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THANAPHAT PHEUKSAPHANRAT : OPTIMAL CONTROL
STRATEGY FOR AN ORC PUMP UNDER VARIOUS OPERATING
CONDITIONS. THESIS ADVISOR : ASST. PROF. ATIT KOONSRISUK,

Ph.D., 111 PP.

OPTIMAL CONTROL STRATEGY FOR AN ORC PUMP UNDER VARIOUS

OPERATING CONDETIONS

Organic Rankine Cycles (ORC) can be used for the conversion of heat to
generate power. This study proposes a thermodynamics optimization of an ORC and
the golden section method was used to search for an optimum operating condition that

provides a maximum net work output for the prescribed heat source temperature (Ths,in),

cooling fluid temperature (Tctin), mass flow rate of heat source, (rhhs ). Generally, the

heat source and heat sink temperatures are assumed to be constant in the theoretical
analyses of ORC per plants. However, they fluctuate in real practice. Then this study
also discuss the off-design simulations. The exhaust gas from a boiler of Suranaree
University of Technology Hospital (SUTH) is used as a heat source with the
temperatures in the range of 140 = 160 °C. Also, the heat sink temperatures simulated
are based on the weather of Nakhon Ratchasima Province, Thailand. At design
condition, the maximum net power output and thermal efficiency was 6.54 kW and
8.07%, respectively. Levelized cost of energy (LCOE) of this study was 31.3 Baht/kWh.

At off-design condition, the net work output is controlled at 6.54 kW by pump.



The pump operates at a mass flow rate of 0.58-0.8 kg/s and evaporation pressure of

482-680 kPa and condensation pressure of 1,198-2,506 kPa.
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Waste Heat In
Evaporator/Boiler 3
o 3]
Turbine Generator
g FPower Out
Condenser II
N VAN /;v’\ /™ —
Heat Out to Ambient

gﬂ‘ﬁ 2.1 UNUNNTZUU ORC (Brasz Lag Bilbow, 2004)

Temperature, T (K)

2s

Entropy, s (kJ/kg-K)
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Whet =Wexpand "Wpump (2.5)
Whet =Qin-Qout (2.6)
Wiet Ao Masugns, w
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EXSthst,hs((TS' sur)'Tsurlog(TS/Tsur )) (2.8)
EX=MsCp s ((TG “Tsur)-Tsurlog(Te / Tsur )) 2.9)
Exy =MnsCp hs ((T7 “Tsur)-Tsurl09(T7 / Tsur )) (2.10)
I.E)(Szmhscp,hs ((T8 ~Tsur)-Tsurlog(Tg /Tsur )) 2.11)
NEx,p= Vé/;et (2.12)
NEx,overall — Whet *EXg +Exs (2.13)

EX5 +EX7



Lﬁ"ﬂ NEX,p Ao Power exergy efficiency
NEx,overall Ao Overall exergy efficiency
Exs Ao Exergy idwmiaii 5, w
Exg Ao Exergy idwmiaii 6, W
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uag LT fio R245fa Mdagegai Iaiinaunn 996 kw i 111.2 kw

24 gumgiunasnnuienlinad

Y Y
NuItetaulaimnudeunannledeniwaan lidare 159 1l OrRC 910

= 1 A a A ] - d’! @ o A d =
ﬂ'l'iﬂﬂB'IW‘]J’NQﬂlﬁﬂ“iJhl’é]LﬁEJiJﬂﬂiJﬂ\Wl VUNUNITNMNIUVDIUATDIYUA LBU MDNTANIVDY

=1

1 a @ : J a [
Zhao et al. (2017) W‘U’JTQ’L?Ll‘l’iﬂ“Nvl’é]!.a'ﬁlllﬂ’iwu@l"miﬂﬂl?ﬁﬂﬂEluﬁ LHAZHINUA ﬂﬂq‘a:‘l.l‘l/l 23

A a

1A 1Y ao A o = < 1 9 Y v 2 A1 g 1
L%ummﬂmwmﬁm@uwuﬂ@mﬂmxﬂmmmmmiauimu ORC %QjJﬂ'IL‘]Ju"]f’qu‘VimJ

G

Tigwnsoszy lduiuou

1600
1500 -

Exhaust temperature (K)

1400 +
E 1300

&
3 1200}

o

1100+
1000 +

Engine tor

900 -

800

70
gﬂﬂ 1000 1200 1400 1600 1800 2000
Engine speed (r/min)

a

A = v A J
E‘IJVI 2.3 Qﬂ!ﬁﬂﬂhlﬂlﬁﬂ AU IBDULATDIYURA

£
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oA o Y o ° = 4 I
IHUIAYINY Y. Zhang etal. 2014) Idhnisnaasnirle@eaininessuaarasuia
Y < J FY a1 o Y o <3|
336 hp 11T uunaenuTouves ORC QuNYNIMIAY 417-485°C THasanmilu R123
wu wan T ] 10.35 kW
[~ 1 9 [ 1 = a [} ~ o Y A a 1 ~ A I
wiiunanuieusinanigungd luneh nldilonda e luned ey
) v ) A = o = =
nmsudgmiaina1n uamelumsudifymine wasugaiinuves pump Feawnsanlaoy
~ @ a a (dyd 9 ~ @ 4
mass flow rate tazilasuanuay lunuineinusivdldaulafernunsminagns
) A a o 9 ~ Aa
115A7UAN pump IWmuzay teawisaraandsniu il 1dned awqugiives

' Y a Yy A (A
HHAINNNIDU uazqmﬁgmmﬁmwmﬂaaumﬂaﬂuuﬂaﬂﬂ



2
UNN 3
EMIAUHUMIIDY

o s

a a d‘ ~ ~ o [ =)
IneriwusdAnyIMNagns MInuAuRs sy immzigadminlselwihleo1sd
~ 9 1 F 2 = 9 %’ a [ =) =
Ndurasanuiounnnlodonde lorhweslsanenuiavminedoma Tuladgsuis Tag
o a Al v A o
WaraumIndiamaassmAUAT Golden section method 1911511051 MATLAB lunissiasa
9 1 wAa o AY Yo I A
uaz 14 REFPROP miafaiauiavesasiiay wain lasvazilumunmalumsaiuguinsesg
4 { { ) [ o { d‘ 2 4
voilsa i Teosdnanaadivsuanimnisviaunasuldsaudanisdasizinig

a

2% an @ dy
mmgmammummmmﬁmiﬁiwamﬁmmu

31 n3esiienazeunsallumsanyide
311 fewdiumeidiuyanaie g i
312 Tsunsw MATLAB el lumsiden Tdsunsusunmssuy
313 Tdsunsu NIST REFPROP 1 lumsmismigaiauiifvesensiiiam Faha

synuTasunsy MATLAB

32 TUABUMSANHIINY
Tudruilaznandidaulumsniise laeliseazidondon 3.2.1-3.2.11 tazuaauily

a o l:'
HHUANANFUN 3.1

=2 Y Y 9 9 =2

- d o o y da
321 dAnvduaNdeyaiheddes dudlunszurumsdmivsiusiudeyand
o =1 ao Y
anusuilulumsfinyive laun
@ ) o J
- wanmsuazngufdmisulseihlensd

° a Jd o Y
- IJJJ‘U%'lﬁ@\iﬂ'l\?ﬂm@]ﬁ'lﬁ@ﬁﬁ'lﬁﬁﬂﬂ']iﬁﬂ‘]ﬁ']

o
v A 9

- MIeNNIT09
v v
322 wnsamsdenldguugiinvannudounazgungiinvainennuioud
Wruszuy
a A 9 ) d' Y 1 9 ] a 1
323 wasanmadenldarsdiion e Idimuzaenmsldaurisguugiiuvas

anudou
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o o o a 14
324 @eulUsunsuAmnumsNOUUEUUIIaeIneal ﬁﬁ']ﬁﬂ'i“ll'ﬁ]\i'igﬂﬂf’?ljﬂﬂ MATLAB

o o a 1 v A .
Tagiave ldad1aunuiinenendiamaaisauiuIs Golden section method 19 NIST
REPROP
Y = o @ awv
325 asnaeuanugndesvedllsunsy Tasnseuieunamsiiaesiuunanuiie
4

NNe1T4

32,6  hnstiaesmianzmsiiuiangaves sl e 1 1daugns

A

a

H Y H
WINAgaveLAaz @151 AuAguuglurainusounazgungiuvasnanudoudn
4 [ o 1
AN11ZPONIUY (design) tiodonl¥asiinunazidongingsi 159 luihae 11
327 $1009m1M31H19IUY00UA5 09U (pump) e THszuDEsaNaATIae Tda

a 1

1 Y v
UGNTV09AT design Tasfgungiinyainnuiounazguuginvasnannudouasu 'l
nienanzasu il (off-design condition)
Y o o = = 9 a .
328 adNaumIiemsviinuved pump Nannezalasu’ll Taeldmadin curve fitting
A g o1y Y
e Ivideaoms Taau
o = 4 9 1 o d'
329  annavazifSeumsumuasygmans lasiiveyasinuaazginisliive
Usgidiudunumswaa Ilihuagwuaneaasia Tl
a 4 @ 4 4 [ { {
3210 Anszinlieuiey uazdsulyud lunemiSeu lymshauimuziga

3211 ajUwanisnaauaziveus 18

165

160 :

155 ) ﬁ‘ ' ' a1 | ‘
150
145
140

Exhaust gas temperature ("C)

135

8:24U. 9:36 Y. 10:48 Y. 12:00 U. 13:12 U. 14:24 Y. 15:36 U.

