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PUNYAPORN VIRUNCHIT : FEASIBILITY STUDY OF AN ORC POWER
GENERATION UTILIZING DATA CENTER WASTE HEAT.

THESIS ADVISOR : ASST. PROF. ATIT KOONSRISUK, Ph.D., 159 PP.

ORGANIC RANKINE CYCLE/LOW TEMPERATURE WASTE HEAT/DATA/

CENTER WASTE HEAT

The increase of number and size of data centers worldwide has been obvious.
In this study, the thermodynamic, economic analysis and optimization of a subcritical
Organic Rankine Cycle (ORC), Supercritical ORC, and Trilateral Rankine cycle (TLC)
power plant from data center waste heat was conducted. The waste heat temperature in
a range of 35-75 °C was examined. Various working fluids were tested as the working
fluid for the power plants studied. A computational code was developed and validated
with a result taken from the literature. The golden section method was used to search
for an optimum operating condition that provides a highest net power output for the
prescribed heat source temperature, heat sink temperature, and pinch point temperature
differences in the design and off-design conditions. It was found that the supercritical
ORC plant is not suitable for generating electricity from the heat source investigated in
this study. In addition, the subcritical ORC cannot generate electricity when heat source
temperature are at 35 °C and 45 °C. For the subcritical ORC plant when heat source
temperature are at 55 °C, 65 °C, and 75 °C, the corresponding net power outputs
of 386.95-438.21 W, 1.34-1.44 kW and 2.81-3.07 kW are obtained respectively.
For economic analysis results, it found that the Levelized cost of electricity (LCOE) are
134.39-151.05 Baht/kW-hr, 41.63-44.72 Baht/kW-hr and 20.19-22.08 Baht/kW-hr with

R236fa, R1234ze and R1234yf respectively. Furthermore, the TLC cannot generate



electricity when heat source temperature are at 35 °C, 45 °C and when using working
substances with the first two low critical temperature as of heat source temperature is
55 °C. the net power outputs of 182.88-817.54 W, 0.85-2.67 kW and 2.77-5.51 kW are
produced from the TLC plant when heat source temperature are at 55 °C, 65 °C, and
75 °C, respectively. The working fluid which gives the highest value at all temperatures
of the heat source is water. For the minimum LCOE are 100.29 Baht/kW-hr, 29.99
Baht/kW-hr and 15.06 Baht/kW-hr with R245fa. In the off-design simulations, it was
found that the TLC plant provides higher net power output than the subcritical ORC for
the whole range of heat source temperature and heat sink temperature investigated.
In addition, when using the system with the highest net power output to simulate with

combine cycle, LCOE does not decrease.
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Exergy flow rate JUAHUIN1900AVBUMAIANUOU, W
Exergy flow rate Tudriamatvesurassuanuion, w
Exergy flow rate 1U@H1an1909nv0aHassuANNSoU, W
oumall, kg

= [ o ] d‘
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VCC = Vapor compression cycle
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Nisen.p = Isentropic efficiency maamﬁémq U

Misen.ex = Isentropic efficiency YoInariLuUD Tove o7

N = Thermal efficiency

Ep = Exergy efficiency for power production

& = Overall exergy efficiency
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Tnia2e73 liquid cooling data center with on-chip cooling server NUYANATDUIUIALAN na

a v

e Y dq
IT power capacity 11171 1.2 kW Iaelsiiliaamgii 20 °C 6951015 1@ 1 Vmin Tun1san 1a

a U
Yy 1 ] Y

[ J 1 a ° a A I
SuanuSeuningudtoya nunguugiveuinniwesnigumrgimniwiu 50 °C
A o Y Y= v 79 v ¥
uoNaINt Or6 et al. (2018) 83 1aANYINITITZVIBANNTOUBBNINGUITOYAR I
A I o
#1675 liquid cooling data center with on-chip cooling server vazdAnyanuiulyldvesnsih
Y 7Y Y o Y Yo ¥ ' 1 ' A
anuseunngudteyain lslumsmanuienlnnuiluaszeirlusyueaiio Barcelona
. . _
Uszinsrentlu Fuiluasg Semi-Olympic VLA 25%12.5%2 AT 19ABINITAIVANGUNYI]
y 1A ?,’ a o g
youh luaszldodn 25 °c (= 1°0) Tagldmifo low1 Tuaudtedi 18141 sunsy TRANSYS
o x J 4 %} (%
Tumsdiaes FWDIIMITZVIANUTOUVBIGUITOYAAINIAIWITDAANS IFNAINIUIN
A @ Y <Y Y o w dy A o
wselSuemeamazanudounsluguddoyaans’la 30% taz 70% ey wenvniiio
{ 4 = o o 1 ¥ 1
anudeuin ldningquidoyaluia 80% w1 ldlunisianudeuldnuaszirei wu

Y o a ) ¥ Y
s0aams lFunasssumavesrsie leraall'ld 54%
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2.4 I9N3U39AYU (Rankine cycle)

Y
v W a o

a ' Y < o = ¢y & a
3{(]%ﬂ‘illi\‘lﬂL!Gl,uQﬂllﬂﬁ’E]EJ'N\ﬂEJ%gﬁlﬁlquﬂuﬁWiﬂN'lu L!ﬁﬁﬂ@ﬂﬂiﬂl“ﬂ\iﬁu 4 YUA

A

' 90’ . v W . 4 []
1&un 19509g U (Pump) n170 10101 (Boiler) 19%U (Turbine) 11aZ1AT09AIUUY (Condenser)

= (% ) I [V ~
Favanmamanuiluacgln 2.4

TA

3
.,Wturb.oul

> in

Wpump.in F
1)
2

® 7@ > . V4
' - N

Wpump.in

B 4

q. out

JUN 2.4 vanmshnuveigInsusanu lugaunAeg1931 (Cengel and Boles, 2015)

Rl

A <3| 2 [ a .
NITUIUNITN 1-2L“lJuﬂ'ﬁz‘Uaum‘imuﬂ’nuﬂuuuu'%muT‘Vl'iﬂﬂ (Isentropic

. o = I A v . . A A 9
compressmn) Tﬂ&lmimqm%uﬁmuzLﬂummmmaum (Saturated 11qu1d) IRGRAMN ISR

)
b4

N304V nazgnoamuauauuy lomu Instnaulianuawmnuanuaulumde loi

[ A A Y Y A @ Y v o o 4
LLTﬁgWﬁ\‘]\ﬂu“ﬂLﬂ‘i'ﬁ]\'iQHﬁﬂﬂiﬁiuﬂWiLWMﬂ’ﬂuﬂuiWﬂ“]Jﬁ'liﬂ'l\‘]'luﬁ'13J1iﬂﬂ'lu'Jmllﬂﬂ'lﬂ

A
aunsi 2.1
W, =m,(h,~h,) 2.1)
e W, Ao unnelinunIogy, W
m Ao 5A31M3 lnaFaavesa1sia, ke
A
A

o umMatvesasmauluduruan 1 uag 2 muaay, kg



A < A o Yo 9 A [ A
ATLUIUNITN 2-3 L‘ﬂuﬂiz‘mumiﬂmivllelﬂ'i“Uﬂ’Jmi’é]uTﬂfmmmﬂuﬂw

Y
(Isobaric heat addition) #1519 Uz 1g w0 lor ludan1uzvouna210Aa2 (Compressed

v
a A

. . A o Yo 9 = ds! A A A I
liquid) LﬂJ’e‘Jmi‘wNm"lﬂi‘ummmuﬂzugmwﬂwqugwu isuumslasuaauziluvosnaw

U

(J

2 ' o L. . < I A o

DUAITEUINVYDUNAIALNIY (Saturated liquid vapor mixture) %uﬂizmiﬁmumﬂu%aum
ko ° ~ Aa 2 ~ I 9 A

(Saturatedvapor) ﬁ]1ﬂuu’d1'ﬁ‘ﬂ1\111!%3%’62‘?,1!@.111/]@\16[]1!&!@$1Iﬁﬂ1u$!,ﬂull’t]i’t]uﬂﬂﬂ’3@

v Y
(Superheated vapor) USuaanuseunasiaun1asulunszuiumstansamulalaan

A

qUNITN 2.2

Qin zrhwf(h3_h2) (22)
& . A Yy A 0 Yo A
o Qin o ﬂ”ﬂiﬁ@lﬁ/]ﬁWi‘V]N11!]1@'5‘]Jﬂ"l‘c’lelumii’)ﬂ§$!,ﬁ8, W

m,, A9 9A31MT MMIFINIAVRIATTY, ke/s

A G o o oA o w
h,, h, o Lau‘nmﬂmmmimqmiumgmum 2 uag 3 auanay, J/kg

A I @ 2 . .
ATTUIUMTN 34 10 unszuiumsversddnuy lersu Insin (Isentropic expansion)

o 1 I~ A 4 { v v Y] a
Tagansyanuniaoiuziuledoussenaznaoundnanaivuazveedinuy lowu Tngiln

£

mlnnaiunamsvyuues lawdsauesnin lefeutssianvensdrunaiundaziiainu

a [

Auazgurgianasauiliaumiugurgiitazanuaunielumsesniuuiy wasu 1dnn

u

fRuaNIomuI IenaumMIn 2.3

Wou =m,(h;=h,) (2.3)
e W, Ao i ldsuannaiu, w

M, A9 BR31MM5 IMaFINIaveIas iy, kg/s

hy, h, Av teumMavvesasyiau ludumuen 3 uag 4 muaay, Jke

{ I o { .
ATZUIUNTN 4-1 Lﬂuﬂig‘U’Jufniig’ﬂWEIﬂ'NN%J@uIﬂEIﬂ'J']ﬁJﬂuﬂQﬁ (Isobaric heat
' 1 Y
rejection) Lﬁ'ﬂffﬂi‘ﬂ'l\‘]'lu@@ﬂ{ﬂ'lﬂﬂ\‘lﬁullé}ﬁéﬂgl"’ﬁl'lqm%'fJ\‘lﬂ'J‘Ul!uuuﬁ%ﬂWﬂLﬂﬂﬁWN%@uﬁlﬁ(ﬂUuW

] o q ¥Ya ~ & A o A I A o A
naou ﬂﬂ,mﬂﬂﬂmﬂaﬂuamuzLﬂummwmmmauamlaﬂmﬂuﬂlmmmaummaaaﬂ%m
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A ] = (A 9 o A Yo ¥ ] ° Y
IATDONAIVLUU Gﬁﬁﬂiu1ﬂ!ﬂ’)1ui@uﬂlﬁ]ﬂﬁ1i°ﬂ1\‘]11!1’1ﬂWEJWIGl‘ﬁﬂUu1ﬁﬁ@Lﬂuﬁ1N1'ﬁﬂﬂ1u’]ﬂ‘lVlﬂ

NNAVNITN 2.4

Qout =rhwf(h4_h1) (24)
b A 9 d‘ [ d' [l
QOut o ﬂ’ZﬂlJi@uﬂﬁﬁ‘ﬂNTl!'i%‘iﬂﬁl@@ﬂﬂWﬂﬁlu!ﬂ‘ifJ\‘]ﬂ’JU!Luu, W
m, o 931N IMAITaNIaUIE TN, ke/s
N G o o oA o w
h,, h, Ao oumatvesasimauludrian 1 uaz 4 muaau, Jkg

augnineg Idnn Tsdlihansadunaldnnaunsi 2.5

Wnet :Wout - Win (2 5)
. o ugniuealselilih, w

W o N IdsuaInNL, W

\ Ao unnelinues ey, w

n

druarszansaimvoslsslddarungdon 1 ¥e9 Thermodynamics (Thermal

efficiency, 14,) @ WITOMUIM IA0INANNTN 2.6

w
Ny =—= (2.6)
Qevap
A a A a 9
Ny o UszaAnSnmzinnuion
' o ugnivealse v, w

Q. Ao anwdounaishaulasumelunsesszime, w

Alszansnimaeslseilhaungdef 2 o3 Thermodynamics (Exergy efficiency)

1 I ! . .
ansaseandlu 2 Yszan Taun Exergy efficiency for power production teig Overall exergy

efficiency



. . 3| o~ a { a
Exergy efficiency for power production (ﬁp) ‘1]3L‘ﬂuﬂﬁW%WimWMﬂﬁutjﬂ‘ﬁﬁNa@l

14910 Exergy rate ¥99U1aI02105 01 ¥9 Exergy rate 1UAMHUIAN 9 ¥9ITINTA 1150

My 1A aunIsN 2.7 uag Exergy efficiency for power production 3¢ &1113971139 16910

quMIN 2.9
.. T,
E, =C| (T~T,) =T, In| == 2.7)
sur
4 L
14 C=rhc, (2.8)
C o Heat capacity floe rate, W/K
th Av 893135 IalFanIa, ke/s
I~ o
c, A9 Heat capacity, J/kg-K
E Ao Exergy flow rate, W
T Av gangil, K
i Ao Murinen1a 9 luigang
T,, Ao guugldunadon, K
W,
g, =—2t (2.9)
p
Es
o ip Ao Exergy efficiency for power production
. Ao ugnsveslselilih, w
E, A9 Exergy flow rate Tuduniamatnvesumasanuion, w

]
a

@21 Overall exergy efficiency (&) 92 N151910UENTNNAA 1AT1UAY Exergy
nmaennms 15 1uTsa Wi 18un Exergy iiavoglunnasnnuioundsninsiemanuiou
T 159199 tag Exergy luunassuanufoundaninsuanuiounnlseluih awise

J Y A
ﬂ”ll!?]ﬂ!llﬂil"lﬂﬁllﬂﬁﬂ 2.10
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W _+E . +E
g =—net 6 8 (2.10)
E;+E,
A A .
1o & f® Overall exergy efficiency
' Ao ugnsveslselilih, w

E.. E,. E,,E, Ao Exergy flow rate Tudmmiianiain-oon vosumnainnuiou

HAZMAUN-990 VOIUHAITUANUTOU, W

[

a U U { o o v QU 90’
pinsusswiuiginsiigmiunlddmsuTselihwdsau e (Steam power plant)
1 A ) o Y A o ) ¥ A A
uavniinanu ludnedu amsihauezdesiimsszvenateduleaslunie loriuienag 1t
v o o 1 A4 9 oquld 3 o ¥ Y ¥ a 0o q ¥
Fuiau uamsnezas i liniszmenaredu leduiludesldnnuiouludsmaunnld
[ ' Y
TigwnsahnnufeuiloangidmniuuwasanudonldiuTsd Wi 1d daiuse1an
a Y A 9 A a A v o o o < I
nsaanulselWihniins lgashiigurgiilumsdudad siwanansanudunuiuas
v Y 1
e linuTsa vl $alse IWhd sz nifigedn <159 19510 Organic Rankine cycle (ORC)”
Y
Tsa Tl Toe$Frzrhaunuiginsussdugu@odny Tsa ldihwasnulei udeedl
9 a A dAA a A o o & o ~ ~ A £
mslFarsounsonigungilunisoudadniluaisiinu uaziinsisenyegnisinielu
H 1 4 90‘ QU % =%
Tsq'lWihnaeeenle) 1dun w5esszme (Evaporator) lsunume'levi faiuuunlovereds

[ %

(Expander) TNy
Tufagafuiiindse Iddnuuneadulsed i Teeridlunarediu lddedluly
Muveansiaentszanvealsa i Tee15d n1sfau1anTnaaia o Nirade 139 1w
o A A o A A = Y o
uagmsAadendenaTuaiaussauzuee 15 i msAnymedursygmans

Fludu

¢ ..
25 mslsdllihlea15%uuy Suberitical
4 Y o ' v o W a
15947001510 Subceritical vz iinanmsvinugu@esInuiginsussaulugan

a ] ' A = = o v o g A o
ARRY1NY naMAvIzlimsasudniuzvesasihinunnveuraldad niluleduainelu

4 - 4 y 4 g A wa 4 "
insesze nazimsnldsuaoiuzainledondssralluveunarduddluniosnrumiv
v o V4 ' a = A .
anbAZYeINIINANUFUNUTIZHINQUUYN (T) uaziouInsd (s) 30 T-s diagram V03

T39Il Teo1$@un Subcritical aziTudagali 2.5
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TA

gﬂﬁ 2.5 T—s diagram v04159' 1M Teo15H D Suberitical

v
aAav A

MnauiTen IddnyunersuTse I Tee1 951D suberitical Y99 Zhang et al. (2017)
121 FuRa555UMAINAI (Liquefied nature gas, LNG) 1 unmasfunnudouveaTsa lnida
Tagaziorsanlsa Wil Tee15@uuy Subcritical 3 UV 1AuA Single-system, Dual-system
e e Tripartite-system ﬁagﬂﬁ 2.6-2.8 AMWSIRY 1#1931AT12 ¥ N9 Thermodynamics 1182
Thermo-economic 11oga Mg iveunaenueuiial 20-150 °C wazldarsiauiedy

