpower | efficiency | pressure
regenera (kW) (kW) (kW) (kW) (kW) (%) (bar)
tion 132.8 1.89 2.93 1237 127.98 10.35 6
cycle 143.5 1.89 2.93 1235 138.68 11.23 7
(&) 148.2 1.89 2.93 1234 143.38 11.62 7.5
151.8 1.89 2.9 1234 147.01 11.91 7.9
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Fig.3-15 : The power and efficiency of the regeneration cycle(water)
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Fig.3-16 : Simulation results of the regeneration cycle(R134a)
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Table.3-7 : Simulation data of the regeneration cycle(R134a)
power W.F.P C.S.P Eva.qQ netpower | efficienc | pressure
(kW) (kW) (kW) (kW) (kW) v(%) (bar)
10.06 14.37 4.572 1088 -8.88 -0.82 10
regenera
tion 78.91 13.7 4.337 1099 60.87 5.54 20
cycle
(R1342) 109.6 13.7 4.103 1098 91.80 8.36 30
119.7 14 .85 3.986 1059 100.86 9.52 40
120 ~ —@— power
—(O— efficiency L 15
100 A
80
R - 10
‘q—) [
g 40 é
a L5 @
20 -
0 4
L0
.20 A
5 10 15 20 30 35 45
pressure(bar)

Fig.3-17 : The power and efficiency of the regeneration cycle(R134a)
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Fig.3-18 : Simulation results of the regeneration cycle(R245fa)

Table.3-8 : Simulation data of the regeneration cycle(R245fa)

power W.F.P C.S.P Eva.Q | netpower | efficiency | pressure
e (kW) (kW) (kW) (kW) (%) (bar)
regeneratl 1195 1 1943 | 2.336 | 1062 89.53 8.43 20
on 124.7 | 19.43 | 2.336 | 1124 | 102.93 9.16 2%
cycle 133.4 | 19.43 | 2.336 | 1162 | 111.63 9.61 30
(R245fa)
137.3 | 19.43 | 2.336 | 1169 | 115.53 9.88 35
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Fig.3-19 : The power and efficiency of the regeneration cycle(R245fa)
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Fig.3-20 : Simulation results of the regeneration cycle(solkatherm)
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Table.3-9 : Simulation data of the regeneration cycle(solkatherm)
power W.F.P C.S.P Eva.Q | netpower | efficiency | pressure
regenera (kW) (kW) (kW) (kW) (kW) (%) (bar)
tion 129.5 16.54 2.462 1033 110.5 10.7 10
cycle 155.2 16.54 2.462 1071 136.2 12.7 15
(solkath | 170.1 16.54 2.462 1087 151.1 13.9 20
erm) 176.7 16.54 2.462 1080 157.7 14.6 25
180 18
—@— power
160 1 —(O efficiency 16
140 - - 14
120 A L 12
< X
‘\_3? 100 - - 10 ?
% 80 -8 §
e 3
60 L6
40 - - 4
20 Lo
0 T T T T T T T T 0
8 10 12 14 16 18 20 22 24 26
pressure(bar)

Fig.3-21 : The power and efficiency of the regeneration cycle(solkatherm)
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Table.3-10 : A power of the closed cycle and regeneration cycle

net power (kW)
water R134a R245fa solkatherm
closed cycle 60.29 100.78 87.58 143.36
regeneration
147 100.86 115.53 157.70
cycle

Table.3-11 : A efficiency of the closed cycle & regenertation cycle

efficiency
water R134a R245fa solkatherm
closed cycle 12.2 9.17 9.52 13.8
regeneration
11.91 9.52 9.88 14.60
cycle

Table.3-10, Table.3-11S WHAlolZ3 A AAlolZFo] & 2 85 A3k zo]
a kel

i, Fig.3-22, Fig.3-23& WuAlo]Z23 A AAte]29] a &S =243t & zlojt}. o
Ang B FH A= AYALelF9) solkatherme] 157.70kW= 7HE & kg 1ol

3 9Jar, I o2 AAALelZe] B3 solkathrem®] ZFz; 147kW, 143.36kWE
olaL ¢l .i%%‘ HS wol= A AAe]EF 9] solkathermo] 14.60%%2 7} =<

I gSo R HPAalolZF9 solkatherm¥t WHAlo]E 9] Eo] Z
13.8%, 12.2%7—__1— WEMJL ATk

o
f
o
h

of AnE AW wel M AT ABAllZRE Al Ze] g AN &
gol 2 ugtth. F@How nedlRY A2 solkathern HEHAE AL
A9e wol A4 48 Aew AztEr. o ATANE wPow 7t AWEH 0

2 ggd g e ATEaT
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Fig. 3-24 : Characteristics of the cycle according to the engine load
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Fig.3-25 : Characteristics of the cycle according to the engine load
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Fig.4-10 : A result of the regeneration cycle simulation

Fig.4-11 : A result of the Kalina cycle simulation
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Fig.4-12 : A result of the Uehara cycle simulation
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Fig.4-13 : Comparing the efficiency of the working cycles at the 50kW output
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Fig. 4-25 : The power and efficiency of the closed cycle(R407C)
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Fig.4-27 : The power and efficiency of the regeneration cycle(ammonia)
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Fig.4-28 : The power and efficiency of the regeneration cycle(R22)
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