Time

317 3.2 guugi lerdelunadi boiler 11911
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A
1onNaI

N1

© Y 9y guugNuraInWiou 1Ay
AnmAundoya 2 4
- L > quuqiiunasninnuioud
Nnee )
_ 1y
W TUsunsusuiama
Adlarans
AT ADLANNGNADIVON
Tsunsu
118040150880 1lihves Design 1182
I ‘
T5414h Toensa Off design

Innzvigass ygenaas s lilh

agUnamsiny

Y
U

319 3.1 uwugiivtuaoumsaniuIUITY
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a \

33 msaenligamgiintiain1uieu (heat source temperature, T, )

U

° dy Y a = Yy 9 1 a [ G =
mﬁmamualsﬁ'q mwgu"lmﬁamﬂm fmu"lau W’E]\‘IIN‘W 1UIUNIINGA Elmﬂiuiﬁﬁlﬁj‘iuﬁ

a

E4 '
Tasrideay lorusuihaulugianaidszuim 8.45-16.45 u. dwisninguugil lotdela
4
v AR

v 9 H k4
Tug19 140-160°C udnsluzili 3.2 auiunuItelived@nyifguugiinvasnannuiou 140,

145, 150, 155, 160°C

Y a v

34 m3aenlveamginvasnnady (cooling fluid temperature, T )

Q U

E4
=

= = ] o o 2 3 A A A
ﬂ1iﬁﬂB”Ium?Jﬂ‘lGIfﬁﬂWW?J”Iﬂ"Iﬁ"IJ?JQﬁNW’JﬂHﬂSST‘BﬁEJ”I Lﬂuqmwgmaaﬂiumau

@ . I @ o w
uNTIAY WEIeY Nueeudududinuvesngru gedu wazggdounudiny Tasazld

E4
=

1 H, 1 2 g 1 = @ A Yy 9 ¥ o 9
BFIWIATAULH 9.00-15.00 U. GIN!1]u“lf’N!'JﬁHﬂfJ’Jﬂ‘Ul’JiﬂﬂﬁﬂJ@ﬁmUl’é)uﬂ/ﬂ\‘ﬂu UBYa

U

ALLTREOR!

= J Y a [ ~
{ﬂ']ﬂ}l]illﬂill Transys GINLﬂl&gWUﬂlﬂyaﬂlfJﬂﬂimqm’mm LEANANRIT 1NN 3.1

a U

= 2 A 9 < T doA R
Tumsanuitisziaenlsguvgiunainanudy 3 AiuAo 21.95,30.00, 31.10°C & u

U

U q

FRYUNYUATA AINA1 LAz gIgaUeIadnINeIMANEon 1Y

A1519% 3.1 MTNANINDINIAVOITINIAUATT 1B TN

Temperature (°C)

Time
January April September

9.00 21.95 28.45 24.55
10.00 24.55 28.65 25.90
11.00 26.85 28.95 27.50
12.00 28.85 29.45 29.25
13.00  30.60 29.80 30.85
14.00 31.95 29.90 32.20

15.00 32.80 29.95 33.10
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A o
35 NIAINAIIMIANU
o { [ 4 § o a
lumsidenldarsihauiimingauiulsdlwihleoiddesdonnmuz dugungil
U Y [ ~ dy = P Y
YDAUNAIAINTOU (D. Wang et al., 2013) 43317 3.3 wonv1ntl daiinannainisn ol
msaenlFaulaun mdnemmlumsihliinaniizTanfou Global warming potential (GWP)
Tureszezial 100 Yarsiad Awaasszaun1511a18 19 leu Ozone Depletion Potential
(ODP) AR5HANMIAY 0 AUYeANAY Kyoto (Faergeman, 2011) Montreal (Roberts and Baldwin,
2009) 1ag F-gases U9 European Union (Schulz and Kourkoulas, 2014), (Kajurek et al., 2019)
E4 T
NAMITTTINTIUNTTHNUITBHUIUT0N 1H911 R245fa R1234ze R124 1o R114 9T
dnuaIAY Ao HA1 ODP MR UGUE 1Az GWP @1 §anUBnI1 R245fa Neopentane
I o A a Yt 1 a 1
Perfluoropentane ttaz RC318 iJuasshaiuiansonaaliih1da lusiegungiiuvnasni
. 1 s = Y A o ~ 2 3
140-160°C wazrunamaNulasans YuaenlsweimnSeuney uenainil R1234ze 11l
o A A Y Y] A I ~ Yo w ~ A =1 o o o A
arsiaunidenlfgunuiosnnduamsnldmas i guilofeuduasiaudidu
' I o ~ o 1 Y ~Aq ¥ A .
@7U R124 ag R114 Wuasiauiimingaunuiranuioun 1saui Kajurek et al. (2019)

Y o Y A o = o A
1@“1“11%’ Tﬂﬂlﬁ@ﬂﬁ?i“ﬂ?ﬂu 7 ﬁﬁ‘lﬂllﬁﬂ‘ﬂlﬂﬂ‘ﬂﬂﬂﬁﬁNﬂ 3.2

Temperature Increase

-

320 K 365 K 395K 420 K 445 K 465 K 500 K
. -
i . ==
R143a R22 R152a R600a RE00 Ri123
R32 R290 R124 R142b R245fa R365mfc
R134a CF:l R236ea Neopentene  R601a
R227ea R236fa Isobutene R245ca RED1
Butene R141b

[

v v Y
310 3.3 madenashauivuiuszavesgurgiiurainuieu (D. Wang et al., 2013)
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[LOOT LULIZRZLDLAM| HELUL] BLLUBUIM|LILELUMMLURUBLY GY (dMD) [enusjod Suries [eqo[D

BLULBEEIFL) MMH] @] BLULUELLUMBZLMBRIILY @Y (dO) uonaldop duozQ

uou MO 00001 0 8LL'T €TSIT 84¥D 81€0Y L

Aysiy uou L 0 S€9°¢ 9€°601 vATHED ozy T 9

- - 0068 0 SH0'T 1YLy 1 (%) auejuddoronfyiod S

uou MO 609 200 079°¢ 8T TCI vAIOHTO AR b

uou MO 0¥001 I 09T'€ 89°SH1 vATIOTO pITd €

Ajowonxa M0[ 000 000 961°¢ 65091 CIHSD ouejuadooN z
uou MO[ 0€01 0 159°¢ 10°7ST SAEHED LS| I
Anqewue] g Krxo, dMD dao (edIN) *°d ) "L e[nuLIoy piny Suppion  CoN
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o o ° a J
3.6 !%ﬂuiﬂi!!ﬂiﬁlﬂ114'Jmﬂ1Tﬂ1\‘]1u!!‘]J‘]Jﬁ]1@@Qﬂ1ﬂﬂmﬂﬂ1ﬁﬂ'§°\l@\1'§$ﬂﬂ

[

° o A 4
mstaesszuuz 19 1dsunsu MATLAB Taedave ldad nunuiiaesniendinmans
1 v Aag . A o o Ay [ A
594135 Golden section method {VBFIUIMMIgAMSINIUNRDINMTVOTZ VDA -1 Tag
1% NIST REPROP Tumsmauaniinvesaisiaiu

3.6.1 nﬁmafnaaummgnéfmmaﬂﬂmnm

v

£y <3| ) A o A Y '
ﬂTi@]ﬁ'Jilﬁ'f)']Jﬂ'JTiJQﬂ@]ﬂﬂmﬂ\iiﬂiuﬂiﬂlﬂu‘l}u@ﬂuﬂ?ﬂﬂﬂ]u LW@GLWLLHGL’I]'J”I

Y
‘U?lllyd A o X2

A o 2 S o Y ) = o
Iﬂiuﬂill‘ﬂwGJJH”IEIJIJN"IHHE‘]'WN"IiﬂGLGUllﬂ@EJNQTW]’EN muu@,ﬂﬂmmuﬂﬂmﬂswwmmmum

9
[ U [

WSeUMNgUNaNITIABIAULNANNITY VIUADUA

Zle

1. MruamzUAY UszanTInved pump, UseAnTanued expander, ANNAY
1 pump, AUAUN expander, f1a91ugns Iiimilouduluuna11uiTeves Ficher (2011)
HeraInIad lua1519n 3.3
o o Ay Y P~ v
2. Wnaansn lan TUsunsufeueunadnionnunany vanslunans

o = =
NABBIAINTINN 4.1 Tuuni 4

M15199 3.3 AUTUAUNITTIA0INIATIVNAOVANNYNADIUDI )51n5W (Ficher, 2011)

Input
Working fluid Cyclopentane
Mp 0.65
n; 0.85
W, (Mw) 1
T4(K) 553.15
T, (K) 335.15
P, (kPa) 288.8
P, (kPa) 3342
M, 5 (kg/s) 40.08
M, .(kg/s) 349.66

M, (kg/s) 12.77
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3.7 msmmmsmanveslselilihfian1izesntuy (design condition)

a 1

. .. A o A 9
N1 D9NLLVY (design condition) A ﬂ'ﬁﬂ1\111«!%@\113\117‘]1&’]1’]@&!“3“l!ﬁaﬂﬂ’nlﬁ@u

U

a 1 < A o 915 1 o ~ = d Ay 1 @
uazqmw@,mmaqmmLﬂumwmﬁuﬂ%mumwﬂ ANAITINN 3.2 %QlﬂuﬂqﬂﬂﬁﬂQWWﬂWﬂ'ﬂNﬂu

A3 0952INY (evaporation pressure, P__ ) 121U AUIATDIAIVLUY (condensation pressure, P, )

evap

(2

wazdns1ms lnadeuavesansihom (m,, ) M ld s iiheda llih 185 daqega

msanms Inamaaiildwaamds Ilihqeganansdagu 4.1 Tuomdi 4 daus
mmﬁ’um'%mixmmmzmmﬁ’umdi'mmumiu‘ﬁﬁwiﬁ’wﬁﬁﬁm"q"lwmqqqmmmﬁag‘1J17i 44
Tunmi 4

a

° ° Ao A A y v A a '
mmstaesmannziangavealse il el Idaugniuiniige awsgungil
1 a 1 < { ! . ..
unasnnuiouargungiiuvainnuduNeonuy wsoNan1ze0nuY (design condition)
?1"/ g a 4 { T @
naillaimsdszidivvuiavesginsainanilasuniuioulasldmidnls UA nay
YAvenariu Tael¥onsiaiumsvens@INnaiy (expansion ratio, V) d1315am1uIa 14310
~ Y a o A a o
auni1si 3.1-3.8 Iae919099an159190uaIu3 YN 3.4 Tunisdsziiuvuiavesgilnyal
A 9 Yo A a L R 1 ) v A4
uamﬂaﬂummmu (heat exchanger) i]ZGl‘h”Jﬁmi‘miEJﬂ’n discretization mﬂzgﬂuﬂmu,mwu‘n