16 ¥iia

VINMIANEINYI d1uSDnrasnuieuniiguygiiiesndn 370 K szuuuu
. a9 o = A 42 a A a 9
Single-system 3z WAUNUA Az TIzozIa1 lumM AU UNAY tazlsz@nTmwdianuiou
d‘ 91 Y a A v ) @ J 9 A a v
nge udnez ldnugnivesszunies dmsunnainnuiouniiguiigiiganii 370 K szuu

ivarti = Sy pa o 9 s o y_dad
VY Tripartite-system @ 10130RAANNENT IAANTwazi ilaussouzuazsilshdvn

a 1

TuszpuuDY Single-system @115 UgaMgiiveanrasnudouidiniazginii 370K

v v
aaA A

B3NN lun1Isziveveasiianunangane 280-320 K uag 340-380 K a1ua 11

aQ

paza1siUNANgAd1MTUTZUVUDY Single-system A® Propane, R125 1A% R32 H99z )

a A

aussouzNAloguugivenrasnuioudinitguugiinga (Critical temperature) 11

q Rl

= Y o . . Y Y = [
vy @15 ly cycle 1 Y93 Tripartite-system ansalfilu Propane IaFudeany

. 1 o { { < a @ '
Single-system @21 1u cycle 3 asinunangaaziluasvia R245f wazdimundunuues

AR UIZLINNGALL 099 INTATIAIUVDIANUAY LARIAINEIEINITAAAL lanInTINITINY

¥

A A = ¥ 4 '
wunlumsvanasuanuioulunsesniruuuu
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g‘ﬂﬁ 2.6 Single-system (Zhang et al., 2017)
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2.7 Dual-system (Zhang et al., 2017)
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+
Evaporator
Cycle 11 Turbine
B AVAVAY e
Internal heat exchanger Evaporator
WF = =y
pump Cycle I Cycle 111 Turbine
PG /‘"\"5 — { LNG
'I'.'\Nlé H—( >} turbine
L1 LNGpump Condenser Condenser

P 11 2.8 Tripartite-system (Zhang et al., 2017)

Aq ¥ Y a 2 2 & a a
Zhou etal. (2017) N1F1i15owvasneinlsearunguvan Faligungl 70-90 °C
1% Aa a I 1 [
7031013 11 a1F39U31105 (Volume flow rate) 380 m*/hr 1duuvasn1udsuldndu s Wi

a‘l = A 9 o A =1
TagauaouusnIzinMsasnl¥a1sn1ay As R245f tay R123 lumsufseumieuanssaus

a3

4 a ¥ <3| X ' { <
yoa15¢ lihilegangiivenidewmilu 80 °c Fuiluaundouvesguugitidoumaonn

G

1w

4 1 o a { Aa A a { ¥ 1 I
Tsenuiemnarshiousialanldlsedniamdnnudoungeaniidu Fanoauiu

a

o a g o ) a [ U [ [} 4 1
asvhuatia R245f miniahasiinuriedinann limanuduiusszningungi
9 o o w ~ 9 a a a Y = 1 A a
yoannuiounuiias lddhalduazdsz@niamSinnuiow Fanuiuloguugiives
A S I o w ) ] 8
AT U AT UIN 70 °C 1311 90 °C Arda T vz iiuayu1n 212 kw131 805 kW tay
1 Aa A a A 2 I % <3 1 o W 4
ATz ANTMWFIANUTOUILINUAY 910 2.14% 13U 7.76% Favaaa lmdunas a1l
. o a 1 9
1Az thermal efficiency ¥04134 IWlihazudsiuaugungiivewvaniuion
~Aq ¥ P 2 Aa A < ' 9 =<
He et al. (2012) 1¥anudounanlauvnil 150 °C uurasnnudou lumsdnm

ARUNNN NI TLNIAINHNIZNGA (Optimal evaporation temperature, OET) Y9I 15N
a Y A I . . . : g veid ) 1 1

22 wHa NI Wet fluids, Isentropic fluid 4t81¢ Dry fluids Taal¥sauaursnyen “Engineering

. ! aa A A 9 o A~

Equation Solver (EES)” Tun13%1a1 OET tagiugnsnmuiziga wuinuie lyasiiaiung

gunQNINGA (Critical temperature, T,;) 1NAIASINDYUNYHUOIHAIANSOU (Heat source
temperature, T,,,) 929 IMszUVAWsORARIUENT IAgenga

[ o [ 4 {
Saleh et al. (2007) ladnuimsdenlgasmaudmsulsdliihleossnldnnuson

2 9 ya A a I v 9 Y .
‘1/]\15]1ﬂﬂ'3"|1|591!19] INNUYUNHU 100 °C Wurasnusou IﬂEJGlGIf BACKONE equation of
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Y v v
state Az 1dasiaulumssiaeanadu 31 ¥ila wu ssmaunansald dszansnin

a 9 3 Aa A . . [
Lcﬁ\iﬂ'JnJ'if)uQ\‘]‘ﬂglﬂuﬁ15ﬂuﬂﬂlﬂ'ﬂﬂ (BOllll’lg pomt) ’quuﬂu

d A e
2.6 Jsdllvhlea15@uuy Supereritical
4 [ o { @ 4
T39I Teo 15 F1uD Supercritical 3z TnanmMsIauinaeny sl leoss
U1 Subcritical HAvEHAMULANA N UTAATOIGUIUTZUDUDY Supercritical 9z ABINIAILAY
o Y J v Aa .. 2 ¥ A Y Y o
Y915 NU 1R gIN1IANUAUINGA (Critical pressure) FaawalAToaguadlenasauly
1 H Y ] ]
NIFINYAINAUNNINAIIMDY Suberitical HONIINTIATOIFVUAZIATDITZINETIADIADIT]
< A d%’ = Y A Y [ v A dS! 1 ~ o
ANUTITININTUBNAE 111099192 ABINUADANUAUNFIUU 1ANTNTZVUINNUNDY
Supercritical 9za31593 19 Ia ey levensdiNunn 1Dy Suberitical 1194910
Tidealdnasaulumsasuaaiuzvesa1siany Iasdnyue T-s diagram vo4 153 1ol
4 I @ {
Te©15%111Y Supercritical 9217 UA131/9 2.9
4
Yagh et al. (2016) Tadnu11sa vt leo15Fuuy Suberitical uas Superecritical Taely

a

ufar'lei@e91n Combined heat and power (CHP) engine Niloaivail 180 °C 1 unnasnnudou

q Rl

v Tsa v Tagldansyiia R245f Gany 1591 Tee13 01 Supercritical 3¢ @313

IO 11!61‘1/]% Thermal efficiency L1a¢ Exergy efficiency i lse i Teo1sFuuy Suberitical

'
A

Y 1] v
Tagazdunvguuginmadinaiueuy loversa@riionnuauasi 91UgnEgega Thermal

U

efficiency Lag Exergy efficiency n'lane 81.52 kW, 15.93% tag 27.76% A1Nd1a1 NANUAY

(MM 38 bar azgUKN 163 °C

TA

511 2.9 T-s diagram ¥04134 1 To@ 151D Supercritical
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o . o a X o a
TuamiziReanu Li et al. (2017) Iaan1a1ssiiausiia R1234ze Fuiuasimauyiia
P 1 . . o ) | o 14
13i3iA1 Global Warming Potential (GWP) i1 Tagtinlailuansiiaululse i leen5d
.. .. v ¥ v A 4 (% a P A
11U Subcritical 8 Supercritical Tag191i15oun 1dv1nwavIULAI0 NI NT QRun il
I 1 4 o 1
100-200 °C Wunnasnnudou iilonszinnuesszuy Alsa1s 9 HazaussouzyoITzuY
nrnzhgalundazguuglvesumrasanuiouludiuvestidsnugeganodnsinis lva
a o é 1 o [ 9 o a =
Fau2av09a139190U Fawundmiums lsaumsiausiia R1234ze lulselidhloo15s
UL Supercritical 32 a@11150 19U 52 ANTAINFIANUTOUVBITLVUANINAIVD Suberitical
Y1 = o 9 Yy 9 ' .. o o PP
udvzlinnuannsalumsgaguanudoulaosnimuy Suberitical iz dHsuTEVUNY
gaurglvemasnudon 160-200 °C wazdwso limaslddigeganunniilselad
4 1 I J o [
To015 DY Suberitical 8¢ 0.1-18.2% a1 153 11 Teo15HunY Suberitical z1ruIzd 115
A~ a 1 9 Yo w A v
szuviliguugiivesunainiuion 100-160 °C nazausn Inmas laihgeganuinna

T39Il Teensduu Supercritical 94 6.5-22%

d
2.7 1sdlwihlee5@uuy Trilateral (TLC)
T5a' Wi Te015Fuuy TLC veTndnnisiinunadienu el leersFuuy
Supercritical @Yz iANuuAnaNAUTAToegDluszDuDD TLC lidsunuanuauldgani

anwauiInga aevih liinsesgu lidedldwasaulumsiiuanuaumnunyy Supercritical

(2 & [

' 0 { 4 IS A
Lmﬁamx"ummi‘1nnmﬁaeﬂmﬂmdﬁmizmﬂ%ﬁ}mLﬂwumma’amm:l PFIANHUSUD

T-s diagram 04159 Tl Teorsduuy TLC awflusagalii 2.10

51 2.10 T-s diagram ¥4 159 W Teo5Buun TLC
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Lietal. 2017) 1§n1snissrasuiiendSsnifieuTsallfhTeo 1§ Gunn TLC fu
T5a 1 Te0153uun Suberitical 39ude3inTemeduasymaasdogargilunsssmed
voemsthauluniesssmendony Taems19T1sunsu MATLAB uasgiudeya NIST
REFPROP Tumsmiainmaniiaa q vesensiiom daldeasionuiuaseiia R245f uas

a 1 a

9 a a J 9 = 1 o w a A 2 A
15 lo@adlunrasnnuioulasligavgil 200 °C wunamas IMihgniemuiuiiogunqi

U U

A a

Y )
Tumssziemvesashinuluniessiomnin Wogurgl lunsszmearvesesiam
A 2 ' 4 o v a %
mnaunnnd 125 °c TsallihTeosduny TLC azldmasluihgnigege 13.6 kw daga
1 J ! o w a a g
n1se vl Toe s unn Suberitical NTiME W hanigaga 9.9 kw TasAailu 37%
drumlseanimmFeanudousgiivur Idumiloududiaalddgns
4 v a A a 1w : v
TaoTsa st Too1suuy TLC veiindsz@ninimFaanuiownidy 14.8% $au1nnan
I'4 { Aa A a X A I
59Tl Too15@uu Suberitical NHszA@NTMMBIANNTOU 10.6% Fadailu 40%
1 Y 1 < ' 1Y 1
IFULAEINTA Exergy efficiency for power production Aaziiuu TduuwRerdua
ﬂsz?m%mwg%qmm%’auuazﬁwﬁ’q"lﬂﬁwqw% Tag Exergy efficiency for power production U8
4 1 1 J 4 a
Tsa W Teorsduny TLC vxlisnndn s ldhToe15Funy Suberitical tilogangiily
ANTTEINIAIVBIAITNINIUNINALT 128 °C Fa Exergy efficiency for power production U84
J 1 < 1 1 1 1
Tsa' Wt Teo5Guun TLC Ba1 40.8% Faurnna1 1591l Teo 5@ uuy Suberitical NTiA 10
X a g
29.7% Fanailu 37%
4~ ~ 4 o y ¢
Wevsandsvuaveunsosantasuaiiuiou Tsa Wi lee15duny TLC
Wegargl lumssziea1veEIsiuLINN I 128 °C WU 921A1 UA 0gluaie 7.9 kW/eC
% J o 4 a @
049 8.8 kW/°C Fa1nna1 153 1l Tee15@111 Suberitical 1loguugi UM sszmeaIveIds
o < A Y
Wiy 138°C NTAY UA 19111 5.7 kW/°C
F ¥y A A o w a \ .
ganoual mawmimmmﬂwﬂwqm, Thermal efficiency, Exergy efficiency for power
4 J 4
production ttazuu1aved UA 15419 TeesFuuy TLCazAninTse Wi Teosduny
1 s A a (Z o
Suberitical uaazlidorde luduvoursygmaasiioguugiilumsszimedivesdisiiay
¥INNI 135 °C
2. ) ! ¥ Ax "o ¥ Ax
uenaNH Fischer (2017) 18 14unasnnuiounil 150-350 °C nazunassunwiounil

gaungil 15 °C uag 62 °C lunmsnfouien Tl Teo1sduun TLC Aulse i Tonnss

Q
b4 Y
v A

v M Y
NIAU 5 n3dl aea319d 2.1 Tae Tulse i leo1ssuuy TLC a2 14 asiraruidlui

1 4 ?1‘1 o {2 a
d1uTsa I Tee15 B ety Suberitical e Supercritical 92 19 a5 UM uarssiia

]
S A

Cyclopentane d1FunMasnNuSouRiiguugi 350 °C uaz 280 °C @159191U%1A n-butane
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Subcritical Supercritical TLC
Parameter
Fischer (2011) | Present study | Error (%) | Fischer (2011) | Present study | Error (%) | Fischer (2011) | Present study | Error (%)
Working fluid CH,, CH,, - CH,, CH,, - water water -
CHC (kW/K) 40.08 40.08 - 23.45 23.45 - 20.00 20.00 -
CCA (kW/K) 349.66 349.66 - 316.63 316.63 - 311.81 311.81 -
P, (kPa) 288.80 288.80 - 288.80 288.80 - 57.87 57.87 -
P, (kPa) 3342.00 3342.00 - 5412.00 5412.00 - 10821.00 10821.00 -
T, (K) 553.15 553.15 - 623.15 623.15 - 623.15 623.15 -
T, (K) 335.15 335.15 - 335.15 335.15 - 335.15 335.15 -
T, (K) 489.00 489.20 0.04 529.00 529.00 - 590.00 590.00 0.00
T, (K) 358.15 358.35 0.06 358.15 358.35 0.06 358.15 358.15 0.00
T, (K) 396.41 396.03 0.10 401.00 407.35 1.58 358.15 358.15 0.00
T, (K) 408.70 407.12 0.39 394.29 385.36 2.26 370.53 370.47 0.02
T, (K) 348.85 349.03 0.05 348.94 349.60 0.19 348.15 348.15 0.00
V3 (mS/S) 121.00 115.90 4.21 51.00 54.00 5.88 7.00 7.00 0.00
V4 (m3/s) 1937.00 1967.10 1.55 1778.00 1910.40 7.45 4993.00 4993.40 0.01
Ny, (%) 17.27 17.09 1.07 18.63 17.93 3.76 19.79 19.79 0.01
F’p (%) 33.16 32.37 2.39 37.82 37.82 0.01 44.35 44.35 0.00

8¢
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Parameter

Value

Thf,in

35°C,45°C,55°C, 65°Cand 75 °C

e (He et al., 2012) 1 kg/s
Tein 498 Teg o 30 °C and 33 °C
T 30°C
AT, cap 488 AT, e (He etal., 2012) 5°C
MNisen.ex 8¢ Nigen p 80% and 75%
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gﬂﬁ 3.10 Shell and Tube heat exchanger (Michaela Schwandt, 2019)

R
Top guide bar

3 & Brace

JE#M4 Rear plate

TF54F Foot guide bar
H MNut

i B Washer ® 2

4 i Bolt
ER
“a

P 1J71 3.11 Plate heat exchanger (Smartclima Co., Ltd., 2019)

ms Ilfdenaanvatszmalne (2562) 1aiinsifSouiion Shell and
Tube heat exchanger A1 Plate heat exchanger waz'ldesu18152 Temiveq Plate heat exchanger

14 @9915199 3.5 1aza3199 3.6 audIay



43

A1519% 3.5 M31SeuINey Plate heat exchanger 11U Shell and Tube heat exchanger

M3 Iihhenaaurailszme'lne, 2562)

Plate Heat Exchanger Shell-and-Tube Heat
Exchanger
a gy [ o 4
QUNIUVTUNU ‘Vﬂll@
gangiilndiga 10 °C (20 °F) 50 °C (100 °F)
15 ldnarentn wla W'l
1 1 9 A 2 Y 2
NIINDNBDIVI-DON NANWAYD (‘]J‘L!W\IiﬂJ‘Vi‘H"I) NAYNANN
o = ¥
ansImsuantasunnuson 3-5 1
1 %’ o
amwmuumuﬂmmﬂ%’qm 1 3-10