<3| @ { ' '
Tuginsaiiluvinadndaaaslugd 3.5 ud2 18 Tdsunsunimasauvesn UA vesuday

‘ﬁu%ﬁgmmﬂ
Q=UAAT| (3.1)
Q evap~(UA)evap AT M evap (3.2)
Qcondz(UA)condATLM,cond (3.3)

(T5-T3)-(Te"T2)

AT\ M evap= T.T (3.4)
Iog( 5 3]
Te-To
(T4-Tg)-(Ty-T7) (3.5)

ATLM,cond =
lo
| L T1-T7

T4-Tg j
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9 H v
A Ao wuhuanasuanuiou, m’
r'd
U Ao Fuilszansmsonemanuieusin, Wm'K
A ' a A oY o
ATy Ao ANNUANANQAINNIRALIUIARN, °C
: 3
. Mmys10
V3:Wf— (3.6)
P3
: 3
. my10
V4:L (3.7)
P4
V
=4 (3.8)
V3
V3.V, fe  smasmsluavesensihauiidwmiia 3 uag 4, Us
P3.p4  AD  ANUHWLUUYBIATHINUR NN 3 uag 4, kg/m’
\Y/ An  samaudSunsmslya (expansion ratio)

////’ 5
/ :
waste heat  ~ _—
source _ — / ‘
= l}p} ,,,,,,,,,,,, = 13
6 /?/ ,'I
///// i
N |
2
A ! I"4
25 f'// / /’/
Y 48
A1 anp;‘{ )
. . 8
e 7 e — 7 /
_— - - /
/ cooling fluid ,
S
—

gﬂ‘ﬁ 3.4 T-s diagram (Liu et al., 2012)
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Counter flow
Arrangement

Vapor Quality

0.8 06 7 04 0.2 0
wa,node‘inwf'mme'out ‘

i 1 i )
nodel |1

T AL : node 35 1 node4 B node3s B node 2
sink.out ‘\\\L\L i 1

]
T — 1
— sink.node.out 1

T ................. (1+1) boundry Tsink,node_i;i\
sink.inlet 4

(n-1) boundry

T

condensing node 6

Temperature

Heat Exchanger Length
P 1)1 3.5 Discretization scheme of condenser model. (Usman et al., 2017)

371 3AsmMsmuIazdans

Y M v
93967 1535 MIN thermodynamics NAMIFDI VYDA heat sink 11AZ heat source

9
ad A =

W1geiU AUV UIITaIUFIeTNIaINuNRaa lauazlszansnn Tagaziianssiaod
<3 v A o 1A - 5 o A A
{2 daufe S1aeemNAINan13zeeALUL (design condition) tazdiaeesnaniizlasu'ly
(off-design condition)
3.7.1.1 21099MNANIZDNUU (design condition)
dy ] 1 % 9 1 9 7
Tisunspilazlsumaiutls 1aun AuduYee pump, ANNAUVDY expander,
8351115 InarFaniavesarsiian ioldszuuaiutsondan i 1dgega 410733
Y 9
Golden section method IAgNIUABDUNITINADIAIT
o A 9 9 9 1 a 1 9 a 1 <3
1. dmuamisuduld Tsunsu1dun gungiuvasnnudou, guuglinnasnnudu

a

,Hafeguugidiganaiosuaniasuniiuiou (AT,), Uszansnimves

QU

v
a =

pump, 152 ANTAMNYBI expander FIUAAIRIATIT 3.4

2. T15unsuAzIAIAI%I9 ANUAUYDY pump, AUAUVYBY expander, BATINF IHaALT
UIAVBIATNINU

3. wliswiiiey AT, Jwiiy 10°C wie

- M AT, iy 10°c T Tlsunsumgaiiau wiennaasmndiuala



- n AT, i 10°c I TUsunsundulivide 2. T

A1519% 3.4 M NLEAIAITN1IZOONUUL (design condition)

Faulsdi Al luannzeenuu
AMUUANT (design condition)

Ty (C) 150

Tetin °C) 30

m,, (kgs) 09198
AT, (0) 10

s 0.75
N, 0.80
Validation

|

Input: working fluid, mps, Mgy,
Ths‘in ) chv ATppx th hT,

l<
&

Guess: My

=
Guess: Peond, Pevap

l End

Calculate Yes
No

No

|ATpp-ATpp,evap|

+|ATpp-ATpp,cond| <01 OUtpm: Qiny Qouty Whoet,

UAcondy UAevapx h

A

H o a s
gﬂﬁ 3.6 LHUAINTZUIUMTNNANARNTATNAN1IZODNLULY (design condition)

22
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]
aAaA A

372 msvaaniangasieaganznlasuly (off-design condition)

U

I o { . .. @ a
ihumssaesmanigianiznlasu i (off-design condition) nAegaMgil

a

1 9 Aa 1 3 A 9 Y a o w
memmsauuazqmwgmmmmml,EJunJafJu"hJ TagszuuapenIu ITHaAMIaIIUENS

Q

oA 1A . .. ¥ 2 @ 1 o
(W,,) AN auANTN1IZD0NLLUY (design condition) ‘V]\‘]‘L!TﬂSLLﬂiiJﬁlgﬂiiJﬂTﬂTiTlN"lu"Ui’N

net

pump e lrinanan'ldnsi #2833 Golden section method
' H v
1. mvuansuduldldsunsuildainaewaenaisiiaiuluduneu design

1 A U { { a 1 <
condition 1Aun gaigiiunasnnudon (T,.,) Mldsull quugiiuvasanubu

hs,in

(T, Masula), Ysz@nsamaeaily (1),), Ysz@nSnimueenaiu (M,), g0

cf,in

neraeluansed 3.5 druvuiaveunsesanasunnuiou (UA) gnuaasatl

15199 4.2 luuni 4

d‘ 1 o o d' . .o, .
A1TNWN 3.5 mﬂmu@“lumimammnz!,ﬂaﬂuhlﬂ (off-design condition)

amalsn

Myuam manzasu 'l (off-design)
Ths.in (O 140, 145, 150, 155, 160

Tegin CC) 21.95, 30.00, 33.10

m, (kg/s) 0.9198

s 0.75

N+ 0.80

2. TlsunsuazimIraedl AnmANIATees B (P,,,), ANUAUTNIATOITZINE (P, ),

8A31M3 IaFaIaveas i (m, )
< A ~ 9 = 1A A [l v [
3. FavUInveunsesanilasuauion (UA) 'JﬁJﬂ"IL‘VHLﬂiJ“I’ii’E]]liJ Tﬂﬂﬂ”l‘(’l’f)lliﬂ

18 (&, 111 0.001

a S 9 A

< 1 P Y 1 [ ) 1
4, Hfﬂﬂ”l\‘]”ll!q‘ﬂ‘ﬁ‘Vlllﬂll'JTﬂTLTI”Iﬂ‘]JQWHQVI‘ﬁﬁQﬁﬂLSN@]uWﬁ@]lN ﬂ”lvllliﬂﬁllﬂillfﬂg

G Q

Y
naulvide 2. 9nase

v ' 9 1
Funouanzilasu i (off-design condition) NnuAgnUaAAIAIZN 3.7
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( Start )

A 4

Input: UAcong and UAgyqp

d
)
y

A

Guess: My+

<
y

Guess: Peond, Pevap

y

Calculate: hy, h,, hs, hy

|

Calculate: A Tiy

Yes
UAevap = Qevap /A Tlm,evap
UAcond = Qcond /A Tlm,cond
No
1UAcons~UAcond com )
+|UAevap'UAevap,comp|
< £=0.001
Wnet = Wt - Wp
Yes E)

{ QJ = d’ { {
3U7 3.7 uwuranszuaumsnuadiasaasian1izalasu 1 (off-design condition)

3.8 MIMaNM9 curve fitting

woldmsldaulunmsaiuay pump Tusasaniizulasulyl (off-design condition) 41

d%} Y = 9 o o % ~ 9 [ o Y ! .
Yy PivedeadnaumsdmsuamlsndeslSumsihanldun m,, . p, wag P, Tugl

a % e =
aums (3.9) Tagldmatia curve fitting 414 an 5111 T51AT excel A287TF least square method

Y=c+a,X,+a,X,>+a,X,> +b,X, +0,X,* +h.x,* (3.9)
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Mo Y Ao My » kefs, P kPallaz P, kPa

A 1 d'd' 9 o

¢ Ao amannldanmasiua TaeTisunsy excel
A 1 d'd' 9 o

a Ao maennldanmsainna TagTdsunsy excel

b Ao anasnnldanmasiuiaTaeTUsunsy excel
A I % 1 Aa 2 9 o

x, Ao Wludwlsagangiunasnennuiou T, °C
A Id % 1 a 2 9 o

x, fo dludwisaguugiuvasnsnnuiou T,, °C

a J
3.9  msdsziivvinanazaniglnsas
a J < a A 9 EL
msisziiivvinanazmesgdnsaiilunszuaumsiansadenldgunsailusz
1 1 : o o v J
nfvreludszmalne Taslddoyasin oyna Tussdia 2562) ¥elasanuduiusues
Y Y =~ = A E= WA -dy
yiauazsImMvesglnsal 1uda Taoliseaziveamsiaenginsaitideae 11

° J Y
3.91 miaﬁi’)mmmuazmimu’amim1qﬂn5muamﬂ§ﬂumm%au (heat exchanger)

gunsaluan)asun11uiou (heat exchanger) Tulse vl loors@iiog 2 dou

U
v

a4 4 . 4 4 v daw

A0 1A399321MY (evaporator) HAZIATOAAIVLUY TagnTosnanasunaiuieunlyly
J ] @

153l Tee13@0ziiod 2 Uszinnae 11U shell and tube AAIAI313.8 AZUUY plate heat

[ = Av A a 9 J o = 9
exchanger Llﬁﬂﬂﬂ\‘igﬂ 3.9 NNITANY INIUIVYNINYIVD wmmﬂmmuamﬂaﬂummiau

lﬂlyg d‘

Y
LU plate heat exchanger BiomaNuioulaanan Ignunlumsaaasiosnd uazaeuiiig

A

[ 1 . a o dyd 9 I o
318017171 (Bani and Peschel., 2012)Q1u3i]ﬂuilﬂlaf)ﬂ16]5 plateheatexchanger!ﬂu’qﬂﬂim

A 9
uanasunnusou

Tube Bundle

Shell Side
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gﬂ‘ﬁ 3.8 Shell and tube heat exchanger (arvengtraining.com, 2015)

- Carrying Bar
End Plate ____“h Fixed Frame
¥

Start Plate

Cold Out

Hot In

Moveable frame

—— —

Tie Rods

g‘ﬂﬁ 3.9 Plate heat exchanger (innovek.co.th, 2018)

4 { ]
gumsvinauazsinvesglnsainanasuniuiounuuuny (plate heat exchanger)

A A ’ ’ ~
UDIATOITSINYLUASIATOIAIVLULUU (ﬂlgﬂﬁ Tll\iﬂ’ﬂﬂm, 2562)

A evap=0.0197Q ¢ 0 +1.1935 (3.10)
A cong =0.0795Q gy +1.0656 G.11)
Z evap=1749.1A 5204 (3.12)
_ 0.7919

& = dy = = Y A 2

0o Agyap Ao WudinanulasunuiewnIeaseine (evaporator), m
A cond Ao WuhuanulasunnufeuniesndIuniy (condenser), m”
Qevap flo  waluANUSoUTINT09TZINY, KW
Qcond o WALUANUSOUTATOIAIDILIL, kKW
Z evap Ao 9INUATOITEINY, USD
Z cond Ao 9INUATEIAIVLUY, USD
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[
392 mstaenvinatezdsziiusiay (pump)
Aa o dy 9 1 g‘/ o/ . . .
Tunuddetaz Istuuuinevateluna (vertical multistage centrifugal pump) Ty
v P (24 v
mstuenshauiidnyaedagi 310 FaihnlunlFiuls i leedd mu ugns lveand 2562)
Tavinnlsiulse vl leens dawna 30kw TunsAnmsme Isaumsves eyna Tulsdia 2562)

AaEUMITN 3.14 uag 3.15

Woymp=1.3099 Vi +0.8239 (3.14)
Z pump =168.68 Wy +1737.3 (3.15)
. A o &
wo  Wyymp Ao Madue9fy, kw
Vit Ao 0A3IM3 Ina, Lis
Zoump Ao T1Aluaihay, USD
MOTOR
Coupling
A
Impellers PUMP
Dlschargc<::' . ' <L¢:' Suction

3 1/ 3.10 Vertical multistage centrifugal pump

393  ms@envinanazlszdiusimnaiu (turbine)
) 1% = Jou o . A A A
AMTUMIANUUIAYDIRUNTAINIFU (turbine) 15D IATOIVEY (expander) N

Y o [ a A a a o'dy a Y [l R A 9
Glclfﬁ'lﬁ'i‘l]waﬁ\ﬂu Lu’ﬂﬂ%’]ﬂiu')‘ﬂEl'luwuﬁuﬁ'lll'lﬁflWa@]\i'luhlﬂﬂgiuclfﬂﬂ 5-7 kW ‘ﬂ\‘llﬁ’ﬂﬂﬁlcﬁ
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screw expander F9e1130NARNUOY 1UFIINA0INT AAITOYA screw expander #9317 3.11
AUAY Y A waste heat recovery (WHR) HBNI1NFIINITHAAIIULAD screw expander §47)
isentropic efficiency screw expander 14949 90% (Kainhan, 2018) aN¥&E screw expander AR

143519 3.12a uag 3.12b

U

e Turbine ) e —— E—
L Screw .

3 Scroll|

'-n—: Turhine [ —— |
o Screw | | e —

¢ Seroll ey
f Turbine FE—
E Serew 1 AT m

) Scroll

0.1 1 10 100 1000 10000
Power [kW]

510 3.11 namluaasmspaaauameldns e swnuseuuaazalszinm (Quoilin etal, 2013)

Male and Female Rotors

 Lowe Pressure Steam Out

(a) (greensecure.org) (b) (biomasstrigeneration.com)

] U 3.12 Screw expander
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) @ a o o
ffllﬂ'ﬁﬁWT‘iiUi%}iuﬂ131]5$l11u5'|ﬂ1 ﬂgﬁl%}ﬁllﬂ15ﬂ’313Jﬁ11°W1!‘ﬁ51ﬂ1"U@\3 Astolfi (2015)

HAAIAIFUAITN 3.16

Zexpander :3143-7"'217423Vexpander,outlet (3.16)
de Vv Ao Bmasms Inavesansiauiieenniniaiy, m*
expander,outlet , M /8
Zexpander Ao 3191 screw expander, USD

394  msdszdivvinatazsinunseanudia 1w (generator)
A A 0o A a o v Aw o . a Y
madenyuiansoatudia i Ao1sannmideaineiu (Turbine) win 14
o v J 1 o
nazazlensanuduiusves oyna Tuslsida (2562) Tumsldmuimvmauazsin 18

AUMIAUIUAIAUNITN 3.17

Z gen =20.118 Weypander +1276.6 (3.17)

A

o Zgen Ao smuasesiuia lvldh, USD

= (2 A A v o
Wexpander 19 NAINUINATOIVYIY 1TD NN U, kW

3.9.5  S1I@1sMau

° [ o ya o Y o ~ A <3
’L’fTVi‘i‘Uﬁ15ﬂ1ﬂ1uﬂ')%ﬂulﬂﬁ1§'3*ﬂl,l|d3EJ‘]JL‘VIEJ‘]JﬁTﬂTVliJ“U']Elﬁluulﬂfllm$%1ﬂwﬂ

U

Y @

. . : o { ! <3 . .
thai.alibaba.com ﬁﬁﬁﬁﬂiﬂt‘fﬁ%?ﬂﬂ a1 3e0MensInINY 191019184 thai.alibaba.com

9
' v v 9w

=\ A SR A a I ) =< [V ~
HITNYNNIN muumﬂﬂmmEJﬂmW%ﬁmuﬂu‘ﬂmmiWNm PIULTAIANA1TINN 3.6
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AN 3.6 MITNUAAITIAEITINU

Working fluid Price (Dollar/kg)

R1234ze 19.88

Perfluoropentane  29.80

RC318 44.52
Neopentane 1.19
R114 9.94
R124 9.94
R245fa 55.39

a d d
3.10  MIFAANSHMAUATHFAGAT (Economic analysis)

a o £ ] A Ao o A a a 4
ﬂ1§’3l‘ﬂ51$1’?1/”\'191ULﬁ§H§ﬁ1ﬁﬂilﬂutﬁ@\imﬁ'lﬂigGlUﬂ'ﬁla@ﬂﬁqnu Gl:u\‘]']u'lcﬂﬂ'luwu‘ﬁ

E4
=

tlannsandunumswan liihaaeasiglnganis (evelized cost of electricity, LCOE) #4'14
° 9 o 9 9 a A o A ' ° 3 v
AnunmAaunuanedd e s vl dugumsfunsos simdutiumsuazsouigg dudu
aunsomuas ldauaunis 3.18-3.30 Taeorgns I5audutiulasans Ise i 139 109
A A A = d' a 9 1 [ d'
wsenaszoznanunuly 10 1 msnanalasuiudeyannsumsuralszmalng a Jui 20

[

ueU 2563 fio 31.02 1N Ao | AeAAITANST

LX)

" PEC
InV-l—Z J
LCOE=——5-2——~- (3.18)
net top
t
=1 (141)
PEC=Z o&m +Z operator (3.19)
operator :Zengineer +Ztechnician (3.20)
Inv=C +C (3.21)

plant site
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Cplant :Ceq +wa +Zpipe +Zelect&contr (3.22)
=Z {7 +7 +7Z +Z +Z (3.23)
eq evap cond gen expand pump tank
A 9 a 1 a (% d'
LCOE Ao aunumawan lihaegiinlSumasaaoaoiglnsans,
USD/kWh
Inv Ao Wuaanuszun1selvlilh (investment cost), USD
PEC Ao Al ed mSumsa i umsnan whih (Production electricity cost), USD
Z Ao eAuiumMsuazen1nge, USD
o&m 3
A 1 =
Zoperator o wsznanussauaell, usb
A T Y a 1A
Z gngincer Ao ANNNIAINT D1, USD
Z bmici Ao A1Namatia Aell, USD
echnician
W_ Ao naanu llihnnaalanel (Net power electricity), kW
'[Op Ao seaznaman il 19 (Time operation plant), hr
n Ao 01ylaTams 101
= [ dy a F) Y A
r Ao opIMONIDENUATUIAITToUAZ 7.12 UIN %30 0.22691 USD
t Ao nTasamsduiiuau
=
C o ant A 31 lsalvlih, usp
Cyo Ao awlsznaadeemsdmsu s lilihuazdninay, usp
Ceq Ao sginsaivanlulselvilh equipment cost), USD
A o
C Ao T3, USD
Z e A simszuunelulselnih (pipe power plant), USD
Z An  simensal IMluasesdanazaiunw, USD
elect&contr a a
A A
Zevap Ao FIAUATDITELNEY (evaporator), USD
A d’ 1
Zcond Ao FIAUATOIAIVLUUY (condenser), USD
Z e, Ao suasesnuila 1w (generator), USD
Z. i Ao TIAUATINIWY (turbine), USD
rbine
(24
Z oy Ao 51U ua139191U (pump working fluid), USD
A v o
Z o FIMDUNUAITNNU (storage tank), USD

tank



top=8,400 hr
Zom =0.05C i
Zpipe=0.1Cq
Zgjectacontr =0-1Ceq
Cyite =0.05C,
Caery=0.05Cq
Cutartup =0-1C¢q
Ciang =0