M135199 3.6 Y32 Temiueq Plate heat exchanger (M3 I rhenaaualszmeIng, 2562)

suuyy

152 a1

wanla

ANHUZVDI PHE

Ilszansmmnsuanlasu

E4
ANUFaE LN

anAuNU

Taseadooanlasu’ld

ESTRIERN

o <
T¥msesfuvinain

(anfneaig)
= 9 g‘/ ] 1 ~ 1 1 ] ] [ o Yq ¥ Y
U Frame T‘iuWﬂﬂ@gﬂ‘Uﬁﬂuﬂ J1YADNITATIVADULINU Q1ﬂ@l@ﬂ1§ﬂﬁﬂ1ﬁﬁl“ﬁﬂ1ullﬂ
o A Y A ¥ ' Y A
Frame @ﬂlﬁﬁ]ullﬂ L!ﬁﬂlﬂﬁﬁluﬂ'ﬂﬂi’ﬂu UUIIUIN
=1 [} [ 1 ] a o Y d’ d‘ Y
4IA uwmzmmmuiam Lﬂﬂﬂ?‘iﬁﬂﬂﬂﬂﬂ?jﬂ AALIAHYALATOIINT

@ lgelumssoutiay

)] o
uazmﬂwmmm)

Y
UDNDINI Michaela Schwandt (2019) §a'lanfFeuneudofuazoidousd Heat

9 9
exchanger 114 2 Ysznn3dail

o Plate heat exchanger TERLRET q 4171 Shell and Tube heat exchanger 1199910

v 9 ] ' v
Hlszansnmlumsuanasuanudouvaziunlumsuan)asuanudsunuinnii Shell

and Tube heat exchanger
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£ 1 v
e  Shell and Tube heat exchanger T4 uNTuA159A219NWINA I Plate heat

A v o A ] A A 9
exchanger NUUVYUIANSNATA wazasolagunEu Plate ﬂlﬁﬂﬁWﬂ'ﬂ'ﬂﬂhlﬂ

«  Shell and Tube heat exchanger 14150 NUAIINAULAZQUHYANFI 1A

=t [ =S 9
HAZENANUAUG LAY (Pressure drop) UDY

U U

. msa’wmmm%’auiu Plate heat exchanger mmsmﬁmw%aﬂaﬂ@f%m

MINNYTOAATIUIULHY Plate

a a u’dyd A A A [ I
11!31/]fﬂuwu‘ﬁuﬂﬂm'ﬂﬂﬂ53!ﬂﬂﬂlﬂﬂlﬂﬁﬂﬂﬁglﬂﬂllﬂglﬂ5@\1?]3‘]JLL1!1.!L’]JHLL‘1J‘]J

Plate heat exchanger Tael¥aunslunsAmIuIns 11U Plate heat exchanger 911 Garg et al.

(2016) Faaad Idaaaumsn 3.20 uag 3.21 MU

awnsomun ldninaumsi 3.22 uag 3.23 awdau (eyna 1aeisdia, 2562)

C

evap

C

cond

evap
cond
evap

cond

A

evap

A

cond

= 609.6A_, +492.76

evap

= 609.6A  ,+492.76

COn

A9 31AVOATBI5EY, USD

A9 TIMVBUATBIAIVLLUY, USD
9

2 4 | v A )
8 Nunlumsuan/asuanusouve AT 09ILIMY, m

o))}

k4

2 A A v A , 5
3] wuﬂummamﬂaEnm’nmaummmimmmmu, m

jmo))

(3.20)

(3.21)

A& 4 d' Y & & 1
TagnnunlumsuandaeunuiouvoUAT0ITLIHILAZIATOIAIVLUY

=0.0249Q,,,, """

evap

=0.0788Q, """

cond

a &4 4 v A )
f19 WuﬂﬁluﬂWillﬁﬂl‘l]aEll.!ﬂ'JﬂJi’ﬂu“ll’ﬂQ!ﬂﬁ’ﬂQ'iZLﬁﬂ, m

A dy = a 9 A ] 2
19 ‘Wu‘ﬂiuﬂ1§Lmﬂlf]_]ﬁEluﬂ'J"IﬂJi’f]u"Uf‘NLﬂif‘Nﬂ’NJLLuu, m
= y A o Yo A

f19 ﬂ’ﬂll‘if)u“lflﬁﬁ“lleTHulﬂi‘UﬂWElGluLﬂi@\ﬁmWEl, kW

Ap ANuSaunaTIanuszIngeanmelunIeInIUUY, kKW

(3.22)

(3.23)
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3.62  maaentszanvesnsviunuylovenad

[ Y

afunuy levenedantenldlulse Iwdiiedgateiu 3 dszian laun Scroll

U

expander, Screw expander 11812 Axial turbine FNANYUAFUN 3.12-3.14 awdaw

517 3.12 Taseardrauazn5i191Uve3 Scroll expander (Wu et al., 2015)

Pl U 3.13 Tnsea$19v04 Screw expander (Green Secure Power Systems Pvt., Ltd., 2019)



46

317 3.14 Tnsaa$1904 Axial turbine (Virtual expo group, 2019)

Braimakis et al. (2017) laduaues19amsiinunmnsaudmsud aiuuuy

o ' Yo A
Toveonesmaazgunyliasasiei 3.7

A1319% 3.7 ¥ Iuveanaiunuy leveeda

Expansion machine

Power range

Volume flow rate

Volume flow rate

(kW) (m’/s) ratio
Scroll 1-5 0.001-0.049 <5 (per machine)
Screw 10-200 0.025-0.15 < 6 (per machine)
Axial turbine > 400 >0.15 4 (per stage)

vnranisiiaesnulIiias lwidigeganamisonaalane 49272 kw

a a o’dyd A Yo o R a = o
Glu'lﬂfl'luwuﬁuﬂ\uﬁf]ﬂﬁlcﬁﬂ\‘]ﬁullﬂﬂhlf]“llﬂ']ﬂﬁjlﬂu%u@ Scroll expander FIN1TATUIUITIATVDY

Scroll expander 3% 1¥@1N15984 Garg et al. (2016) fauaadluaunsh 3.24

C,. = (170976V, +266.2) (0.6858 +0.27321n [&D

3

(3.24)
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A A v o v
NI Cex o 51ﬂ1ﬂl@\1ﬂﬂﬁullﬂﬂhlﬂ"llﬁl']ﬂ@n, USD

V,, V, Ao 0n31M3 InarFellSuiasvesdrsiinuiduniai 3 uaz 4

AINAIAL, m'/s

3.63  msiendsyiamveunsesguasiham
= Ay Y o 9 = J
nnmMsaneIunaNun lainisviinisnaassaiielse i leesdwyin
~ dyws o 4 4 , 2
Hunanuvateunaui lalinisiuasesguilizinmasesguvos Tag uulIaenalg
Tua (Vertical multistage centrifugal pump) ¥11% 1un 15T Ua15i191 403 T5e Irldlh 19w
o a &£ A 2 o 9 ay Y Y aA
s lvennd (2562) Funsosguilszianiiansohunldlumsguarnnil lduaslidofno
¥ ~ o @ { £ [ o 1
Nvanziasa dsendanui miungdmsuvearainiignineudnaienss nuaensnanseu
[ I a o 4 o o w o a a dy
79 Tunssauga ifudu WS H dewdad Tagdu 5108 (Wniru), 2019) hld luanednusi
4 Q 1 Q 4 =) g d % {
Judenldasesguilszinnaina1n Tasanvuzvouasosguriaiiiullasgia 3.15
= o A A ] 3’, @ 9
FIMIMUIUIANVOUATIFUITTIANIATRIg Ui TUe nuaatateluwe vz ldaumsves

aynNa 1u)5dia (2562) Asaadluaunisn 3.25

v ' 9
317 3.15 AnyuzveunTIgUHY 1 LRIy luia

(USHN demdad Tagiu S1ia (unwu), 2019)

C = 168.68(1309.9V,+0.8239) +1737.3 (3.25)

pump,wf —

A A A o
LD Cpump,wf o 51?’]13]?)\1&?’]5@\1@“?“57”\111!, USD

[

A a o t:' o 1 tﬂ'
: 0 @l'ﬂﬂTﬁVlﬁﬁW\‘l‘lﬁNWliﬁUﬂﬁﬁ']'iVINWH“VI@HLLﬁH\‘]W 1, s
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a I 1% d
37 msdszdivanuihlflamaasugmans
a I J 3 @ : { o w
msdszduanuiuldldneduassgmaasiludedoniiandanudiagylu
Aa 9 1 a a r/dy U o Y A
nmsnvsaanuquarlumsamu ludnerdinusiaz ldmsduadununisnasasig
. .
Tn39M3 (Levelized cost of electricity, LCOE) ¥84154 1 Taesd luannziesnuuy Tasay
o A A o I ¢ a A 1 o a ]
s ludoulvnmln ldaugnigengalundazarsiiauuas lunnguglvesunas
anu¥ouiio 159 Wi ldnawihanlu 13 fe 350 Tu vagvhnuiuag 24 ¥ luslumsdui
Y Y [ ~ 1 1A [ L4 o [ dy a 9
w2 l9deyadasmann/asusgninailuumiuaeaa1sansy (USD) uazdasineniotug ()
1 A o d' A 1 v ds’
nnsuasuialsema’ne Tashdasuanalasu fie 30.354 1 deo 1 USD wagdasiaeniie
a Y A ) [ ~ < 9 1 g’/ = a 9 =1
Rug Av 6.275% dmSusunsngs neFeninuaingniiselvasud UszanSuduuull
[ 9

52821781 (MLR) Toya o Jufl 18 aaay 2562 (surasuallszina’lne, 2562) uonanilds
ANsaMIImnstagiamainedeay 1 s lumsduaumsuazgourigelsalud

Tasl#ens18uAouv0337InT (C.pp) AD 22,000 UIN HATATUINIADUVYDIFIUNANA

eng

(Cieen) A9 15,000 110 FIMIMUIUAUNUINASAADADIY IATINITIZUTAIAITNNITN 3.26

~ PEC
Inv+ | :
—~ (1+r
LCOE= o (1+1) (3.26)
iwnet'top
t
= (I+71)
A Ay A
e LCOE A9 AUNUINAIAADADIYIATINT, Baht/kW-hr
Inv 9 JUBINUITUAY, USD
n Ao szazanlumslaanu s, 3
=) dd‘o a
t Ao Ynauiuau
A % dy a 9
r Ao o3 1MENIERUYVOIEUIAS, USD
PEC o mlyelumsauiiumswan 1, usp

D) 2D

t o szeznarlumswan Ty 130, br

op

Ao S lihinnaaldasil, kw

netperyear

ANTUAINUIEUAY (Investment cost, Inv) 9 NIITUININAUNTA 3.27
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Inv=C +C.. +C + C (3.27)

plant site service setup

Inv Ao ﬁuamuﬁuéfu (Investment cost), USD

Av s1mwealsa i, usp

plant

Ao swlszalumsaeermsdmsulsa llihuagdninaw, usb

site

A9 U521 VDIFITIUIANUALAIN, USD

service

QO O O O

Y
fo wilszinalumsAansgnsainielulselvlvh, usp

setup

simealse i (C ) ansasiuna ldninaunsi 3.28

plan

+C. +C, +C

plant = Cpomponcnt pipe elec wi

(3.28)

Av 1mwealsa lilih, usp

plant

Ao :1m1glnsaiang q melulselvlih, Usp

pomponent

A 1
pipe A9 317N, USD

fio :1m1glnsainialvivh, usp

elec

a O 0O o 0O

A9 31ANVITIIMINULAAZ B, USD

wf

s1mvesgUnsaian q melulseliihaunsasunaldanaunsi 3.29

=C._ +C

pomponent evap pump, wf

+ Cona T Ca + Coan + Cini + C (3.29)

cond pump,hf

fio :1m1gulnsaleng q melulseluih, UsD

pomponent

A0 31AVDUATDITENY, USD

evap

A D 1IN VBUATOIGUA5TY, USD

A0 TIMVBAUATBIAIVLUY, USD

cond

Ao s1veenariuuu levenedd, USD

@
>

e s1mveunsesn il (generator), USD

gen

Ao i1ﬂ1%@\‘]5\1lﬁﬂﬁﬁﬁ1\ﬂu, USD

tank

O O 0O 0 0 0 0 0O

! v
—_— o IIMUBAUATOIFUIINNNKHAINNINSOU, USD
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Tagaumsn1FumsduINs1I7Iv0UATEITZINE IATOIAIULL 1AT0IgUA1THIIY

LYY % Y a Yy 9 o 9 A o o

paznaiunuy levereda ldesuie 1Audrluiade 3.6 madentszinnuazmuinuesginssal
] 4 4 1 o N o a

nannelulsa i leo15® vensntiaumsnlslumsdiuinsiaveunssenuiia vl

(Generator) 32310 T @aarumsd 3.30 (eyna Tia1lsdia, 2562)
Cpen =20.118W, +127.6 (3.29)

e  C Ao simeanseafuiia v, usp

gen

Ao NunaIanasn Idannaiunuy lovensd, kw

v o o Y A 1 =
iW"I”ﬁJ’ENENLﬂ‘lIﬁWi‘V]N"I‘HﬁnﬂiﬂﬂWUJmllﬂﬁl"lﬂﬁllﬂﬁ‘ﬂ 3.31 (BL}Q@ Tll\‘lﬂiﬁlm, 2562)

1 o v o I [ {
TagnmsmnafSuasvesdunuaisinaeduldasaunsn 3.32-3.34

0.7501
C,., =7.8342V"7 (3.31)
Vtank = wa,support +100 (332)
m
Vot oupport = — 02 (3.33)
P
wf ,support :lorhwf (334)
A A v I o
e  C,, AD 31AVBIAUAVATIY, USD
v g o
\' Ao Ysuasvesnunuasiham, |
a . 2
o supor Ao YSuasvesasanunivua
a dd‘ o a o X
nsanlunsainansihiaumanmsid), 1
Y
my oo A9 MIAVRIMTINUNIHA
a A o a o =K
nsanlunsainansihaunemsd), ke

P, Ao AnuruIiuvesas U lud i 1, ke
i, o 9513 TraFanIaveId1sviha, ke/s
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: v '
i1ﬂ1“llf)\‘]£ﬂ“§f)\‘]i:[‘UL!TﬂWﬂLL‘ViﬁQﬂ’JUJ%@uﬁWNﬁﬂﬂWH’Jmllf:]}QWﬂﬁiJﬂTiﬁ 3.35 (dyna Tai4

151919, 2562)

Cumpnr =1.1588V, +817.71 (3.35)
4 A A ¥ ' Y
o Cpump hf A9 I1A1VIUATOIFUHUINNUNAININNTDY, USD
. A @ a S 4 Y .
uae Vhf f19 @]iWﬂWiUlﬁﬁW\?‘lﬁ'N'l@]i*U@Qu1%1ﬂll‘ﬁﬁ\‘]ﬂ’ﬂmif)u, I/min

v g’./ A 9 F) T o 1 %’ J 9 v
s1mmenIvuan 1y "lmm Tl@ﬁWST]"IQ"IuGIJf’NIinl‘V\Iﬂ"I NDUIVUDILUHANAINIOU LUASND
3 "o ¥ ¢ 3 ° v A
HIYDUNDNTUANNNIDU ng51ﬂ1qﬂﬂ'§ﬂlﬂ1\‘]hh/\|ﬁﬂﬂﬂﬂllﬂﬁnJﬁﬂﬂTu’Jmllﬂmﬂﬁ?JﬂﬁV] 3.36

wazaunsN 3.37 ANa1A (Braimakis et al., 2017)

Cpipe ZO‘lccomponent (336)
Celec :O'lccomponem (337)
e  C A9 311N, USD

pipe

Ao iaginsainia i, Usp

elec

Ao 11m1ilnsaians 9 melulseluih, usp

component

simvesasieued s liihaunsasua ldvinaunsi 3.38 (eyga Tuslsdia,

2562) 1AMV TINULAAL FUAAD 1 kg LAAIAIAIT1IN 3.8

wa =waperkgmwf,support (338)
e C, Ao IIveIETNUIAaz Bila, USD
C ot perke Ao IIMveImINUIRazsiiaae 1 kg, USD/kg
= o g’/
My oo AD HIDVBIETHNIUNAINUA

@nsanlunsainansmaunamsiid), kg
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A13197 3.8 IAVDIEITMNULABEFUAAD 1 N lanTy

Working fluid Cost per kg (USD)
R125 3.00
R143a 4.00
1234yf 4.50
R1234ze 26.00
R152a 3.51
R236fa 7.50
R245fa 12.40

alszanalumsadeorasdmsulse Idasdninau swlszaaueadadiue
Y
anuazaln uazsudszanalumsaaasginsainielulsd ez ansosiuaald