[

(aﬁﬁﬂﬁ/ Aerm uazigns lsenna, 2559)
(ﬁﬁﬁ’ﬂa{ LﬁQUTNﬁ'LLagﬂmg, 2561)
(Braimakis and Karellas, 2017)
(Braimakis. and Karellas, 2017)

(Karimi and Mansouri, 2018)

(Karimi and Mansouri, 2018)

(Karimi and Mansouri, 2018)

[

'
(0AfNA Aer uaziigns lronnd, 2559)
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(3.24)
(3.25)
(3.26)
(3.27)
(3.28)
(3.29)

(3.30)



~
Unn 4
= a d
WNANIIANHT HASNTIIIAINICTHING
dy o =2 a a s A A 9
YU UAUOHANITANYIINGITNUTITUANANITATIVADUANINYNADIVD
Tsunsuiiann mamssiaesmaiauvedlse i Teo1s naaizeontuy (design condition)
nanissiaselsa i leosdiieaninzilasu el (off-design condition) 3389 IATIEH

FuAsugmani

4
41  MsAsdeUANNgNABIvedlsunsu
A o Y o Y v .
vinTsunsuwau1diin1sas19deUAUgNARDINUUNAIINYB Ficher (2011)
A q 9 ° a 1A A 0 ¥ Y A v = A o
eldwanissiaesiinnuiuyedenaziirllldaulanangndes daluunarnuiiium
A519A0UAINYNA1AMINITNAABINABDNN1 TUN1TATIVAOUAIINYNABI IR
MruAAENAUNUNANAINA1519T 3.2 Tuun? 3
Y o 1 9 Y [
1Myl Tdsunsusiaosd Idwansiaaeuanugndesvesli)sunsuaaly
{ < 1 @ aw A
A319N 4.1 A UNIHAMIATIVABUANINYNABIY0I 115005 uAUUNAIINITY Taed input
< 1 Ao 2 < ~ = @
Wuarmvuald Tdsunsuneuisudunas output itunai laan lusunsulSeuiieununa

v

1 A Y =~ Y A S 1
IMNUNAIUY W”]J’NF\I@ﬂulﬂinﬂiﬂiuﬂillwﬂ’JHJGI,ﬂ'ﬁLﬂENﬂ“]JWﬁGU’éNUﬂﬂ’NlIIﬂEJZJﬂ1
Y 9

A (= [ 2_’, A o = ==\ ] A A 9
mmaammaau”lnm 2% @1Q’H’HI“]JiLLﬂ‘ilI‘ﬂWGJJLHGUL!lI1uuﬂ31ﬂu1l%@ﬂflllﬁ$ﬂ$ﬁl%ﬁlu

o a =Y o’dy 1
msmamnuu‘lmmmwuﬁma”lﬂ

Jd A

42 mamsdraeamsnanlsdllihleas@nanizesnuuy (design condition)

AAZO0AUUY (design condition) (Fumsinuigaungiunasnnuou (T,) iy

150°C 8A51013 Inaunasnnuiouminy 0.9198 kg/s guugliunasnennuiou (T,) ny

30°C 6031013 Iaunaanannudeu My 10 kg/s uazarounsuiunlddmsunssiaes
naaalumsen 3.1

o ' FI v Y 1 1 o w A

nnnsteesmuAanzeonuuy ldmanssauzan q voelsa il ldun Avdsagng

(W,.) Msednsaim (ng) wennnmaussauzdalinmanidzilsaldihan ldun

net

AINNNAWATOIAIVUUY (P, ) AIANNAUIATOITLINY (P

eva

) 8a31m3 Inaasshau (M)
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A A 9 A ] A
VUIALATOIAMUAIUANIUTOULIATOIAIVUUUUALIATOITEINY (UA UA

cond? evap)

=KX 1 A N Y o <3 = 1 o [ A
5’311ﬂ\‘lﬂu%ﬁlﬁi‘]ﬂﬂﬁ’lﬁ@]ﬁ‘l?]HWNWW?ﬂ@ﬁﬂﬁ']wliﬁiﬂﬂlﬂﬂﬂllﬂﬁ$ﬁ15ﬂ1\ﬂu Llﬁﬂﬂﬂﬁgﬂﬂ 4.1-4.8

1w

MInMshaeuionIMasnugIgaveaazd1siau Taglsuaoasms Inaiss

v ' Y
wravesansihn (M) 91317 4.1 dnvazvesnsvlisunuvuneiiosnsins naid

' Y v Y v
WAL MMaugnsizaos o MuTUIUNTENIMMAanugnigegandinos < anad

'
a A AA o w

Tagasiauniismmalnugnigegane RC318 waza1snimasnugns Indinesiosasin

U q

A <3 ' o w a Yo A
Ao R1234ze mmmmummmqmqmqqu"lﬂmgﬂﬂ 42

AN 4.1 HAMIATIVAOUANNYNADIVDL T15UNTURWALN

Ficher Present

Output (2011) Program  %error
T, (K) 358.15 358.35 0.06
T, (K) 489 489.20 0.04
T, (K) 396.41 396.03 0.10
T, (K) 408.70 407.12 0.39
T, (K) 348.85 349.03 0.05
Q.. (kW) 5790 5853 1.09
Q. (kW) 4790 4853 131
Mo 0.1727 01709  1.04
E. 3016 3089.5 2.44
B 795 776.63 231
E, 1210 1210.3 0.03
E, 1964 1975 0.56
& 0.8895 0.8725 1.91

& 0.3316 0.3237 2.38




6 ——R245fa
Z 5
4 ——Neopentane
5
a4
2 —4—R114
2 3
o
S R124
S 2
Z
1 == Perfluoropentane
0 —0—R1234ze
0 0.2 0.4 0.6 0.8 ——RC318

Mass flow rate of working fluid (kg/s)

31U 4.1 nywlnadinius Mass flow rate of working fluid, M /11 Net work output, W,

7 6.3 6.54 200
-~ 573 579 o
5 6 522 529 E
%6 5 150 %1)
4 o -
23 SN
g 2 50 2 Z
g 2 @
g1 EC
=0 0 =
=
8
Q> Q > 3 ) 4% N —
S R N e 2
Qg’ Q QQ N < =
‘%00 0&0 @)
QQ'
¢
mmm \Working fluid —e—Tcri

o w

77 42 MasnugnigegausazasmMauianzesniUy
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[

~ 1 o a A o @ A a 9y 1 o
5UN 4.2 uﬁmmmawmamquwaamm"lﬂﬁmWaﬂ"lﬂmaumazmimqm Tag

U q

Q

1dGssdrauarsmauniimnasiihdgaldgeganndednevesns il lddsunvesnss

1 o d‘d o w A =~ 1 % o d‘d o @
wunmsiaunlidas dihgegadio RC318 A 6.54 kw wazansihaudiimas T

Q

s Y A o A = [ Y [~ 1 % dyd ' o w
iﬂﬂﬁﬂh1hﬂ1ﬁlﬂalﬂ8\1ﬂuﬂ® R1234ze UAUNINY 6.3 kKW ﬁ]zmummmmmuummaﬂﬂ%

9
v

Tndifeenu aauagnasaimsdenlfiiluaisimaiuae 1y Tasazldnisiasiew
Fassugmanisaudio vz lduanss13lugii 4.8 de’lal

9 v ]
wonniigld 4.2 IMSeuieuias Ilihgegannaa lanugungiiingavewaay

Q QU

[

#13111974 21NI1891UVD4 Kajurek et al. (2019) Vonnasinanunlaunniingdlnany

£l QU

A 1 Y = 9 1 o o Y 1 Ay v < 1
Qmﬁgﬂllﬁﬁﬂﬂﬁ’]ﬂ\l3@1&%3%&Lu31uﬂﬂ1ﬂ’]ﬁQulWﬁTNTﬂ@]WNUlﬂQ'JEJ LL@]%"IﬂNﬁVI]’lﬂﬂglﬁL!'ﬂ

gaunniiingd lidewwasemas lilihggea

q QU

Qin (kW)
100 139 8069 8L
80 60.11 6082  61.64 6423 :
60 — —
40 A it b P -
20 3 g

o gl i ) ][] [

o & \\b‘ \q’b‘ \‘v& %WQ %\oo
S 8 <
~ i
e

UM 4.3 anuFeunlse i 1dsvRanzeenuuy

1317 43 duhaanudeunTseldihldsunsennudounln sl Q,) Tl

) ldunagil

net-

nFeudsuiusimas ldihgegalugii 4.2 wiiuhmsiouiega Tl (w

a1 Q,, mnaw'ldae iesninTdsunsuiiaun nerewigan ldmaslvihgege Fuaaz

1 [ ! I

15Ul guUngiINgAA1NY Lag saturated dome A19nU taz Tsunsuiivualiaiga

uanulasuaduieunlndiuinga (pinch point temperature, AT, ) 521310150 0anagy

9 @ a 1 Y Y 1w [ Y 9 o 1 (% A
m”miauﬂuqmwgmmmmmiau"bm N1 10 M1 1dsunsudesdSua aAnuaunI 093 Ie
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wd) 10280313 THamsham (M) e 17 1dfas 1

0o q ¥ v = ) , ) v = ! = =
qige %\31’1ﬂ“l"iiﬂillﬂillﬂENWfﬂfﬂiJﬂ\‘iﬂ’ﬂﬁJﬁ’E)umﬂlmﬁQﬂ?WNﬁﬂuiﬁﬁJWﬂﬂqﬂﬂW Q,, WUNVUAY

Y
[ YY) [~ 1 o 1
AU UNEITTU RC318 dnsndsnnuiounnurasnnuionlauninga

4000 3,541
= 2,799
& 3000 2,295
E 2000 1215 1.117 17421772 s 998
3 1000 335 343 435 623
> 186.
0
& & \b& ™ & 4% \Qo
"\Pb Q,i;& Do < Q@Q qr)b( O
O N <
K RN o
< Q?
Condensation pressure Il Evaporation pressure
31U 4.4 aANuAUEazMIMNUNANIZEBNID
Vv
7
6 5.61
5
4
3
2
1
0
™ 2 S
ol S v S ¥ N
O Q;& @ S & D &
K -
%@ &
S
Q%

v

317 4.5 Saaamvensaran sy

1Un9¥U (expansion ratio) NEAAIZBONLULY
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103U 4400 T sunsuweremduainisiiauvesty (pump) eld 14
o < ' [ o P2 o & U A @ A ]
maslihgega s umazansihou lasmsiauenly (ump) Hufen Az ssnILILIY
% d‘ l:' 1 1 ‘:‘
(P,,,0) WazANUAWIATOIILINY (P, ) NAA1e mufinaaalunsu
<3 1 o 3’, 1 [ { 4 ] { 1 1
HAZIAUNTINNUN 7 asiimanuauiiaiosniuuiu (P,,,,) Nganaina
o o S = o a A Y A o e ]
ANUAUDTTONA (ANUAUVUTTMANAT 101.325 kPa) Failunadiiiesnndinnududinii
Y o Y A @ 9 (Y o Y = [ Aa
anuanussemavesi i lemaneimasain ldnauduarsiaula Feasaunia

P

cond

d1gqafe Perfluoropentane HA11571184 186 kPa 3ANAINGINIIANUAUDTTOINIA
{ 1 I (% 1 @ o v

91317 4.5 A1 expansion ratio 11 UBATIMIAIUNTVEIBAIVEIAIITINUNAIDDNIN
v o o [ (Y o 1 Y o o L & VA =
AU (V,) AU 9931013013 9818A909a 1371 UAD TN Y (V) Fuiluainuendavuia
YDINIHY (turbine) 18 1THADHIAT expansion ratio 317 LEAAIINNNITVEIAIVBIATHIIUN
N19eenUBInIiuNIN danaliuuiaues turbine 92 Inajaulide Bavuavesiaiulnajey
] ] 4 = tg 9 A < U o =\
dananesn1vesglnisiveslsa lihfgaiudae 113U 4.5 vzmiunansiiau R1234ze i
A1 expansion ratio 11111 5.78 FelAMINGANRINEUNUA1THIOIUDY HaAIN@1THIOY

R1234ze 92 0UU10U04 turbine THgiNigadle
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6000
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UAcond (W/K) |l UAevap (W/K)
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~ A o a 1 o <3 Y o A a
13U 4.2 uaz 4.6 Werlninsaniwiu wmulanmsihauidmnsonan
9 1 H v
as i lduinnaniuszfivuiamiesuaniasuniiudon (heat exchanger) # lnainan
o { a o o ' I T {
arsmauiraamas i lddesni1 aungerniumsiza sasimsuanlasunnudou

YoIEsINUAULaInNNTou denantlasunuldunuaniite199iivia heat exchanger

H 9
1 v o o =

lngin asiumsmauinaaias i 1dunezlivina heat exchanger flngjau lildne

o
9 9 9
2 =

g 2 @ I o & A A a J
watiaiumsadelseiihTeersgsuiluededendosniarsanvuiavesginsal insizaz
9

=1

1 o a o
Inases1mvealseIvlih unanuiiveldmuauussugmaniaae
{ o a 1 [ 3 A { @
uaza gl 4.3 uag 4.6 hninsanswnu wmunsemanuiounlsd i 1dsy
1 ] : I -
(Q,) 810 dawaliuu1aved heat exchanger 1naja1ulddre FudunurTduuvuiinn
o A g A ° To A wa 1 v A A o
a5 iduruibwsizansiueadinuauiaaanuil Taududn (saturated dome)
1 [ d’ d‘ Yy . a [ -Y o Y Y a 1
AY 1N 19 pinch point temperature, AT, TiAuiny 10 ldmanuausazgumglug
o J @ 9 Ao Y =N o ¥y A A 9 ~
drsiauaenu anwdeunsulaveslsalwdhnaresnuaiuuua Tdunar sennuioun

T59'lW 185 (Q,) 110 Y1IAYD4 heat exchanger aztiuua lnajaulide
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d' J a a a 9 1 o = Y A v
%Wﬂg‘ﬂﬂ 4.7 WuNYseaNEMmFIaIuTouveuaaza15IIUla lndneenuy

Tagmshaunimilszaninmdinnuiougegano R124 mgano R1234ze IAnny 8.92
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U

a

~ < 1 1 Aa A a Y A A 49! A
ﬁ]”lﬂ;:l:ﬂ‘i/] 427 92 UNMYUsEANTNIWTIANINTOU (T]th) HAUNUVU LUDYUNHN

R

=

1 < 2 a { 1 y '
unaenNUBUgIIY naums 2.7) manaa lvlihasi uaanuiounldunIsevdhanas 39
4

ldlszansgeu

INNTTIA0INAN1IZUBNOONUVY (off-design) NYUHANUHAIANNTOUMINY 140,

Y
145, 150, 155, 160°C 1Az guuQUunaInInnudowmn 21.95, 30.00, 33.10°C Tasaduau 1w
a o w a 9 A A ' 9 1 Qy F
Tsa Ilihwaamdsaugns (w,) 1dnah 6.54 kw ilieunasnnuiounazunasninnuiou
d’ d‘ U % o

a1 ensaminnianmsnIuguns eagu (pump) TassuoasIms navesasihau

evaj

(M ) anuduiinsesszve (P, ) ANuauinIosnuudy (P,,) 1anasimsiei 4.3
wf p cong
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d' =\ d' 1 a 9 d' a v dy
1I0A15197 4.3 azliveangi IseIlih bignnsoauqumswaaldasi Tuauiseil
= Y, a & A A A o v o
vauduouuInImsud 19 TnoAAA heater 1A 1O degree of superheat 117 AMUAUNOU
Y o o dg! = [l Y A a 9 A dg! A A = 9
nAIugeu Fazdawa linuneda Idmudu nSemumsasnnuieusenanizuy Tag
@ Yo v & ) I 1 ) 2
mstSulisasinms lvaunasneanudougeiu Fegawali Q,, gelu

out

MN3190 4.3 wamssiaesnanzi)asu'ly (off-design condition)

Tco Tceo W Gw M, (kg P (kPa) P, (kPa)

evap

140 6.54 0.62 482.84 1,778.46
145 6.54 0.70 498.54 1,561.35
150 6.54 0.77 501.36 1,398.28
155 6.54 0.84 501.36 1,279.40
21.95 160 6.54 0.90 501.36 1,198.26
140 5.92 0.58 582.90 2,493.28
145 6.35 0.64 602.63 2,359.33
150 6.54 0.69 622.60 2,295.30
155 6.54 0.77 626.28 1,902.91
30.00 160 6.59 0.83 626.28 1,720.90
140 5.46 0.58 631.79 2,345.76
145 5.92 0.64 652.23 2,505.02
150 6.29 0.70 668.30 2,505.72
155 6.54 0.75 677.15 2,310.82

33.10 160 6.54 0.81 680.12 1,991.38




56

433 M3 curve fitting MHSUMIUSUMIMOY pump

wag P luansnan 4.3

cond evap

4
Tuadeis Idrhaimsyauves pump 1dun m_,p

] H 1 4
a4t curve fitting 1o 1% 1daumsanuduwius iy T, way T, Andaouly dede Tail

Mt curveric =-1.330679-0.000976* T, 2 +1.97729E-05*T,,*+0.000222*T,

-7.79388E-07*T, * (4.1)
P v =-861.594+0.289158*T, -0.00034* T, +0.157776*T, 2

-0.00069*T, ? 42)
P s conerit =9175.262+9.258139%T, 2-0.180602852* T, *-1.18152*T, 2

+0.004814*T ° 43)

NNANMT (4.1), (4.2) uaz (4.3) amnsorilalvhausimshan dragemaede

Taoi M, P 102 P Wunannmssiaeslumseiias dau M, Peonteunen
ag P Auwanmsmmennaums

evap,curvefit

~ = : .
A15199 4.4 wamsTeuneura mwf INTNNIT curve fitting

T, (°C) T, CC) m & (kg/s) m 2 (kg/s) %error
21.95 140 0.62 0.62 0.00
21.95 145 0.70 0.70 0.00
30.00 150 0.69 0.69 0.00
33.10 155 0.75 0.75 0.00
21.95 160 0.90 0.90 0.00
21.95 150 0.77 0.77 0.10
21.95 155 0.84 0.84 0.10
30.00 155 0.77 0.76 1.37

33.10 160 0.81 0.81 0.68
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[l < ' H ° 4 [
INATTIN 4.4, 4.5 182 4.6 Iz UINAN IFaun1THIUe (HoMeuAUNaINAIT
o s A < 9 A s A (= [
109 IMnnuaaamasuanies A15197 4.4 ag 4.5 Iaianuaaianaen luae 2% dau
Tua15139% 4.6 MANuAaIARABUFIFA 1IAY 15% FIA1AINARIAAADULUIIZIAADIN
. v & o Y A o 4
numerical error muu“lumimmgu pump mmmmﬁnmi"lﬂslémw’e‘)mma"lﬂ