A9duNIIN 3.39-3.41 @1UA1AY (Karimi and Mansouri, 2018)

Csite =O'OSC001nponent (339)

CSerViCe = O ° OSCC()lnpOnent (3 '40)

Coetup =0-1C 1 (3.41)
e Cy, o suszanalumseduomsdmivlse llihuazduinau, usp

Comice Ao WszanavesddIeANUAZAIN, USD

Corun fo wilszinalumsAansgnsainielulselvvh, usp

Ceomponent Ao iaginsaiane q melulselwih, usp

C Av s1mwealsa i, usp

plant

mymuamldanelumsauiumswaa i az U5a iihanaa lanetlazdlu

AEANNITN 3.42-3.45
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PEC :CO&M +Csalaryperyear (342)

Cogm = 0.05C ., (3.43)

Csalaryperyear = Ceng +Ctech (344)

Wnetperyear :24X350><Wnet (345)
e PEC Ao mlgoelumssiiunsnaa lvlih, usp

Cosm A MAuiuMItaz¥oNIge, USD

Cuyperyer 10 RUIADUWITA, USD

Woperser 10 Ui lilihnadn 1dded, kw

Crane Ao simweslsa i, usp

Cong D 6ATINUADUYBIIAINT, USD

C o A9 OATITUADUVBIFIINALA, USD

W Ao srugnsveelsellih, kw

3.7  Combined cycle

v o J z 2 A 191’1 1 T { R
WA INAILIVA1 LCOE a3 9@y Minwu a1 LCOE ulisgana Iddhiigenn

= [ Y

m 3 ldharugiinin G van) sgiimsanelsa i Teersdnsunwdousinszuuy

y [ 1 o 4 v o
Vapor compression cycle (VCC) 1o VCC A9na11985unMN5 o uINnaudvayauifeIny

U Y
]

Y ~

= .. A4 A o Y a ' Y v
NITANHIVDY Ebrahimi et al. (2017) LWE’]TI%%‘VI1114@"&11’?{]%‘1]6\1?1’J"IiJii’)uVIﬁ]zﬂ"IEJLTIGL‘Hﬂ‘U

b4 ' Y v
TsaTrlisiuliangetiu Taeszidonlylse I loorsdnamnsaldaugnigega arsviam

a u o a
]
= o g

S| A v s Y = A 2 & A
L‘]Ju"lfl!ﬂ R245fa mmiaumﬂquamayjauqmwgu 75 °C %QlﬂuqmﬁﬂM%QQ%ﬁﬂﬁTﬁi

Ll a

a a o’dy ald' 1 2= =) [ o ~
netinus i vazlditouluars q veelselilesdwaerdsuuuusiassluanrizi
panuuy d@audeu lyves vec laun A1 Isentropic efficiency ¥941A3098A 18 (Compressor)

A1 85% (Ebrahimi et al., 2017) az 19a139191u999 VCC Huanssiia R134a $a910mMsans

'
I A~ o

Y94 Ebrahimi et al. (2017) Wy o1 lenu 15 i leosdniansianuilusiia R245f

=

v ldszuniilsz@nsaimaiungdon 1 ¥4 Thermodynamics NgaRga Fan1595191U904

£l q
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E4 1 ]
51U Combined cycle Haz1iulidag17 3.16 iiednnnunduly 18 lunswaa lu i 195

LCOE gnnsma Iihaesms IWihdauginig

I heating fluid

[ —

o ——

(I —
evaporator

cXpansion | & VCC _Rl34a g) COMPressor
valve

TLC_R245fa @ R

condenser

pump

cooling fluid

gﬂ‘ﬁ 3.16 Combined cycle
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luuniwfunsinauenanissiassveslse Il leersdia 3 guuuw 1dun
T5a' W Teors@uuy Suberitical 1591 To015% 11D Supercritical taz 134 Wi Toos Huuy
TLC Waluan1izfieanuuy (Design condition) uaz luanizuenmileninaniziiesniuy

(Off-design condition) 59uDIWanINMsUsziunwiu i ldmassvyenaasvealsalu
g a9
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42  wamsdaeslsdlihleasdluaniznesnuu

° s Aq Y y £ ) Ao A

ninmstaeslse i leoi@nldanuiounsvesguitdoyanlgumngil 35 °C, 45 °C,
I 1 Y Hld' 1 d‘ o

55°C, 65 °C uag 75 °C \Wuunasanuiou vazl¥i3eu lvd1s 9 91na15199 3.3 lunssiasa
T3l TuseuuIDY Suberitical, Supereritical 1ag TLC F92UAAIANTTAULAN | VDY
T5a'lvt 1dun Amugnigega a1 dsz@nsnmiBanudou A1 Exergy efficiency for power

E4
Y d 1
production 8¢ Overall exergy efficiency ‘L!’e]ﬂi]1ﬂﬁENLLﬁﬂQ"lI“LJM"’U@QQ‘IJﬂﬁﬂMN d nalu

A
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421 Tsdlwhlee15@uun Suberitical
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Wenasanaugnigegan lannse Il Tee153uny Suberitical 1fion i

AgungiIngavesd sy dnsaudaiwansass lansgla 4.1

U

a

! [~ 1 ] o a '
vyl 4.1 vzmunlulinamssiaesnugnigegaluguugiivesunas

a ¥ a

9 A g A ] o 9 ~
ANusoumilu 35°Cuag 45°C Luﬂ\ii]']ﬂjxllUlliJf”ll13ﬂ1ﬂ1Q1u1ﬂ1uﬁﬂ13$ﬂﬂ@ﬂlluu

1 = Ay ! Y o A =) ~ ' A Yo v o (g
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Y
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a a o’dy& ° A 1 o Y A = I Y
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a

Aa A % a 1 9 I = [
ﬂ’lﬁWaﬁﬂ'H'$!Lﬁhlwﬁhlll’E)Glﬂf'qmﬁﬂuﬂlﬂﬂllﬂaﬂﬂ'ﬂﬂiﬂutﬂu 35°C uay 45 °C FINUNYUHNYU

U

1w 9 Y @ Y I o w A Y v
Gll’f]\‘]llﬁa\iiﬂﬂj']uﬁﬂuﬂgﬁ@\jgﬂﬂﬁﬂaﬂaqtlﬁ!ﬂu 17 °C 1ag 27 °C a1uaad lW@Glﬁ@@ﬁ']
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a 1

o { I o v o
arsihnunguuglivesuvasnnuiewiu 55 °C, 65 °C uaz 75 °C uazi ¥ lanunnfaiu

U

o A 1 Ay U Y v A v [ a 1
LL'U‘UUlf)"llEHEJGI’J‘VHJTﬂﬂ’JNWHVIGIEN%WElﬁlﬁﬂ‘ULﬂiENQU IﬂElﬁﬁ\1EﬂWﬂﬂWﬁﬂﬁUﬁﬂQﬂlﬁ{]Nﬂlﬂﬁlmﬁﬂ

a 1

o 9 Yy A 9 I o q Y ¥ a =
JUANUIDULLAD ﬂQﬂlWﬂﬂJﬂlﬂ\i!lﬁﬁ\iﬂ'ﬂMi@ULﬂu 35°C uag 45 °C ﬂzﬂﬂﬁ”lmmqwﬁqqqm

U

Y 1
Amlszuna 75 W N9 2 Qﬂlﬁ@lhﬂlﬂ\i!lﬁﬂﬁﬂ’ﬂﬂ%u %Qﬂﬁﬂi“ﬂﬁﬂ’qmﬂghﬂl@ﬂl!ﬁﬁi‘iﬂﬂ’ﬂh%@u

A X

o Y 1 q Y o A A Y o Yy A ' a
awz1/111143Jm‘l%ma”lumﬁmmumimwmumﬂ m”lwmmwmimnwmiaﬂqmwgmm

]
a =

1 o 9 dyd Y J a Y A ]
LL‘Via\ﬁ‘IJﬂ31%5’01&@1\‘11111ﬂ?WNﬂNﬂW&LﬂQ1H@WﬁﬁQﬁﬂWﬁ?ﬂ?iﬂﬂa@]’lﬂﬂﬁi’)]’lﬂ

Y Q

R
By 3

. e et

Maximum net work output (kW)
Critical temperature (°C)

o oo

E=Heat source temperature = 55°C EEEHeat source temperature = 65°C

=8 Heat source temperature = 75°C —8— Critical temperature

1 4.1 awgnigegai laan Tsa Tl Teer§@uuy suberitical o 1Fashamriiaaie

y a { a 1 a3 1
Lﬁewmmﬁqmwqmmgmmmm%’@mﬂu 55°C,65°Cuag 75 °C NN

gavaiingavesasiiu hidiwadeugnigegaves sl Fuilunaiidralien

a 9

= 92 A D) o A o quyy o
N1SANYIVDY He et al. (2012) Vlﬂﬁﬂ‘HWﬂ15!ﬁ®ﬂ61°]5ﬁ151fn\ﬂu!w@ﬂWiﬂMlﬂQWHqﬂ‘ﬁﬁﬂﬁﬂﬁ1ﬁiU

u q

a

4 4 1 o 1 o {
T59 T Te013 Dy Subcritical WounasnNudoulgungil 150 °C uaznuneasihaund
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T i (°C) T i (°C) . Wit (W)
Subcritical TLC
27 372.91 532.37
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33 132.19 253.41
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Off-design at T ,;; 65 °C
T 5 (°C) T i (°C) Yot OV

Subcritical TLC

27 1.39 1.89

60 30 1.14 1.51
33 0.89 1.11

27 1.76 2.66

65 30 1.48 2.12
33 1.24 1.14

27 2.39 3.30

70 30 2.04 2.24
33 1.74 1.22
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Off-design at 75°C
T i (°C) T i (°C) — Ty )

Subcritical TLC

27 2.29 4.03

70 30 1.98 3.38
33 1.68 2.80

27 2.71 5.05

75 30 2.29 3.83
33 2.02 2.65

27 3.66 5.65

80 30 3.25 4.38
33 2.85 3.10
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1 o 14 L. 4 a [ I
M15199 0.1 Foyawamstiaeelse Wi Too15Fuuy Suberitical ipguugivesunasnnuiowiu 55 °C

R125

Ty m=55°C R143a RI216 | RI234yf | R1234ze | R152a | R236fa | RI142b R114 R245fa
T,. (°C) 66.02 72.71 85.75 72.71 109.36 13.26 124.92 137.11 145.68 154.01
¢ (ke/s) 0.30 0.20 0.30 0.20 0.15 0.10 0.20 0.15 0.20 0.15
P, . (MPa) 1.91 1.74 1.04 0.96 0.72 0.86 0.41 0.49 0.32 0.23
Pyyap (MP2) 2.20 2.01 1.20 1.13 0.87 1.01 0.49 0.57 0.38 0.28
Q,, (kW) 28.57 28.18 31.11 27.44 24.06 26.56 2.30 29.44 25.35 28.00
Qqur (kW) 28.18 27.78 30.69 27.02 23.64 26.15 24.91 29.02 2491 27.57
Wp (W) 122.96 95.03 58.18 48.33 30.74 26.71 14.54 16.98 14.54 8.63
W, (W) 509.92 497.04 47436 470.09 451.13 438.64 45275 431.00 448.63 430.49
W, (W) 386.95 402.01 416.18 421.76 420.38 411.94 43821 414.02 434.09 421.86
N 1.35 1.43 1.34 1.54 1.75 1.55 1.55 1.41 1.71 1.51
g 66.42 67.28 63.98 68.70 73.10 69.60 68.01 65.99 71.72 68.00
g, 9.47 9.84 10.18 10.32 10.29 10.08 10.72 10.13 10.62 10.32
UA yap (KW/K) 3.63 3.62 3.91 3.55 321 3.36 3.67 3.62 3.37 3.49
UA g (KW/K) 425 4.17 4.62 4.06 3.55 3.92 4.19 435 3.74 4.15
v (I/s) 0.2716 0.2296 0.2404 0.1918 0.1340 0.1155 | 0.14143 | 0.1392 | 0.14143 | 0.11513
V, (Is) 0.2703 0.2288 0.2400 0.1916 0.1339 0.1154 | 0.14138 | 0.1391 | 0.14138 | 0.11511
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{ ° s . 4 A 1 2 '
@1131\11‘?] .1 Gﬁj@u‘laNfﬂﬂ’l'ﬁﬂWﬁﬂQIiQUlV‘IWTIGSWﬁ%LLUU Subcritical Lﬁ’e)qmﬁﬂ“uﬂlmuﬁmmm%’@mﬂu 55 °C (@I'ﬂ)

Tym=55°C R125 R143a RI216 | RI234yf | R1234ze | RIS2a R236fa | RI142b R114 R245fa
V3 (Us) 1.8641 1.9991 3.2707 3.0972 3.2288 3.1747 7.1817 5.9488 7.1817 9.4760
V4 (Us) 2.2278 2.3647 3.8534 3.6938 3.9424 3.7311 8.7286 6.9040 8.7286 11.4493
Expansion ratio 1.20 1.18 1.18 1.19 1.22 1.18 1.21 1.16 1.22 1.21
M (kg/s) 2.25 2.22 245 2.16 1.89 2.09 2.22 2.32 1.99 2.20
T, (°C) 48.17 48.26 47.56 48.44 49.25 48.65 48.23 47.96 48.94 48.30

M3 0.2 FoyananssiaesIse I Tee15@uuy Suberitical Lﬁ"e)qmwgﬁmwmdqmm%’@mﬂu 65 °C

Ty = 65 °C R125 R143a R1216 | RI234yf | R1234ze | RI52a | R236fa | R142b R114 R245fa
T, (°C) 66.02 72.71 85.75 72.71 109.36 13.26 124.92 137.11 145.68 154.01
M, (kg/s) 0.6 0.4 0.5 0.4 0.3 0.2 0.3 0.3 0.4 0.3
P,ng (MPa) 1.91 1.74 1.04 0.96 0.72 0.86 0.41 0.49 0.32 0.23
Pevap (MPa) 2.49 2.24 1.39 1.26 1.00 1.13 0.60 0.63 0.43 0.32
Qin (kW) 56.80 56.19 53.03 55.66 48.93 53.49 43.77 59.56 51.69 56.88
Qout (kW) 55.46 54.85 51.64 54.24 47.48 52.09 42.37 58.16 50.27 55.45
Wp (W) 0.48 0.35 0.21 0.18 0.11 0.10 0.07 0.06 0.05 0.03
Wex (W) 1.83 1.69 1.60 1.61 1.55 1.51 1.47 1.46 1.47 1.46

66



{ ° s . 4 A 1 2 '
@1131\11‘?] .2 Gﬁj@u‘laNfﬂﬂ’l'ﬁﬂWﬁﬂQIiQUlV‘IWTIGSWﬁ%LLUU Subcritical Lﬁ’e)qmﬁﬂ“uﬂlmuﬁmmm%’@mﬂu 65 °C (@I'ﬂ)

Ty in=65°C R125 R143a R1216 R1234yf | R1234ze R152a R236fa R142b R114 R245fa
Wnet (W) 1.34 1.34 1.39 1.43 1.44 1.41 1.40 1.40 1.42 1.43
Nin 2.37 2.39 2.62 2.57 2.94 2.63 3.20 2.35 2.74 2.52
& 59.11 59.55 62.70 61.09 66.73 62.53 70.71 57.74 64.11 60.16
Ep 17.10 17.07 17.70 18.20 18.34 17.91 17.83 17.84 18.01 18.21
UAevap (kW/K) 6.14 5.87 5.59 5.95 5.42 5.51 4.91 5.99 5.34 5.77
UA ;g (kW/K) 8.35 8.24 7.77 8.12 7.16 7.82 6.36 8.76 7.55 8.35
Vl (I/s) 0.5432 0.4591 0.4006 0.3837 0.2680 0.2311 0.2282 0.2783 0.2829 0.2303
V2 (I/s) 0.5383 0.4562 0.3992 0.3827 0.2676 0.2307 0.2280 0.2782 0.2827 0.2302
V3 (I/s) 3.1320 3.4734 4.6055 5.4589 5.5948 5.6178 7.4262 10.7432 12.7769 16.6884
V4 (I/s) 4.3929 4.6755 6.4690 7.4080 7.9201 7.4359 11.1358 13.8432 17.5699 23.0065

Expansion ratio 1.40 1.35 1.40 1.36 1.42 1.32 1.50 1.29 1.38 1.38
m,r (kg/s) 4.43 4.38 4.12 4.33 3.79 4.16 3.38 4.64 4.01 442
T, (°C) 51.43 51.57 52.33 51.70 53.31 52.22 54.54 50.77 52.65 5141

001



{ ° s . 4 A 1 2
@1131\11‘?] .3 Gﬁj@u‘laNfﬂﬂ’l'ﬁﬂWﬁﬂQIiQUlV‘IWTIGSWﬁ%LLUU Subcritical Lﬁ’e)qmﬁﬂ“uﬂlmuﬁmmm%’@mﬂu 75 °C

Ty m=75°C R125 R143a RI216 | RI234yf | R1234ze | R152a | R236fa | RI142b R114 R245fa
T,. (°C) 66.02 72.71 85.75 72.71 109.36 13.26 124.92 137.11 145.68 154.01
¢ (ke/s) 1 0.6 0.8 0.6 0.4 0.3 0.6 0.3 0.6 0.3
P, . (MPa) 1.91 1.74 1.04 0.96 0.72 0.86 0.41 0.49 0.32 0.23
Pyyap (MP2) 2.81 2.58 1.55 1.43 1.20 1.29 0.62 0.83 0.50 0.44
Qy, (kW) 92.96 83.25 86.08 84.72 66.57 80.80 87.91 61.29 79.24 59.03
Qqur (kW) 89.98 80.29 83.10 81.65 63.62 77.76 84.89 58.44 76.19 93.69
Wp (W) 1.25 0.89 0.49 0.41 0.26 0.23 0.15 0.14 0.12 0.07
W, (W) 423 3.85 3.48 3.48 3.20 327 3.16 2.9 3.17 2.89
W, (W) 2.98 2.96 2.9 3.07 2.94 3.04 3.02 2.85 3.05 2.81
N 321 3.55 3.47 3.62 4.42 3.76 3.43 4.65 3.85 477
g 53.73 58.75 57.44 58.81 68.76 60.80 56.65 71.51 61.78 72.78
g, 23.37 23.18 23.45 24.07 23.09 23.84 23.65 22.34 23.92 22.07
UA yap (KW/K) 9.37 8.06 7.82 7.96 6.52 7.48 7.76 5.92 7.18 5.73
UA g (KW/K) 13.48 12.08 12.50 12.32 9.57 11.70 12.72 8.81 11.71 8.46
v (I/s) 0.9055 0.6887 0.6410 0.5755 0.3574 0.3466 0.4565 0.2783 0.4243 0.2303
V, (Is) 0.8931 0.6813 0.6378 0.5732 0.3564 0.3458 0.4560 0.2779 0.4239 0.2301

101



{ ° s . 4 A 1 2 1
@1131\1ﬁ .3 Gﬁj@u‘laNfﬂﬂ’l'ﬁﬂWﬁﬂQIiQUlV‘IWTIGSWﬁ%LLUU Subcritical Lﬁ’e)qquummtmmmm%’amﬂu 75 °C (@I@)

Ty =75 °C R125 R143a RI216 | RI234yf | R1234ze | RIS2a R236fa | RI142b R114 R245fa
V3 (I/s) 4.3034 42318 6.5016 7.1231 6.1413 7.3553 14.4058 8.2390 16.7836 12.3567
V4 (I/s) 7.1473 6.8618 10.3979 11.1580 10.6032 11.1055 22.2953 13.9124 26.5556 23.2727
Expansion ratio 1.66 1.62 1.60 1.57 1.73 1.51 1.55 1.69 1.58 1.88
M (kg/s) 7.18 6.41 6.63 6.52 5.08 6.21 6.77 4.66 6.08 4.49
T, (°C) 52.82 55.14 54.46 54.79 59.12 55.72 54.03 60.38 56.09 60.92

M3 0.4 FoyananssiaesIseIihTeer§duuy TLC Lﬁ'aqmwgﬁmamwdamm%’am%’]u 55°C

Ty =55 °C R1216 R1234yf R1234ze R152a R236fa R142b R114 R245fa Water
T, (°C) 85.75 72.71 109.36 13.26 124.92 137.11 145.68 154.01 373.95
M, (kg/s) 3.0 2.5 3.0 2.0 3.0 3.0 4.0 3.0 1.0
P,ng (MPa) 1.04 0.96 0.72 0.86 0.41 0.49 0.32 0.23 0.007
Pevap (MPa) 1.42 1.30 0.98 1.18 0.58 0.68 0.45 0.34 0.012
Qin (kW) 47.09 44.04 49.86 45.46 46.46 49.20 49.31 49.52 50.77
Qout (kW) 46.91 43.86 49.55 45.21 4597 48.76 48.75 48.89 49.95
Wp (W) 1.37 1.25 1.08 1.14 0.61 0.81 0.56 0.39 0.01
W, (W) 1.56 1.44 1.39 1.39 1.11 1.26 1.12 1.03 0.83

01



A 9 o I A a 1 Y I 1
f13°19N N.4 Gll’fJiJ”aNﬁﬂTﬁ‘ﬂWa@QIiQUlV‘Iﬂ'II@fﬂﬁ“D'LL‘UU TLC maqqummtmmmmiamﬂu 55°C (919)

Ty n=55°C R1216 R1234yf R1234ze R152a R236fa R142b R114 R245fa Water
Wnet (W) 182.88 185.77 313.34 253.51 494.27 446.94 557.32 633.60 817.54
Nin 0.39 0.42 0.63 0.56 1.06 0.91 1.13 1.28 1.61
& 41.03 44.05 41.67 44.30 49.21 45.51 48.10 49.77 53.14
Ep 4.48 4.55 7.67 6.20 12.09 10.94 13.64 15.50 20.00
UAevap (kW/K) 8.68 7.56 9.14 7.98 8.17 9.21 9.19 9.25 9.64
UA ;g (kW/K) 7.04 6.58 7.45 6.79 6.92 7.32 7.33 7.34 7.51
Vl (I/s) 2.4037 2.3980 2.6804 2.3105 2.2824 2.7836 2.8285 2.3027 1.00707
V2 (I/s) 2.3949 2.3910 2.6763 2.3067 2.2802 2.7813 2.8268 2.3018 1.00706
V3 (I/s) 2.5499 2.5246 2.7886 2.4079 2.3653 2.8729 29116 2.3671 1.0121
V4 (I/s) 7.9320 8.0833 10.6668 8.5642 14.1863 14.1493 19.6922 22.4056 451.7620
Expansion ratio 3.11 3.20 3.83 3.56 6.00 4.93 6.76 9.47 446.34
m,r (kg/s) 3.74 3.50 3.95 3.61 3.67 3.89 3.89 3.90 3.99
T, (°C) 43.74 44.47 43.08 44.13 43.89 43.23 43.21 43.16 42.86

€01



A 9 o I A a 1 9 <
MTNN N.5 Gumgawamimaaﬂm"lﬂﬂﬂamﬁcmmu TLC maqmwgmmgmmmmiamﬂu 65 °C

R125

R143a

Ty m=55°C RI216 | RI234yf | R1234ze | RI52a | R236fa | R142b | RI114 | R245fa | Water
T,. (°C) 66.02 | 72.71 85.75 72.71 109.36 1326 | 124.92 | 137.11 | 145.68 | 154.01 | 373.95
¢ (ke/s) 2.0 2.0 3.0 2.5 3.0 2.0 3.0 3.0 4.0 3.0 1.0
P, . (MPa) 1.91 1.74 1.04 0.96 0.72 0.86 0.41 0.49 0.32 0.23 0.01
Pyyap (MP2) 3.13 2.83 1.78 1.64 1.24 1.50 0.76 0.87 0.58 0.46 0.02
Qy, (kW) 7152 | 80.70 | 86.88 81.90 90.69 83.99 | 8532 | 9038 | 90.62 | 90.83 92.61
Qqur (kW) 70.66 | 79.85 85.46 80.52 89.07 8248 | 8336 | 8844 | 8846 | 88.54 89.95
Wp (W) 3.39 3.83 271 2.50 2.13 0.00 1.24 1.63 1.14 0.81 0.02
W, (W) 425 4.69 4.14 3.88 3.75 1.52 321 3.57 3.29 3.10 2.69
W, (W) 0.86 0.85 1.42 1.39 1.62 1.51 1.97 1.94 2.16 2.29 2.67
N 1.20 1.06 1.64 1.69 1.79 1.80 231 2.14 2.38 2.53 2.88
g 4250 | 36.84 | 40.75 4291 41.35 4340 | 4846 | 4552 | 48.17 | 49.83 53.75
g, 10.95 | 10.86 18.12 17.63 20.61 1927 | 2507 | 2464 | 2743 | 2920 33.96
UA yp RW/K) | 1178 | 14.48 16.09 13.82 15.91 14.40 14.45 16.97 16.97 16.98 17.58
UA ng KW/K) | 1059 | 11.99 12.83 12.07 13.37 12.41 12.53 13.32 13.33 13.29 13.52
v, (Is) 1.811 | 2296 | 2.404 2.398 2.681 2311 2282 | 2784 | 2.828 | 2303 1.0071
V, (Is) 1778 | 2265 | 2387 2.384 2.672 2303 | 2278 | 2.779 | 285 | 2301 1.0070
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A 9 ° I A a 1 Y I 1
AN N.5 Gll’fJiJ”aNﬁﬂTﬁﬂWﬁﬁ]QIiQUlV‘IWTIGSWiGﬁLLUU TLC wJaqqummtmmmmiamﬂu 65 °C (99)

Tym=55°C RI25 | Rl43a | RI216 | RI1234yf | RI1234ze | RI52a | R236fa | R142b | R114 | R245fa | Water
V3 (I/s) 2.269 2.721 2.706 2.656 2.890 2.502 2.443 2.955 2.988 2.425 1.017
V4 (I/s) 6.713 8.433 12.476 12.834 17.036 13.722 23.865 23.412 33.440 38.715 812.573
Expansion ratio 2.96 3.10 4.61 4.83 5.89 5.48 9.77 7.92 11.19 15.96 798.89
M (kg/s) 5.64 6.37 6.82 6.42 7.11 6.58 6.65 7.06 7.06 7.07 7.18
T, (°C) 4791 | 4572 | 44.24 45.43 43.33 44.93 44.61 43.41 43.35 43.30 42.87

M3 0.6 FoyananssiaesIseIihTeer§duuy TLC Lﬁ'aqmwgﬁmml,ma'qmm%’amﬂu 75 °C

Tym=75°C R125 R143a | RI216 | RI234yf | R1234ze | R152a | R236fa | R142b | RI114 | R245fa | Water
T, (°C) 66.02 72.71 85.75 72.71 109.36 1326 | 124.92 | 137.11 | 145.68 | 154.01 | 373.95
M, (kg/s) 2.0 2.0 3.0 2.5 3.0 2.0 3.0 3.0 4.0 3.0 1.0
P,ng (MPa) 1.91 1.74 1.04 0.96 0.72 0.86 0.41 0.49 0.32 0.23 0.01
Pevap (MPa) 3.58 3.34 2.18 2.03 1.53 1.88 0.98 1.10 0.74 0.61 0.03
Qin (kW) 108.05 118.40 126.45 121.09 131.62 123.64 125.14 131.50 131.84 132.53 134.44
Qout (kW) 105.15 115.63 122.89 117.54 127.82 119.91 120.74 127.15 127.14 127.60 128.93
Wp (W) 4.60 5.60 4.17 3.93 3.32 3.63 2.01 2.58 1.82 1.32 0.04
W, (W) 7.51 8.37 7.73 7.48 7.12 7.36 6.41 6.93 6.51 6.25 5.55
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A 9 o I A a 1 9 <
ATNN N.6 Gll’ejiJ”aNﬁﬂTﬁ‘NQENINUMWWIGE)W?%L‘UU TLC maqmmmmtmmmmiamﬂu 75 °C

Tyiw=75°C R125 R143a R1216 R1234yf | R1234ze R152a R236fa | R142b R114 R245fa Water
Wnet (W) 2.90 2.77 3.56 3.55 3.80 3.72 4.40 4.35 4.69 4.93 5.51
N 2.69 2.34 2.81 2.93 2.89 3.01 3.52 3.31 3.56 3.72 4.10
& 46.05 40.86 44.19 45.97 44.45 46.42 51.19 48.80 51.36 52.99 57.01
Ep 22.78 21.73 27.90 27.85 29.79 29.20 34.50 34.12 36.80 38.64 43.24
UAevap (kW/K) 17.03 20.40 22.81 20.81 22.08 21.46 21.04 24.52 24.65 24.88 25.38
UA ;g (kW/K) 15.75 17.40 18.48 17.70 19.17 18.05 18.16 19.14 19.08 19.19 19.38
Vl (I/s) 1.811 2.296 2.404 2.398 2.681 2.310 2.282 2.784 2.829 2.303 1.0071
Vz (I/s) 1.767 2.251 2.378 2.376 2.668 2.298 2.275 2.776 2.823 2.300 1.0070
V3 (I/s) 2.850 3.066 2.909 2.825 3.008 2.614 2.533 3.045 3.071 2.489 1.023
V4 (I/s) 9.105 11.185 16.891 17.641 23.277 18.903 33.551 32.437 46.799 54.796 1164.306
Expansion ratio 3.19 3647.59 5.81 6.24 7.74 7.23 13.24 10.65 15.24 22.01 1138.39
m,r (kg/s) 8.39 9.23 9.81 9.38 10.20 9.57 9.63 10.15 10.15 10.16 10.29
T, (°C) 49.22 46.75 44.83 46.11 43.60 45.50 45.14 43.63 43.54 43.38 42.92
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A13197 9.1 Yoyanansmuaaa LCOE vod134 1 Tee15@uun Suberitical ilszoznamslgaulselud 103

Heat source temperature 55 °C

Heat source temperature 65 °C

Heat source temperature 75 °C

Working fluid Max. net work LCOE Max. net work output LCOE Max. net work LCOE
output (W) (Baht/kW-hr) (W) (Baht/kW-hr) output (W) (Baht/kW-hr)
R125 386.9530 151.0476 1343.5281 44.6678 2979.6678 20.8189
R143a 402.0128 145.3513 1341.2694 44.7230 2955.5399 20.8107
R1234yf 421.7646 138.7407 1429.9877 42.1060 3068.9006 20.1939
R1234ze 420.3826 138.9100 1440.7693 41.6302 2944.3881 20.7631
R152a 411.9374 141.9135 1407.2438 42.6882 3040.4394 20.3000
R236fa 438.2103 134.3929 1400.8412 42.8636 3015.2490 20.9696
R245fa 421.8610 140.4603 1431.1082 43,1632 2813.7254 22.0823

el



A13197 0.2 Yoyanansmuaua LCOE vod134 1w oo Suberitical Hilszoznaimildaulseludi 209

Heat source temperature 55 °C

Heat source temperature 65 °C

Heat source temperature 75 °C

Working fluid Max. net work LCOE Max. net work output LCOE Max. net work LCOE
output (W) (Baht/KW-*hr) (W) (Baht/KW-hr) output (W) (Baht/KW-*hr)
R125 386.9530 146.0045 1343.5281 42.8090 2979.6678 19.7441
R143a 402.0128 140.5104 1341.2694 42.8681 2955.5399 19.7893
R1234yf 421.7646 134.0580 1429.9877 40.3112 3068.9006 19.1572
R1234ze 420.3826 134.3123 1440.7693 39.9050 2944.3881 19.7821
R152a 411.9374 137.1668 1407.2438 40.8986 3040.4394 19.2825
R236fa 438.2103 129.5861 1400.8412 41.0728 3015.2490 19.7691
R245fa 421.8610 135.1675 1431.1082 40.9893 2813.7254 20.9317
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13197 0.3 Yoyarnanamuaua LCOE voa13¢ 1w Tee13unu Suberitical Hilszoznaimildanulselud 301

Heat source temperature 55 °C

Heat source temperature 65 °C

Heat source temperature 75 °C

Working fluid Max. net work output LCOE Max. net work output LCOE Max. net work LCOE
(W) (Baht/kW-hr) (W) (Baht/kW-hr) output (W) (Baht/kW-hr)
R125 386.9530 144.3238 1343.5281 42.1895 2979.6678 19.3858
R143a 402.0128 138.8970 1341.2694 42.2499 2955.5399 19.4488
R1234yf 421.7646 132.4973 1429.9877 39.7130 3068.9006 18.8117
R1234ze 420.3826 132.7799 1440.7693 39.3301 2944.3881 19.4551
R152a 411.9374 135.5848 1407.2438 40.3022 3040.4394 18.9434
R236fa 438.2103 127.9841 1400.8412 40.4759 3015.2490 19.3690
R245fa 421.8610 133.4035 1431.1082 40.2648 2813.7254 20.5482