159N 4.5 wamsifseuoura P, 31NGUMT curve fitting

cond

T, (CC) T, CC) P onasim (KP2) P.ondcurvest (KP2) Y%error
21.95 140 482.84 482.84 0.00
21.95 145 498.54 498.54 0.00
30.00 150 622.60 622.60 0.00
33.10 155 677.15 677.15 0.00
21.95 160 501.36 501.36 0.00
21.95 150 501.36 507.21 1.17
21.95 155 501.36 508.32 1.39
30.00 155 626.28 623.71 0.41
33.10 160 680.12 670.19 1.46
13197 4.6 wamsiSenifenna P,.., 1INAUAIS curve fitting

T, (C) T,, (°C) P opsim (kPa) P op cunverit (KP2) %error
21.95 140 1,778.46 1,778.46 0.00
21.95 145 1,561.35 1,561.35 0.00
30.00 150 2,295.30 2,295.30 0.00
33.10 155 2,310.82 2,310.82 0.00
21.95 160 1,198.26 1,198.26 0.00
21.95 150 1,398.28 1,389.87 0.60
21.95 155 1,279.40 1,267.63 0.92
30.00 155 1,902.91 2,173.07 14.20

33.10 160 1,991.38 2,241.44 12.56
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a d ) d

4.2 ﬂ133!ﬂ51$ﬁ!ﬂ%ﬂﬂ!‘ﬂﬂ‘u‘ﬂ1ﬂ!ﬂiﬂﬁ?ﬂﬂﬂﬁ
Tudetivzmuia nfFouion uazimszimansugmani Tasmuladunumae
Aa0A01Y 139013 (Levelized cost of electricity, LCOE) 494137119711 RC318 TaafTouma

nusa Ildhwesms lihwaauvsdszmalne (nvln) lawansgda 4.28

LCOE (Baht/kWh)

40
31.3

30 7
. /
10 3.62

. o %

W il RC318

A ~ s
g‘ﬂ‘ﬂ 4.28 L‘lﬁﬂ‘]JW]EJ‘]JWﬁT]NLﬁiBﬁﬁ"IﬁGI?

1037 4.28 aziiuda Trldhiinga Tdmiteazilseuna 31.30 Bahvkwh Falisianiige
aee nvlw. AT I umdsvuasazlszanm 3.6237 v Wiz 15 I iwaa T

Y 1 ~ 9 A ) I o v 2
Ul,ﬂlmﬁlﬂ\ina']ﬂIiﬂWﬂ']‘U']a{lﬂf boiler Al szan 8.45-16.45 4. sautunan 7 GH')TN\‘IWI']HH

cvg'; ya

v v
auiugIte3e ldmnansian ldihieda'ld Tasnarsanndrenmnsoanda I ldaasans

[
=1

SuaIihanaaldazanadldim'ls Taswanmasuiraazuansldaasiln 4.29

QU
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LCOE (Baht/kWh)

40
31.3

20

\Q
N\

9.13

LCOE 7 hours

B LCOE 24 hours

d’ I 1 o o v o
317 4.29 wamsnfFeunen LCOE 55119311901 7 47 Tuan1 24 92119

LCOE (Baht/kWh)

20.00
15.14
15.00

10.00

5.00

4.4180 3.6237

0.00
B3 LCOE 7 hours (Baht/kWh)

B nvlw. (Baht/Unit)

B LCOE 24 hours (Baht/kWh)

= a = o o o
319 4.30 wamsnfseumen LCOE 1n3viaiu 7 92119 24 52104 uag nilw,

13U 429 szmudviie Tse vl wiau 24 2 Twsansaaanmaa vl 1910 31.30 Bahtkwh

1 < T @ { 1 '
11@0 9.13 BahvkWh uavziiundalinimiigeninsiavesms e 3

[

=KX A 1A
YUWNINTUINY

ANUABINT1H boiler 117U 2 AamFouiu iiegawsnansan luih Idedels
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519 4.30 uaaswamsnfSeuneusiamsnan I Taeila boiler 111U 2 dIndou

U

=

i TagNna1sanm s 7 52104 tag 24 2 Tue S eumsususia Iiihves avlw.
<3 T A A Yy 9 Y . o o A o o
ziiudenintsanliiaudesn sy boiler 911U 2 §2 NNV 7 2 Tua 31A7
Tvhalszunae 15.14 Baht/kWh ueitiioi1a1u 24 52104 a1usoaaiia ldduvaeilszunu
4.42 Baht/kWh B3051a1 Indinesnusian Iives nvlw. Riisian Tulihalseuna 3.63 Baht/Unit
9

) Y ay . 9y I 9y .
muuium‘immma@ummﬂ boiler "ll’ENT'NWEJTUWQi]ZﬂiJ‘i/]uW,iJﬁ)iJﬂﬁcl"]f boiler

U 2 AT ouiULazIIUN 24 $2 T34



A
Unn s

unagiuazvoravenus

A a a’dyd ) Y Qg’ Y 9 %’
MU NUTUANEINITHIAINSouNI InHToau lo1useTsane1ua
v Inedoma TuTadgsuisuwaa e Tzl Teenss Tavtidaglsasaiionszidiu
2 y : -
dnemnmslsnuuesnnudeuninnuiledulotihve s Tsanennaive lgnaa v vazdnu

a

s 4 = = 4 a Yy A
WINAgNEN13AIDANIATEIgUIMUIzRge wea msonan Il ldnsiauguugd

U

, ) A A D) g . ) @
!L'ﬁa\‘i‘ﬂj']llﬁf]ullagﬁﬂT]g@']ﬂ']ﬁﬂlﬂaﬂu!lﬂa\?llﬂ Wiﬂh%dﬂW’JﬂlﬂW!ﬁ‘iHﬁMﬂﬁ‘i

51 ayUwaaniae

namssasamseanliiuealsdliihlen s flfanudeunanandedyle
voaTsswennaiiguvigil 140-160°C azammenmavess s iauns wdNTigaimgf 21.9533.10°C
TN IAUAITANAAAATIINAVUIT Golden section method 19 11/510n53 MATLAB 11

M391804 t1az 14 REFPROP 1A 1 auiiaveses iy ssuuannsoiauiannzeoniuy

v
Yo A

uazuendnzeonuUy dunsaajinaladall
511 WansasIvdeunINgnhosveslsuns
Y ~Hq Y o v awv
HAN13A3980UANYNABIvY T sunsui1dlunssiass AuunauIve
1 ~ 9 ~ Y = [ = A 1R
wuwah lannTUsunsulianulndifssiumavesunaru Taslismanuaaianaonlide 2%
(2 g’/ A o dy dyd VA A
aaduTisunsuRwannyumiiiianninyene
512  Wan1s91a09NaN1IZeanIuL (design condition)
{ 4 o J o { a 1
nannzeonuuuillamnualdls I Tee1sdkunguugiiuvas
' v o a J < ' v 0 o
ANFoUIIAY 150°C wazguuglunasn Uiy 30°C Taenadoud15iiaIu 7 a1
wunashaunlamndasldihgegade RC318 Hauminy 6.54 kw uazarsh ldmas T
A =S 1 % =~ 1 Y d‘
599891178 R1234ze DAUNIND 6.3 kW naziffouiisumaununasaaonoiglnsanis
(LCOE) aamua134191u RC318 fisian Tiiviineas 31.30 BahukWh gnnind1siiau
R1234ze N5 Il mineas 32.30 BahvkWh ilenf5suidfisuaiae inwaa lduazsien laih

v Y
Ananduaen RC318 Wuasiiauveslse luiha
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1 4
A v A

A0 NANIZRNUVVYRY RC318 TAdH 6a51m3 Inaganitavesasiam (M)

AL 0.69 kg/s ANNAUTIATBIAILLUY (P, ) (NN 622.6 kPa ANUAUNIATEITEE (P, )

evap

MR 2,295.3 kPa vU1AUAIduaniasuaudeuaTeanIuUY (UA, ) 1IN0 5.28

KW/K viainseduanilasuniuieuiingoassine (UA,,,) 11171 5.66 kW/K @1 Thermal

eva

efficiency (1, ) MDY 8.07%

513  wamsdaesNanizuensenuuy (off-design condition)

a

o @ o = . < o v A A
AINTUNITDDINTWU off-design ﬁlzL‘ﬂumﬁnammﬂimﬂﬂuﬂmmﬂ U YU

G

1 9 o a U <3 = A 1 ]
H¥aIAINIoU (T, ) NU U HUUNAININNIYY (T,) nmitﬂaauuﬂamgﬁlumq 140-160°C

hs

uaz 21.95-33.10°C mua1ay Iaglun1ssiaed 921911 heat exchanger Yo4a13 RC318 71 1@
NANINABINTNIZOOALUD (design condition) Iaedasnan Wi ldnaiminy 6.54 kw

J 4 a 1 2 2 1 a U <
WU ULoguUIuNAInNToU (T,) INNAY LAGUUYNUWEIAWDY (T,)

1w o o Y A dﬂf a 1 9
- A19n31M3 lnavesansihnw (M) deiviumugungiiuvainnuiou
H ' Y . y 0 '
Ay Too pump Aoallsy M 1hauegluga 0.62-0.90 kgs

1 [ d' S d‘ a U Y A 49!
- ANNUAUATOITELNEY (P )umaﬂmmaqmw@jmmaqmwmaummu Tag

evap

pump o951 P, vhamedlusng 1,198-1,778 kPa

evap

- MaANuAuATeAILLUY (P, ) iasuuilasies Tag pump AesdSuly p

con cond

MUy U149 483-501 kPa
oA a 1 9 ~ 1 a 1 < A da!
HAZWUINLOQUUNNUHAINNINTOU (T,) AN LAGUNUNNUHAIANIEY (T,,) NN
" v o Q A a 1 < A dg!
- A19n31113 Inavesansrham (M) anauiioguuginrainudumuiy
Tag pump do95u M haueglugie 0.75-0.84 ke/s