Sl



A13197 0.4 Yoyanamsmuaua LCOE voa 154 I Teoriduuy TLC Aliszoznaims1Fanulselwih 107

Heat source temperature 55 °C

Heat source temperature 65 °C

Heat source temperature 75 °C

Working fluid Max. net work LCOE Max. net work LCOE Max. net work LCOE
output (W) (Baht/KW-*hr) output (W) (Baht/KW-hr) output (W) (Baht/KW-*hr)

R125 - - 860.0844 71.4177 2904.4749 21.8261
R143a - - 853.6225 72.8391 2770.6879 23.2075
R1234yf 185.7736 325.5572 1385.4928 45.4773 3551.1845 18.4778
R1234ze 313.3362 196.5313 1619.2567 39.8670 3798.9250 17.7806
R152a 253.5107 239.0400 1513.9590 41.7772 3722.9219 17.7220
R236fa 4942713 124.8914 1969.5763 33.1762 4399.7335 15.7017
R245fa 633.6006 100.2906 2294.1186 29.9875 4927.1864 15.0577
Water 817.5408 236.5583 2668.5294 119.2968 5513.0132 80.8136

911



A13197 1.5 Yoyanamsmuaua LCOE voa 154 I Teoriduuy TLC Aliszoznaims 1Fanu s lwih 207

Heat source temperature 55 °C

Heat source temperature 65 °C

Heat source temperature 75 °C

Working fluid Max. net work LCOE Max. net work LCOE Max. net work LCOE
output (W) (Baht/KW-*hr) output (W) (Baht/KW-hr) output (W) (Baht/KW-*hr)
R125 - - 860.0844 67.9410 2904.4749 20.5601
R143a - - 853.6225 69.0289 2770.6879 21.7660
R1234yf 185.7736 311.2384 1385.4928 42.9204 3551.1845 17.2237
R1234ze 313.3362 186.8256 1619.2567 37.3477 3798.9250 16.4318
R152a 253.5107 228.3822 1513.9590 39.3817 3722.9219 16.4920
R236fa 4942713 118.6278 1969.5763 30.9641 4399.7335 14.4147
R245fa 633.6006 94.4062 2294.1186 27.5635 4927.1864 13.5467
Water 817.5408 176.5594 2668.5294 84.5726 5513.0132 55.9540

LT1



A13197 0.6 Yoyanamsmuaua LCOE voa 154 I Teoriduuy TLC Aliszoznaims1Fanlselwih 307

Heat source temperature 55 °C

Heat source temperature 65 °C

Heat source temperature 75 °C

Working fluid Max. net work LCOE Max. net work LCOE Max. net work LCOE
output (W) (Baht/kW-hr) output (W) (Baht/kW-hr) output (W) (Baht/kW-hr)
R125 - - 860.0844 66.7823 2904.4749 20.1381
R143a - - 853.6225 67.7589 2770.6879 21.2856
R1234yf 185.7736 306.4662 1385.4928 42.0682 3551.1845 16.8058
R1234ze 313.3362 183.5908 1619.2567 36.5081 3798.9250 15.9823
R152a 253.5107 224.8301 1513.9590 38.5833 3722.9219 16.0821
R236fa 4942713 116.5402 1969.5763 30.2268 4399.7335 13.9858
R245fa 633.6006 92.4449 2294.1186 26.7556 4927.1864 13.0431
Water 817.5408 156.5625 2668.5294 72.9995 5513.0132 47.6686
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Simulation of an ORC power plant utilizing data center waste heat
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quéﬁa'a%aﬁmiﬂamlei@almw%fauaaﬂm"luﬁmmﬁmn*ﬁu ATt dnundnenmessmahardeuian
guédayannfuundsnnufouldiulsliiloat 5 T,mmﬁ@mﬂsxaaﬂ‘m?faaammmxuuiaaﬁ%ﬁw%’umﬁm
ﬂ'ﬁmmlwﬁqmnmm%’au"ﬁwaa@uﬂ%agaﬁaﬂi%‘iﬁ'ﬂaaw‘c}aﬁuawaxL?ﬁafﬂ,%awiﬁwaﬂulumié’ﬂamﬁ"’ﬁu 6 iin
Ingrgumgiivanamiu il 50°C - 80°C uagldFeuiieunadngainniilyis effectiveness — NTU
fuABiavunen pinch point temperature difference (PPTD) wud1 33 PPTD WinadwiifauRnnangadle
Wauiudl effectiveness — NTU wazwuidngnsinan R32 ‘Lﬁ’mqu%@aﬁ@m‘lmﬂiﬁhaEﬂmj'w 400 kW - 800 kW
%vuﬁuqmmﬁ’umLma‘qmw%auuasidwﬁw%mwLﬂ?jamm%auﬂ‘ssmm 5.3% - 7.7%

Aman: lean5d; anufousumglien; auddoys; Fnsvasdruszdndua - 18uily; mssraeaudafiay

Abstract

The increase of number and size of data centers worldwide has been obvious. In this work,
the feasibility of generating electricity from waste heat of data centers using an organic Rankine cycle
(ORC) power plant was conducted. The temperature range of waste heat between 50°C - 80°C was
examined. Six promising organic working fluids were studied. A computational code was developed
and validated with a result taken from the literature. A comparison between using the effectiveness -
NTU method and the specified pinch point temperature difference (PPTD), which is widely used, was
conducted. It was found that the predictions of specifying PPTD provides a significant %error
compared with those of the effectiveness - NUT method. It was also found that the electricity of 400
KW - 800 kW can be generated with using R32 as the working fluid, depending on the temperature of
the heat source. The corresponding efficiency of the cycle is 5.3% - 7.7%.

Keywords: ORC; Low-temperature heat; Data centers; Effectiveness - NTU method; Numerical model
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Wy = myethy - hy)

End

Wex = (h5- hﬁ‘)
Wnet = (Wex'ngen) - Wp
nth = Wncl/ Qin




124

o
TSF - 020 ﬂ’ﬁ'ﬂiﬂﬁiﬁﬂ'lﬂ'\iLﬂ’fa'ﬂ'\tﬁﬂlﬂiiﬂLﬂ%ﬂ\]ﬂﬁLL‘WQUTﬁLﬂﬂl‘WU FﬁﬁéﬂJ 32

3 -6 ningnAy 2561 Fawiaynamng

W P T | a o w
1067 Naer, My W02 Mo Trwsfu 91.30% 43.22%  lwnuideiifadondnvansvhaufiiidnuuednd

uaz 67.70% mudneu [21] T 6 13 lnswrazarsiinuantinuanly
2.2 psiEenan i st 1
msdenasianiimanzaudmiulsslih 2.3 undsadufoudld
Teansdiadniiannudrdnadnsis ilaannazdaadie Turwiseifldiudumnardlunstum
Vnpdlihilezsdeld fannsdenelinvesansin feufienguideyaunléiduunasaaufeuliify
funenvinerfosinildenaanidng 4 fdmade  Lsdluilileensd Tnverlrufoudifgnmad 50°C -
Vnalihiidalduddsieshddenmidules  80°C fadutisgnmgiil servers fnsemsham
soFuwndeunazauUasadtlumslivudnde agluganing

o we o a ie -
#15199 1 AMALUAVDIANTNIUTUAR N qmﬂumimam

ARALUR AANTANIE AR A
. NN Awedou Auaensy
A3y
Thoiling Terttical Peitical ALT onp GWP ASHRAE
0 o] (MPa} Q) (100 %) safety group
R245fa 15 [14] 154.05 [14]  3.64 [14] 7.6 [15] 0[16] 1030 [15] B1[17]
R600 0[14] 152 [14] 3.796 [14] 12 [15] 0[18] 4 [15] A3 [17]
R123dze -19 [17] - - - 0[16] 6[16] A2L [19]
R123dyf  -29.4 [17] - - - 1[16] 4 [16] A2L [19]
R290 -42.09 [20]  96.7 [14] 4.248 [14] 12 [15] < 0[15] 3.3 [15] A3 [17]
R32 -52 [17] 78.11[14] 5.782[14] 4.9 [15] 0[16] 675 [15] A2l [19]
3. MINTIVATUANINGNADIVDINUUTIADY gniesrasiuuinaedlsaliiinlonid lneravasns
suisedldauntsfugiunia avaauansaLanddd e 2 faaniuiiug
thermodynarics $3uiiunasldnmautRvedns YD4N15AS9d0 U873 effectiveness — NTU

9

¥191Un REFPROP Software [22] a9xdinnsld  miwmaismdeugefiigauwiniu 4.32% Falums

P
= o @ =

' a < oa W e o = = 2
Awsimeding 9 Wufvaiusammaaas (ORC - gutuiuuuiaesinideilwamnfuaransold
3) geaenansaneden [21] Tunismsiedeuadiu - Wrungwginssuasalsdlafdlonnsdla

A519% 2 wam‘sm‘:waaummgﬂﬁawammuﬁwaamﬁwﬁumam‘:maaa ORC - 3 Y9910na159198 49 [21]

Ths Mig Pevap Peong  Mur W, Wy Wi N
Q  (kegfs) (kPa) (kPa)  (kgrs) (kW) (kW) (kW) (%)
R245fa 122,60 17.20 1500.00 230.00 5.00 11.80 12495 103.04 8.60 [21]

R245fa  122.60 17.20 1500.00 230.00 505 1129 126.13 10386 833 present

@i uwasiinn

error (%) 0.00 0.00 0.00 0.00 095 432 0.95 0.79 317




125

TSF - 020

4, Nan1591A89

TumiAdeiannsoudmamasassoondu
2 d lauA
4.1 mswWSeuldieu’s effectiveness — NTU U35
fMMuAAN pinch point temperature difference
(PPTD) ludnmsd

aiednsuiteunani e srwing
n1331a8891nel9335 effectiveness — NTU Auds
v PPTD Fadludrmnuusnsiiswasgamndi
foufignszvinaunasniuieufuaaiiauly
T5sluileansdlsimasiivinfu 4.91°C asanms

ot ol

Franalaeld effectiveness — NTU method 101357

@

Fudouniuileiieuiuisiuuad PPTD Hurmad
Feialfiilomndrsanaududeuvasmsaiumn
TunislFeuieunanisinaesazlaans
iraululselidTeansdi0uviln R245fa wagly
qmwgﬁmaum&iamm%’auﬁ 80°C §auanis

= = 2o &
LU'EFJ“UWIEIUE'WLIﬁﬂLL?iﬂJIﬂﬂdEUW 3

—e—effectiveness-

NTU

Wret (kW)
]

_pinch point
temp. diff.

constant

&
5 3

o 200 400 600 800
Peuap (kPa)

= = = v s
UM 3 mamaGeufisuanugnbilsainnsiiass
dld7T effectiveness - NTU Aun1aivuna
PPTD
NGUA 3 szdiudrengnsildann 238 10

e s ' W
At ldwingy lnslutlsmudugegnveassuy

U
A = =l

(Peysp ) TiF 200 kPa - 550 kPa 1ugnsiilaainnis

4

- & o | b A
ﬂ’]iﬂi:?!ll?ﬂ'lﬂ'\iwﬁa'vﬂtﬂHlﬂiiﬂhﬂiﬂﬂﬂau‘lﬂﬂiﬁl‘ﬂWl‘l"\!‘] AN 32

VG ME-NETT2018

3 -6 ningnAy 2561 Fawiaynamng < ﬁ
I
A

1y ¥ aa w1 & '
J1R09E78 effectiveness - NTU aglwAn#inni
MIMUUAAT PPTD Wiy 4.91°C 2ntiuA1ugnd
= o= v Vo I3 '
aefialndiAs iy dwanliifiudinisdinuadi
' A e = aa
PPTD tHurnsivinunernanaiamaouldainis
effectiveness — NTU aghsdltadndgy

a

4.2 Indwasmslinvasarsinnuuazgumngtves

u
unsanuiou
Tun1siasaiiafnewnugrdvadsdaila
e139TlgruieuiiaIngudteyanidgamgl 50°C -

80°C \JuunaamnuiounaziUisuifisunugnile

MnaTnudazyiiniiaaguvgiunamriuiay

=

wag P, de1ilfouldlngldis effectiveness -
NTU @anan1siae wetuludeguii 4 - 7 anughdu

500

-,

400 ——R245fa
S0 —~—, . R600
x R1234ze
§208 R123ayf
8 100 ——R290

—=—R32
0 —
0 200 400 600 800
Pevap (kPa)
el a all P s s

'E'ﬂVI 4 Q’Iua;'ﬂﬁﬂ ATINFATTNNIUYURAND 9]

quvgilvnsiviasmiuieu 50°C

600

L ——a

50 ——R245fa
o —— ——R600
2 o
300 2’ R1234ze
T ' R1234yf
H

——R2%0

100 1 -

T = R32
0 T
0 200 400 600 80O
Pevap (kPa)

Al o el v a
TUn 5 \'l”l‘LlﬁWﬁ‘ﬂvLﬂﬂ'lﬂ'ﬁTEW'N’WU"HM(WWG e

L ]

200 Hi98 WnaANTEU 60°C




126

TSF - 020
700
’ a8 8 a
600 t
L . Rasfa
0 /F e —«—R600
= i / R1234ze
% 300 y
g R123dyf
2 200
g ——R290
10 /1\\‘ Sy —s-R32
0
0 200 00 600 800
Pevap (kPa)

Uil 6 swgndilanInasiusiinga q w

DV IT0WAINITUTOU T0°C

800

600 ——R2d5fa
_ R600
§ 400 R1234ze
g R1234yf
= 200 g Vi

. m\.\: _R32
0 200 400 600 800

Pevap (kPa)
gﬂ"ﬁ 7 qﬂuz‘jw“ﬁﬁlﬁmnmiﬁmwiﬂm‘wa 9

anmgiuaannamILion 80°C

VINKaNIS AR UENETldaINaTYaY
wilging q ludreguugivesunasninuioy 50°C -
80°C azifiuiniien Prvep 8L S MRS TR
alianuaysbivhiuasdilinuansgant r.,,
snsfiuBnig Tasougrigeamuesudayarieud
uvganuoug Mg 9 el

®  {15%1971 R245fa @1InRAANUANELY
gadam 16365 kW 39.376 kW 70.762 kW
way 113010 kW fguuglivssundsaiy

Sowdhu 50°C - 80°C mudnitu Tapazliinu

q{m%ﬁﬁﬁwﬁauﬂnmmmjn Pwdpﬁ 200

kPa - 350 kPa

- & o | b A
ﬂ’]iﬂi:?!ll?ﬂ'lﬂ'\iwﬁa'vﬂtﬂHlﬂiiﬂhﬂiﬂﬂﬂau‘lﬂﬂiﬁl‘ﬂWl‘l"\!‘] AN 32

3 -6 ningnAy 2561 Fawiaynamng e

/

\.%’. \ ’ﬁ:;
V& ME-NETT2018

et S0

o 131U RE00 dusanAnaugnSAgea
59.798 kW 100.030 kW 147.510 kW ugpe
198.440 KW AigaumgAvewvdninudou
18w 50°C - 80°C mudwiu Tneazldenignd
AilArAouinansilugaa Pevapﬁ' 200 kPa -
400 kPa

® 151191 R1234ze dunsondnaiugvsla
gagn 151290 kW 202360 kW 256.170
KW lbag 311.760 kW ﬁqquﬁmaawﬁa
Anuiowdu 50°C - 80°C audsu Tneay
"Lﬁmqu%ﬁﬁﬁ‘wﬁauiwm‘ﬁiww PCVdpﬁ
250 kPa - 600 kPa

®  g19ineu R1234yf anunsondneuansla
gagn 212.170 kKW 267.600 kW 324.670
KW uaz 382.690 kW figamgiivasunda
Audauiiu 50°C - 80°C muddu laeuas

o

"Lﬁmqu%ﬁﬁﬁ‘mawﬁwaﬁeﬁlu‘em Peap 11
250 kPa - 650 kPa

® vy R290 eunsandnauanElaga
335550 kW 407.300 kW 480.530 kW uaz
554.670 kW flgrungiivaaunasniiuiou
1l 50°C - 80°C mweeiu Tnaasleaugns
AfAAo T afilugae PMpﬁ 300 kPa -
650 kPa

e vy R32 @mnsnndneugvslagega
481.190 kW 570.240 kW 660.760 kW LLag
752330 kW flgnuugfiveundsainudey

W 50°C - 80°C ey Taeazldamgnd

A <

P ' > ! '
AfArRouT13RINTuEI Payy 71 400 kPa -
650 kPa
& e P P A o o
wenyniifanudnitgrsiaudiilildng
gusgangalunnanmgiivosundinnuiouiifnufe
R32 fUszAnTa e uFeuluyiaugndilan

Faudreaeiiussun 5.3% - 7.7% a1 R290




127

TSF - 020

R1234yf R1230ze R600 LAy R245fa axlfanugmsi
anaauariiuszansnmideeudoulutisiaugnss
FAoudnemIfiUTEING 4.1% — 8.29% 2.9% - 7.5%
28% - 7.0% 17% - 54% Wag 15% - 4.2%
auddy lewnarniiuudazyinigaidien
(Tooting) AlaiviAfY ¥ lH A 5107U AT Tgng 0
AT TUAILTEUDI NWVRIAIILTOULAEATLNTOV
Tildaugndunninasinueindu udogdlsd

= W o = o a
FunSiAEALEE 1T Tygim, A7 AI5TA1TN

ing

feman amaudiniiudwindeusasanauta

mamuaUasnisvesansneudnaulafienld

5. ajuua

TumAseilifiumsiaeaiterdouisuny
qm%ﬁlﬁmﬂmﬁwaaaﬁwi%’ effectiveness - NTU
funatwusan PPTD Trisldnasi wm’wmqu%ﬁlﬁ
a1 2 331 A A unndaaiy daialdiudanas
frwunada PPTD tukuusiao s ldiiaua
parawmouluinnsdiassiiliudnnisnisdiam
Audouad it effectiveness - NTU faduly
miTeiTahnissiaoufieAnwitugniainas
Wau 6 wila laeld3d effectiveness - NTU vinlw
wurdwiuunasannudeuiidonumgil 50°C - 80°C
ansiay R32 anusaliaugnigeiigadlewiouiy
#5vin9U R245fa R600 R234ze R1238yf WAy R290
uaﬂmﬂﬁﬁua;m%%ﬁﬁwﬁau‘ﬁwqmﬁ'lwdw Pmp'ﬁ
400 kPa - 650 kPa nariUszdninmidaniiuiou
Uz 5.3% - 7.7%

6. LENEN5S1984
[1] ThaiCreate. (2017). Data Center Wag ISP fi®
0213, URL: http//www.thaicreate.com/web-
host/web-host-data-center-isp.html, access on

22/2/2018

- & o | b A
ﬂ’]iﬂi:?!ll?ﬂ'lﬂ'\iwﬁa'vﬂtﬂHlﬂiiﬂhﬂiﬂﬂﬂau‘lﬂﬂiﬁl‘ﬂWl‘l"\!‘] AN 32

3 -6 ningnAy 2561 Fawiaynamng

[2] Glanz, J. (2012). Power, pollution and the
internet. The New York Times, 22.

[3] True corporation public company limited.
(2017). Fumuurlfuad1gduinedd 2560. URL:
https://www.trueidc.com/2017/03/08, access on
20/12/2017

[4] Gandhi, A., Harchol-Balter, M., Das, R., &
( 2009, June) .
allocation in server farms. In ACM SIGMETRICS

Lefurgy, C. Optimal  power
Performance Evaluation Review (Vol. 37, No. 1,
pp. 157-168). ACM.

[5] Wierman, A., Andrew, L. L., & Tang, A. (2012).
Power-aware speed scaling in processor sharing
systems: Optimality and
robustness. Performance Evaluation, 69 (12),
601-622.

[6] Ding, T., guang He, 7., Hao, T., & Li, Z. (2016).
Application of separated heat pipe system in
data center cooling. Applied  Thermal
Engineering, 109, 207-216.

[7] Hassan, N. M. S., Khan, M. M. K., & Rasul, M.
G. (2013). Temperature monitoring and CFD
analysis of data centre. Procedia Engineering, 56,
551-559.

[8] Araya, S., Jones, G. F., & Fleischer, A. S. (2016,
May).  The design and construction of a bench-
top Organic Rankine Cycle for data center
applications. In Thermal and Thermomechanical
Phenomena in Electronic Systems ( Therm)
2016 15th IEEE Intersociety Conference on (pp.
404-408). IEEE.

[9] Ebrahimi, K., Jones, G. F., & Fleischer, A. S.
(2017). The viability of ultra low temperature

waste heat recovery using organic Rankine cycle




128

TSF - 020

- & o | b A
ﬂ’]iﬂi:?!ll?ﬂ'lﬂ'\iwﬁa'vﬂtﬂHlﬂiiﬂhﬂiﬂﬂﬂau‘lﬂﬂiﬁl‘ﬂWl‘l"\!‘] AN 32

3 -6 ningnAy 2561 Fawiaynamng

in dual loop data center applications. Applied
Thermal Engineering, 126, 393-406.

[10] Oro, E., Allepuz, R., Martorell, I., & Salom, J.
(2018). Design and economic analysis of liquid
cooled data centres for waste heat recovery: A
case study for an indoor  swimming
pool. Sustainable Cities and Society, 36, 185-
203.

[11] Taghaddosi, M. (2005). Thermodynamic
modeling for combined ORC (Organic Rankine
Cycle) and single-flash geothermal power
plants.  In Proceedings World  Geothermal
Congress [C].

[12] Saitoh, T., Yamada, N., & Wakashima, 5. I.
(2007). Solar Rankine cycle system using scroll
expander. Journal of Environment and
Engineering, 2(4), 708-719.

[13] house of clean energy. (n.d.). ORC plants.
URL: http//house-of-clean-
energy.de/en/technologieangebote/orc-
anlage.html, access on 15/04/2018.

[14] American Society of Heating, Refrigerating
and Air-Conditioning Engineers (ASHRAE). (2004).
Designation and  Safety Classification of
Refrigerants, URL:
https://www.ashrae.org/File%2 0 Library/docLib/P
ublic’20070613 342004 d j L m_t only.pdf,
access on 16/04/2018.

[15] Change, |. P. O. C. (2007). Climate change
2007: The physical science basis. Agenda, 6(07),
333.

[16] United States Environmental Protection
Agency. (2018). Global Warming Potentials of

QDS Substitutes, URL:

https://web.archive.org/weh/20101016052146/ht
tp//www.epa.gov/ozone/geninfo/gwps.html,
access on 16/04/2018.

[17] American Society of Heating, Refrigerating
and Air-Conditioning Engineers (ASHRAE). (2007).
Designation and  Safety Classification  of
Refrigerants, URL:
https://www.ashrae.org/File%20Library/docLib/P
ublic/20080807_3dm_thru_3dv final.pdf, access
on 16/04/2018.

[18] Protocal, M., & DEPLETE, O. S. T. (2009).
UNEP.

[19] American Society of Heating, Refrigerating
and Air-Conditioning Engineers (ASHRAE). (2010).
Designation and  Safety Classification  of
Refrigerants, URL:
https://www.ashrae.org/File%20Library/docLib/P
ublic/20080807_34m_thru_3dv finalpdf, access
on 16/04/2018.

[20] Miyamoto, H., & Watanabe, K. (2000). A
thermodynamic property model for fluid-phase
propane. International

thermaphysics, 21(5), 1045-1072.

journal of

[2 1] Sung, T, Yun, E, Kim, H. D, Yoon, S. Y.,
Choi, B. S, Kim, K, .. & Kim, K. C. (2016).
Performance characteristics of a 200-kW organic
Rankine cycle system in a steel processing
plant. Applied energy, 183, 623-635.

[22] Lemmon, E. W., Huber, M. L., & McLinden,
M. O. NIST Standard Reference Database 23:
Reference Fluid Thermodynamic and Transport

Properties-REFPROP,
(2013). National Institute of Standards and

Version 9.1,




129

TSF - 020 Fﬂiﬂim{;ﬁ“ﬂ‘lﬂ'\iLﬂ‘%a'ﬂ?tﬁﬂlﬂﬁmLﬂ%alﬂmw\"ﬁﬂwmﬂl‘wu S
3 - 6 mngAy 2561 FenTaynang
Technology, Standard ~ Reference  Data min minimum
Programm, Gaithersburg. max  maximum
net  gng
dnwsdauasdaneai th thermal
gnwsLin
m fmsinislua (mass flow rate, kg/s)
h oumal (enthalpy, ki/ke)
n UsednSnan (efficiency, %)
T qqui (temperature, °C)
p AR (pressure, kPa)
S woUlnstl (entropy, ki‘kgK)
o ALToud g (specific heat, ki/kg-K)
€ effectiveness
NTU  the number of transfer units
U GulseAvimamamarueuTi
(Overall heat transfer coefficient,
W/m2.K)
A Area (m?)
ALT  nsesan nwasansvinanafiuly
UsTHINA (atmospheric lifetime, 1)
ooP  mdnanwlunsangleleu (czone
depletion potential)
GwP  Ardnaninlunasvinliiinantglaniou
(global warming potential, 100 1)
Watke
wf #7199197 (working fluid)
hs uvasANNeU (heat source)
in man (inlet)
ex faiuuuleaeeda (expander)
p Lﬂ%aqqu (pump)
gen dasriudnludh (generator)
evap 1FTaasHVIE (evaporator)
cond  iAdesAnULLY (condenser)

pptd

pinch point temperature difference

%’,"’( IJ\"‘ Co
WG ME-NETT2018 ¢

. 1 ‘3@

=




130

mMImafimanzfiganisgmunamanizain1Tnan invi

suipansleaidunutuaiaaaiialianaiauiisangudioys
THERMODYNAMIC OPTIMIZATION OF A SUBCRITICAL ORC POWER GENERATION

AadTmnTIiATana
Fininimnsumant
wmiAnudvwaluladgund

111 AuRIWINEN&E duagiun?
sunauias SamiauassaFun 30000
E-mail: pvirunchit@gmail.com

Tel; 0-4422-4410

FROM DATA CENTER WASTE HEAT

unange

'Luﬂ'a'-gu"uﬁmmﬁwﬁmmwmwmﬂmmﬂuﬂm‘aQa (data center) 881952152
el madonnudasnisludun aanTsInivToya Uiznianadaya uarnIIHeE
InsnumauwLudines %\1ms'uma@“aﬁﬁﬂﬁ'quu’ﬁagaﬁmwamﬂﬁaumwi’auaanuﬂu
Usnadnniu \1mﬁﬁuﬂﬁaﬁnmG?‘nﬂmwmaamsﬂnm'1m’awﬁ‘qmngu:‘i’m’a;ﬁmmnﬂmwﬂa
anusaulinuszuy ORC Imua‘?gmﬂﬁzaaﬁlﬁaaammm:w ORC Twiimsvinamuuy
suberitical Tne 1 dnanafaufisnngudtayaridgnumaiid: Teur 318.15K uax 328.15K Lila
ldansvinanusila R1234ze R245fa LLa:mMNmﬁﬂqmwnuﬁiﬂqmlna”l.ﬁmn”uqm%qﬂ’um
wdsnauieuin 2 oiia daldun R4 usx R125 davdimairaadadaenlanldllsunsy
MATLAB 23711 NIST REFPROP Wa% Golden section method #n13uian Povap WAE Pogra
ﬁmm:iuﬁ‘ﬁﬂﬁwlﬁﬂuqﬂﬁ;ﬁﬁagm nuANETTRTWThe R245f ke mimanzaw
ﬁqmﬁw%’uqmﬂg’sﬁmuma‘amm%mﬂ"@na‘n Tmuﬁtﬁmqu%’gag@ 140.36 W uaz 836.56 W
wazdilse@nEnwiiennuiawdu 0.99% uar 2.18% awudau

3 a » P - A o g
ﬂ'“i"lﬂi].lul ORC, mqmauqm‘wqwm, gum EIER mwwmmwmw&gmmaqmﬂwamam

Abstract

The number and size of data centers worldwide has been significantly increased.
In this work, a feasibility of electricity generation from waste heat of data centers using a
suberitical Organic Rankine cycle (ORC) power plant was conducted. The temperatures of
the waste heat of 318.15K and 328.15K were examined. Four promising organic working
fluids were studied. A computational code was developed and validated with a result taken
from the literature. The Golden section method was used to search for the optimum working
conditions at each heat source temperature. It was found that, when using R245fa as the
working fluid, the generated powers of 140.36 W and 836.56 W could be generated at the
temperatures of 318.15K and 328.15K, respectively. Also, the corresponding cycle
efficiencies were 0.99% and 2.18%, respectively.

Keywords: ORC, low temperature heat, data center, thermodynamic optimization
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Abstract

The number and size of data centers worldwide has been significantly increased. In this work, a feasibility
of electricity generation from waste heat of data centers using subcritical Organic Rankine Cycle (ORC), supercritical
ORC, and trilateral Rankine cycle (TLC) power plant was conducted. The temperatures of the waste heat of 35°C -
75°C were examined. A computational code was developed and validated with a result taken from the literature. The
golden section method was used to search for an optimum working conditions for the prescribed heat source
temperature (T,y;,), cooling fluid temperature (T,;,) and pinch point temperature differences. The simulations reveal
that the supercritical ORC is not suitable for generating electricity from the heat source investigated in this study. In
addition, the subcritical ORC and TLC cannot generate electricity when T,;;, are at 35°C and 45°C. It was found that
the maximum net power outputs of 416 W, 1.40 kW, and 2.97 kW are obtained from the subcritical plant when T,
are at 55°C, 65°C, and 75°C, respectively. While the maximum net power outputs of 633.60 W, 2.29 kW, and 4.93
kW are obtained from the TLC plant when T, are at 556°C, 65°C, and 75°C, respectively. In the off - design
simulations, the net work outputs of the TLC plants are also higher than those of the subcritical ORC for the whole
range of T,;;, and T, investigated.

Keywords: data center; low temperature heat; waste heat recovery; ORC; trilateral Rankine cycle
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Physical properties
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subcritical ORC supercritical ORC TLC
Parameter Present  Error Present  Error Present  Error
[19] [19] 9]
study (%) study (%) study (%)

working fluid C:Hyo CeHyg - C:Hy CiHyp - water water -
Cc (kWIK) 4008 40.08 - 2345 2345 - 20.00 20.00 -
CCA(kW/K) 349.66 349.66 - 316.63 316.63 - 311.81 311.81 -
P, (kPa) 288.80 288.80 - 288.80 288.80 - 57.87 57.87 -
P; (kPa) 3342.00 3342.00 = 5412.00 5412.00 = 10821.00 10821.00 -
T (K) 553.15 553.15 - 623.15 623.15 - 623.15 623.15 -
T; (K) 335.15 335.15 - 33515 335.15 - 335.15 335.15 -
T5(K) 489.00 489.20 0.04 529.00 529.00 > 590.00 590.00 0.00
T (K) 35815 358.35 0.06 358.15 358.35 0.06 358.15 358.15 0.00
T, (K) 396.41 396.03 0.10 401.00 407.35 1.58 358.15 358.15 0.00
Ts (K) 408.70  407.12 0.39 394.29 385.36 2.26 370.53 37047 0.02
Ty (K) 348.85  349.03 0.05 348.94 349.60 0.19 348.15 348.15 0.00
Vg(mafs) 121.00 115.90 4.1 51.00 54.00 5.88 7.00 7.00 0.00
v, (m¥s) 1937.00 1967.10 1.55 1778.00 191040 745  4993.00 499340 0.01
T, (%) 17.27  17.09 1.07 18.63 17.93  3.76 19.79 19.79 0.01
n, (%) 33.16 32.37 2.39 37.82 37.82 0.01 44 35 44.35 0.00
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Abstract. In this study. a thermodynamic optimization of a subcritical Organic
Rankine Cycle (ORC), supercritical ORC, and trilateral Rankine cycle (TLC) power
plant from data center waste heat was conducted. The waste heat temperature in a
range of 35°C - 75°C was examined. Various working fluids were tested as the
working fluid for the power plants studied. A computational code was developed and
validated with a result taken from the literature. The golden section method was used
to search for an optimum operating condition that provides a highest net power output
for the prescribed heat source temperature (Trein), cooling fluid temperature (Tesin),
and pinch point temperature differences. It was found that the supercritical ORC plant
is not suitable for generating electricity from the heat source investigated in this study.
In addition, the subcritical ORC and TLC cannot generate electricity when Thrin are at
35°C and 45°C. For the subcritical ORC plant when Ty are at 55°C, 65°C, and 75°C,
the corresponding highest net power outputs of 416 W, 1.40 kW, and 2.97 kW are
obtained respectively. Furthermore, the highest net power outputs of 633.60 W, 2.29
kW, and 4.93 kW are produced from the TLC plant when Theia are at 55°C, 65°C, and
75°C, respectively. In the off - design simulations, it was found that the TLC plant
provides higher net power output than the subcritical ORC for the whole range of Tuin
and Terin investigated.

Keywords: Data center waste heat, subcritical ORC, trilateral Rankine cycle, golden
section search, low - temperature heat source

1. Introduction
The increase of number and size of data centers worldwide has been observed [1]. It has direct
repercussions in the cooling demands to keep the server's temperature in a safe working range [2, 3].
If the heat generated from the data center is used (such as used in the electricity generation process,
air conditioning for buildings, etc.), it was going to reduce the cooling load of the cooling system. But
the heat obtained from the data center has a low temperature in the range of 31°C - 100°C [4 - 8].
According to the study of [9, 10], they were found to use the working system is an organic fluid
with low saturation temperature. Allowing the system to work at low volatile temperatures and can be
used to generate electricity in small production systems, including the use of waste heat to be utilized
which the technology is called Organic Rankine Cycle (ORC).
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Which [ 11, 12] studied the subcritical ORC, where [11] used the waste heat with a temperature of
150°C as a heat source. They were found, when using critical temperature of working fluid (Tes) close
to the heat source temperature (Thrin), the system can produce the highest work output. [12] studied
about the selection of working fluids for Ty, i are at 125°C, 175°C, 225°C, and 275°C. They were
found that the working fluids will highest net power output when Tes less than Ty, in 20°C.

In addition, [13] studied geothermal waste heat at 100°C as a heat source. They were found that
R2 4 5 fa is an effective working fluid for low - temperature ORC, which demonstrates high
productivity.

Furthermore, [14] studied another ORC called supercritical ORC, which found that the supercritical
ORC will provide net power output, thermal efficiency and exergy efficiency more than subcritical
ORC when using exhaust temperatures of 450°C as a heat source for the system.

At the same time, [15] studied R1234ze, which is a new type of work fluid that has a low Global
Warming Potential (GWP). They are used as a suberitical and supercritical ORC by using hot water
obtained from solar energy with 100°C - 200°C as a heat source. Which found that the subcritical
ORC is suitable for Th,in below 160°C, supercritical ORC will provide the efficiency of the system
more than a subcritical.

In addition, [16] have studied another power generation system called the trilateral Rankine cycle
(TLC). This system can use low - temperature heat as a source for the system, that similar to the ORC,
but the working fluids for the TLC inside the evaporator will not evaporate. [17, 18] have compared
the TLC with the ORC. [17] found that the TLC system provides net power output that is 37% higher
than the ORC when providing heat sources 200°C and [18] allowing the heat source to be 150°C -
350°C, TLC provides exergy efficiency greater than ORC is 14% - 29%

In this study, a thermodynamic optimization of a subcritical Organic Rankine Cycle (ORC),
supercritical ORC, and trilateral Rankine cycle (TLC) power plant from data center waste heat was
conducted. The waste heat temperature in a range of 35°C - 75°C was examined. Using the type of
working fluids that has T close to Tus, in, the Teq of working fluids is less than Tyt 1o 20°C, R1234ze
and R245fa with numerical simulation.

2. Methodology
The ORC and TLC have their working principle similar to the Rankine cycle. The working processes
of the ORC and TLC are described in Figure 1, and their T - s diagrams are given in Figure 2.

6 5
47 4—'— heating fluid
24 " 3
evaporator
(5 pump expander
condenser
1t 4
cooling fluid “l—‘ 4{”
i 3

Figure 1. The working processes of the ORC and TLC.
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Figure 2. T - s diagram of (a) suberitical ORC, (b) supercritical ORC and (c) TLC

2.1 Heat source

In this study, water is used as a media to receive heat from the data center as a heat source for the
ORC and the TLC. The waste heat temperature in a range of 35°C - 75°C was examined, which is the
temperature range that the server has a normal load.

2.2 Working fluid selection

Selection of work substances is extremely important, because it will affect the potential of the system.
In this study, we selected R1234ze, R245fa, and type of working fluids that has T close to The, i and
the Tes of working fluids is less than Ty, i, 20°C, 10 promising organic working fluids were studied. In
order to find the relationship between Teq and the potential of the system in each cycle, but because of
the NIST REFPROP software, there are no active substances that are less than Ty, in 20°C, while Ty is
still higher than the cooling fluid temperature (Ter, i) which is 30°C. Therefore, the working fluid used
in the simulation does not contain the working fluids that have less T than Tie in 20°C which can
show the working fluids used in the simulation as shown in Table 1.

Table 1. Working fluids

Physical properties

e R Type of working fluid Ten (°C) P.i (kPa)
R125 wet 66.02 3617.7
R143a wet 72.71 3761.0
R1216 dry 85.75 3149.5
R1234yt dry 94.70 3382.2
R1234ze dry 109.36 3634.9
R152a wel 113.26 4516.8
R236fa dry 124.92 3200.0
R142b dry 137.11 4055.0
RI114 dry 145.68 3257.0

R245fa dry 154.01 3651.0
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2.3 Numerical models

A thermodynamic optimization of a subcritical ORC, supercritical ORC, and TLC will be modelled in
a way that the system can operate in the design condition and off - design condition using NIST

REFPROP software with the Golden section method.

Simulation of the design condition will show in Table 2 and flowchart of the procedure followed
for design condition simulation will show in Figure 3 to find the evaporation pressure (Pev,,) and
condensation pressure (Peona) that are suitable for Ths in, Ter, in, ATpp, evap, and ATy, cona and allow net

power output is the highest, with the evaporator and condenser being divided into sections.

Table 2. Design conditions

Parameter Value

Thsin 35°C, 45°C, 55°C, 65°C, and 75°C

i, [11] 1 kg/s

Terinand Teron 30°C and 33°C respectively

ATppevapand ATppcona [11] 5°C

Mienex 404 N,y 1111 80% and 75% respectively
Start

Input: type of working fluid, T, .m, .

Ter Namaipr T, et AT, rage BT, ot

Estimation of P, _ and P,
v <cond

Optimization of cycle parameters
For macimm v,

(AT_-AT_ ) uud
P B ap
[(AT, - AT <0.1°C

m cand)]

Evaluate W, nand 1,

Figure 3. Flowchart of the procedure followed for design condition simulation.

The simulation in off - conditions will use the same simulated conditions as the design conditions.
By maintaining the mass flow rate of the working fluid (rh ;) within the system, the size of evaporator

(UA.vap) and condenser (UAcana), but there will be a change in Ty, in and Ter, in as Table 3 to find Peyap
and Peona that can be made highest net power output. Which the simulation procedure can be shown as

Figure 4.
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Table 3. Off - design condition

Parameter

Value

Thin
Tc[.m

Thiindesign £ 5°C

chjlndsimn +3°C

Estimation of

[Opumizmion of eycle pmamelels]

for maximum v,_

{(UA,, - UA,
x100/ (UA,

| +UA - UA

s

avap, dasie| * ¢ :
FUA ot desge)} < 3%

evap, desizs No

Evaluatew_, n, and n,

Figure 4. Flowchart of the procedure followed for off - design condition simulation.

The equation used to find work of expander, work of pump, net power output, 1* law efficiency,
and 2" law efficiency of thermodynamics can be determined as expressed in Equations (1) - (5)

respectively.

W, :rhwr(hs_hfi) (&)

W, =, (h,—h,) @)

W =W, —W, 3
W

n=—"— )
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3. Validation

To validate the developed codes, the predictions for the subcritical ORC, supercritical ORC, and TLC
power plants in [18] were conducted. The predicted data of the present study and those of [18] were
shown in Table 4.

Table 4. Validation results

subcritical ORC supercritical ORC TLC

Parameter (18] Present Error [18] Present  Error (18] Present  Error

study (%) study (%) study (%)
working fluid  CsHig CsHio - CsHio CsHio - water water -
CHC (kW/K) 40.08 40.08 - 2345 2345 - 20.00 20.00 -
CCA (kW/K) 349.66  349.66 - 316.63  316.63 - 311.81 311.81 -
P (kPa) 288.80  288.80 - 288.80  288.80 - 57.87 57.87 -
P; (kPa) 3342.00 3342.00 - 5412.00  5412.00 - 10821.00 10821.00 -
Ts (K) 553.15 553.15 - 623.15  623.15 - 623.15 623.15 -
T7 (K) 33515 335.15 - 335.15  335.15 - 335.15 335.15 -
T3 (K) 489.00 489.20 0.04 529.00  529.00 - 590.00 590.00  0.00
T (K) 358.15  358.35 0.06 358.15 358.35  0.06 358.15 358.15  0.00
T4 (K) 396.41 396.03 0.10 401.00  407.35 1.58 358.15 35815 0.00
Ts (K) 408.70  407.12  0.39 39429 38536 2.26 370.53 37047  0.02
Ts (K) 348.85  349.03 0.05 348.94  349.60 0.19 348.15 348.15  0.00
\'lz(msls) 121.00 11590 421 51.00 54.00 5.88 7.00 7.00 0.00
\;’4 (m%s) 1937.00 1967.10 1.55 1778.00 191040 7.45  4993.00 499340 0.01
m, (%) 17.27 17.09 1.07 18.63 17.93 3.76 19.79 19.79 0.01
M, (%) 33.16 32.37 2.39 37.82 37.82 0.01 44.35 44.35 0.00

4. Results and discussion
In this research, the results are divided into 2 parts:

4.1 Design condition
Based on the simulation using conditions from table 2 in subcritical ORC, supercritical ORC, and TLC
can show the simulation results as follows.

4.1.1 Subcritical ORC
Consider the net power output of the subcritical ORC. The simulation results can be shown as in
Figure 5.
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Figure 5. Effect of Tei of the working fluid on the net power output for the subcritical ORC.

It can be seen that at Tre inis 55°C, 65°C, and 75°C, the net power output is not dependent on Ty of
working fluid as [11, 12] has been proposed and the net power output will be the highest that is
similar, where The net power output will be about 416 W, 1.40 kW, and 2.97 kW, respectively.

If considering the size of each component including expander, pump, evaporator, and condenser
can be shown as in figure 6.
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Figure 6. Effect of T of the working fluid on the size of each component
for the subcritical ORC (a) expander, (b) pump, (c) evaporator, and (d) condenser
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Tes of working fluid does not affect the size of the expander, evaporator, and condenser when Tiy, i
are 55°C and 65°C. The size of the pump, T of working fluid will affect every Ty, in which working
fluid with high Tes can use a smaller pump. And also affect to the low investment cost of subcritical
ORC as well.

4.1.2 Supercritical ORC

It was found that in all Th, in, work of pump is greater than the work of expander, therefore reducing
Ter, i to study the feasibility of generating electricity when using Th,in Which has the highest value in
this study (7 5°C) and when reducing Te, into 3 °C, the work of pump is still more than work of
expander.

4.1.3TLC
Consider the net power output of the TLC. The simulation results can be shown as in figure 7.
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0.0
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Figure 7. Effect of Te of the working fluid on the net power output for the TLC.

TLC can produce net power more than subcritical ORC. In addition, the working fluid with the
highest Teq (R245fa) will give the maximum net power output when Ty in is 55°C, 65°C, and 75°C.
The maximum net power output will be at 633.60 W, 2.29 kW, and 4.93 kW respectively. Considering
the size of each device, as shown in figure 8. It is found that the high Te; working fluid must use the
larger size of the expander, the evaporator, and the condenser.
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Figure 8. Effect of T,y of the working fluid on the size
(a) expander, (b) pump, (c) evaporator, and (d) condenser in the TLC power plant

In addition, it can be seen that in subcritical ORC and TLC, there no simulation results are
presented of Ty 1w 35°C and 45°C, because the work of pump is greater than the work of the expander.
In this study therefore reduced T in to study the feasibility of generating electricity when using T, in
as 35°C and 45°C.

In the subceritical ORC, the Ter in must be reduced to 1 7°C and 27°C for Turin as 35°C and 45°C,
respectively, to allow i to be between 0.1 - 1 kg/s, as with Ty, imat 55°C - 75°C. While TLC, the T,

into 12°C and 20°C must be reduced, respectively, to allow m , to be between 1.5 - 4 kg/s, as with T
mat 55°C - 75°C.

In addition, it can be seen that at Ty, i3 55°C, the working fluid that are low in the first two type of
working fluids (R125 and R143a) cannot work in the design conditions as well. Which have to reduce
Ter in to 28°C and 27°C respectively

After that, in this study will bring a working fluid that allows the net power output to be high, using
small components for each Tir in in the subceritical ORC and working fluid that allows the highest net
power output in the TLC in each Ty in to simulate the off - design condition. When considering the
simulation results, it is found that both subcritical ORC and TLC, the working fluid in such conditions
is R245fa.

4.2 Off - design condition
The simulation using conditions from Table 3 and R245fa using for subcritical ORC and TLC, can
show the simulation results as follows.

4.2.1 Subcritical ORC
Consider net power output, Pevp, and Peeng of subceritical ORC at Ty inis 55°C, can show the simulation
results as shown in figure 9a.

422TLC
Consider net power output, Pevap, and Peong of TLC at Tut, inis 55°C, can show the simulation results as
shown in Figure 9b.

According to Figure 9, it was found that when Thr, in reduced to 50°C, the cycle would produce a
lower net power output and when Th in increased to 60 °C, the cycle could produce more net power
output due to the size of the heat exchanger is constant as in the design condition and working fluid
receives less and more energy from heat sources respectively. And also found that the TLC system can
still produce net power output more than the subcritical ORC




156

900 500 1200
s 1000
mE By
600 5 300 8
2 &
500 = 3
2 sw B
40 % e
30 F 100 g
73
200 2 7
200
100
4} 0
T 30
Clroling temperafure (°C) Cooling termperature (#C)
Evaporation pressure  e==50°C a3 mmw60°C Fvaporation pressure  E==50°C  ©mSS°C  mEmSOC
Condensation pressure  E=m150°C  EEEa35°C  EEW60°C Condensation pressure  mems0°C  E=2m59°C  mEm60°C
Net work output —4 -50°C -~ B =55°C  —e—60°C Wet work outpnt i ST - B55C  —e—60°C
(a) (b)

Figure 9. Pevap, Peona, and net power output for off — design simulations (a) subcritical ORC (b) TLC

At the same time, when increasing the Ten, the Peona also increases. Since the condenser will
transfer less heat, the cycle will have to adjust the Pep value, which must use a pump that can adjust
the pressure.

In addition, at 65°C and 75°C of the Ty 1, the simulation results are likely to be the same as Tig i
at 55°C, but the cycle can produce net power output and use Pevap and Peona higher than that.

5. Conclusions

In this study, a thermodynamic optimization of a subcritical ORC, supercritical ORC, and TLC power
plant from data center waste heat was conducted. The waste heat temperature in a range of 35°C -
75°C was examined. Various working fluids were tested as the working fluid for the power plants
studied. The golden section method was used to search for an optimum operating conditions.

5.1 Design condition

According to the simulations, the supercritical plant cannot provide the positive net power output in
the range of the heat source temperature studied.

Also, it was shown that the subcritical ORC and TLC cannot produce a positive net power output at
Tht,in of 35°C and 45°C. Consequently, the simulations with lower Tet, in» were simulated. It was found
that, the subcritical ORC with Tht in of 35°C and 45°C can provide the net power output when Tet, in is
at 17°C and 27°C, respectively. It was also found that, TLC with Ty i of 35°C and 45°C can provide
the net power output when Ter inis at 12°C and 20°C, respectively. However, it should be noted that
the reduction of Ter is, increases the investment cost and the operating cost of the cooling tower.

The highest net power outputs of the subcritical ORC plant are 416 W, 1.40 kW, and 2.97 kW
when Tht 18 at 55°C, 65°C, and 75°C, respectively. Meanwhile, the highest net power outputs of TLC
are 633.60 W, 2.29 kW, and 4.93 kW when Ty inis at 55°C, 65°C, and 75°C, respectively.

5.2 Off - design condition

In the subcritical ORC, when Tiy, i is 55°C, 65°C, and 75°C, the maximum net power output are
831.11 W, 2.39 kW, and 3.66 kW, respectively. For TLC, the corresponding maximum net power
output are 1.07 kW, 3.30 kW, and 5.65 kW, respectively. It is obvious that TLC still produces larger
net power output than the subcritical plant does.
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Nomenclature

P pressure (kPa)

T temperature (K)

m mass flow rate (kg/s)

AT temperature difference (K)

UA overall heat transfer coefficient x area of heat transfer (kW/K)
h enthalpy (klJ/kg)

s entropy (J/kg-K)

C heat capacity rates (W/K)
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v volume flow rate (m%/s)
W work (W)

n efficiency (%)
Subscripts

cri critical

hf heating fluid
cf cooling fluid
in inlet

evap evaporator
cond condenser

ex expander

P pump

design  design condition
CH heating fluid
CA cooling fluid

wi working fluid

net net

PP pinch point

isen isentropic

1 1% law of thermodynamics

II 2™ law of thermodynamics
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