1 @ A = A dg! [ a [ <3 ~
- AANUAULIATOITELNY (P,,,) NAUNUYUATUAIYUUHUUWAIANUIEGUN

evap
i Tag pump ATV P, vhameg e 1,279-2,311 kPa

1 Y A ] A A X A a 1 < A 2
- ANNUAUATOIAIVLUU (P d) HANWUUU LIDRUNYUUTAIN TG UNNUVY

con

Tao pump doel5ul# P, ¥191m0glu%29 501-677 kPa

cond
Y A FY o o
- Tdaunsnlglumsiuensmauues pump
514 MIANNUMAATHFNAAS
INMTIMUIUAUNUINAIABDAD1G INTINTT (Levelized cost of electricity,
! o = % dy
LCOE) W11 @15911911 RC318 15101 Tlihaail

- e i Taels boiler 1491 1672 v 795 Taadi en T alszanas 3130 BahtkWh
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- iwonasanliuaa Wi TIasld boiler 311U 1 62 191U 24 $2 1T 1A
Tlihanaunaeiszana 9.13 Baht/kWh
A a Yy 9 . o ( A A o Y . ° @
- Hon1511435m15 1% boiler 91171 2 @2 WioReun UM ¥ boiler 14U 1 62
ti' o 1 [ o A
Araninuminy 7 ¥ Tu9 a1wsoansian w1910 31.30 BahvkWh tvaeiszauial 15.14
Baht/kWh
A a Y Y . o o A A [ Y . o @
- Won151 191315 1% boiler 911U 2 @2 iBtReUN UM ¥ boiler U 1 62
AR 24 32 T8 ansaaas i 1910 9.13 BahvkWh maoilseinal 4.42 BahtkWh

=2~ Y @
s lnamesnues AN

Y
5.2 YlaHaLUUY
= o @ o d‘ Y d%’ [
1) Tumsweullsunsusiass arsaaaualslumsaiurasne IMevuaenis
1099

H ] Y
2)  msdenldunasnnuiounloungiguielinaa Tvldh Idunau
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A
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Parameter R245fa | Neopentane | R114 R124 Perfluoropentane | R1234ze | RC318
M (%) 8.69 8.69 8.66 8.92 8.00 7.81 8.07
& (%) 58.87 | 58.66 58.31 | 58.53 |53.40 51.72 | 50.80
& (%) 29.37 | 29.72 30.01 3220 |3254 3542 | 35.15
Whet (KW) 5.22 5.29 5.33 5.73 5.79 6.30 6.54
Qin (KW) 60.11 | 60.82 61.64 |64.23 |72.39 80.69 |81.11
Qout (KW) 54.89 | 55.53 56.30 | 58.50 | 66.60 7438 | 7457
m, (kg/s) 029 |017 043 044 | 057 0.57 0.69
Pevap (kPa) 1215.18 | 1117.45 1421.04 | 2798.94 | 815.19 3541.11 | 2295.3(
Pcond (KPa) 334.52 | 342.69 43462 | 771.72 |185.91 998.37 | 622.60
V 3.97 3.65 3.75 4.83 5.26 5.78 5.61
UAcond (W/K) | 3911.36 | 3876.20 3962.94 | 4103.48 | 4482.98 5139.06 | 5283.2¢
UAevap (W/K) | 2606.47 | 2714.17 2790.62 | 3487.07.| 3808.19 5914.96 | 5661.4¢
I(_é?t?kwm 39.00 |38.73 38.07 |35.22 |36.16 3231 |31.30
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ABSTRACT:

Crganic Rankine cycles (ORC) can be used for the conversion of heat to generate
power. This study proposes a thermodynamics optimization of a subcritical
Organic Rankine Cyele (ORC) and the golden section method was used to search
Jor an oplimum operating condition that provides a maximum net work oufput
Jor the prescribed heal source temperature (Tigy), cooling fluid temperature
(Terw), mass flow rate of heat source, (iy,).Generally, the heat source and heat
sink temperatures are assumed to be constant in the theoretical analyses of ORC
power plants. However, they fluctuate in real practice. Then this study also
disscuss the off-design simulations. The exhaust gas from a boiler of Suranaree
University of Technology Hospital (SUTH) is used as a heat source with the
temperatures in the range of 140 - 160°C. Alsa, the heat sink lemperatures
simulated are based on the weather of Nakhon Ratchasima Provinece, Thailand.
The maximum net power oulput, thermal efficiency, exergy efficiency was 5.23
kW, 0.21% and 29.37%, respectively. Levelized cost of energy (LCOL) of this
study was 8.2 Baht/kh,

Keywords: Organic rankine cycle, R245fa, Off design, Waste heat recovery,
LCOE

1. INTRODUCTION

Suranarce University of Technology Hospital (SUTH) is located in Nakhon Ratchasima Province of Thailand. In
each department of SUTH have to keep clean by hot such as Disinfection of patient kits, Disinfection of various
surgical equipment and Sterilization of food containers for patients. The heat that is used comes from the boiler that
burns the fuel of the engine. Which the combustion will produce more exhaust and leave to the atmosphere which is
waste heat.

Each exhaust or heat can recover, such as using hot air to bake the product to warm or expel moisture before entering
the oven. Exhaust from the engine or exhaust from the boiler to produce hot air or produce low pressure steam. At
present, there are technologies that can be used to low temperature heat to generate electricity. One technology that
has received widely attention is the Organic Rankine Cycle (ORC) technology.

Organic Rankine cycle (ORC) can convert proficiently low temperature thermal energy into electricity and has been
respected as a technology to recover the waste heat, resulting in obvious improvement of the energy utilization

i
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efficiency. Moreover, ORC has a compact structure and needs less of maintenance work, while the difference thing
between ORC and the traditional Rankine cycle is that the working fluid of water is replaced with organic fluids.
These features make the ORC technology very outstanding in current and many researchers are already performed to
consider the feasibility, performance and optimization of the ORC plant [1].

The ORC power plant operates in the same way as a steam power plant, which generates electricity from the expander.
The expander will drive the generator. The steam that leaves the expander enters the condenser. The steam is rejected
and condensed to liquid. And then the liquid is sent back to the evaporator by pump to receive heat until it becomes
a vapor to continue expander. The difference between the ORC power plant and the steam power plant. The ORC
power plant uses organic substances instead of water, which has a lower boiling point than water, allowing the use of
heat sources with low temperatures.

Extensive varieties of studies have been conducted, including in solar energy utilization Delgado-torres and Garcia-
rodriguez [2] analysis of the low-temperature solar ORC is carried out. The higest temperatures of the solar cycle
raise to 150 °C are considered using four different solar collector designs. Kosmadakis et al. [3] use solar with ORC,
it is called two-stage RO solar Rankine system. It was found the Rankine cycle with the RO system is connected to a
steady heat source, the specific cost is severely reduced to 1.06 V/m? from 6.85 V/m3. Wang et al.[4] propose a low-
temperature solar Rankine system utilizing R245fa refrigerant is proposed and an experimental model is designed,
built and tested. An average power output of shaft is 1.64 kW. The efficiency of the overall power generation
estimated is 4.2%.

Application in geothermal system Kanoglu [5] used an exergy analysis to analyze performance on a 12.4 MW the
Stillwater binary geothermal power plant constitutive in Northern Nevada, USA. The plant exergetic efficiency is
determined to be 29.1% depend on the exergy of the geothermal fluid at the vaporizer inlet. Liu et al. [6] optimize
the heat sink temperature rise as well as the evaporation and condensation pressures of different mole fractions of
R600a/R601a mixtures to generate the maximum net power output for geothermal temperatures of 110 °C, 130 °C
and 150 °C and heat sink temperatures not lower than 70 °C. The results show that the geothermal ORC maximizes
the net power using R600a/R601a with R600a mole fractions from 0.7 to 0.9. The systems using R600a/R601
mixtures generate 11%, 7% and 4% more power than that using pure R600a for each inlet temperatures.

And application in waste heat recovery, Zhao et al. [7] investigated the steady and transient performance of a diesel
engine with and without an ORC system. R245fa is the working fluid. The mass flow rate of exhaust gas is 0.1999
kg/s and temperature at the evaporator inlet is 626 K at the system design point. The mass flow rate of ORC working
fluid and the evaporation pressure are defined to be 0.265 kg/s and 0.9 MPa. The temperature and mass flow rate of
the heat sink at the condenser inlet are 333.15 K and 3.2 kg/s. The simulation results show that the maximum net
output power of the diesel engine integrated with the ORC system increase to 4.13 kW. Dual with ORC has raised
the thermal efficiency of engine by 0.66% and decreased the engine brake specific fuel consumption (BSFC) by 3.61
g/(kWh). Parimal et al. [8] studied an ORC system operating on the exhaust gases of a truck diesel engine. The results
confirm that a system with optimal components should be able to obtain a 15% fuel economy improvement over the
duty cycle. Zhang et al. [9] investigated the influence of torque of single-screw expander on the ORC performance
used in waste heat recovery is gained for various conditions of diesel engine and the effects on performance indexes
of single-screw expander and thermal conversion efficiency. The highest power output are 10.38 kW and efficiency
of shaft is 57.88% are gotten at 1538 rpm. The highest volume efficiency, efficiency of adiabatic and expansion ratio
of expander are 90.73%, 73.25% and 4.6, respectively. The greatest ORC efficiency is 6.48%, which is obtained at
250 kKW diesel power output and the torque of single-screw expander is 64.43 Nm. Larjola [10] use basic properties
of high-speed ORC (HS-ORC) for three various heat source: hot water, exhaust gas of a gas turbine and combustion
gases of solid fuel. Total efficiency means, percent of the heat source can be converted to electric power. The
temperature each heat source 1s 425°C for HS-ORC 500 kW and 1500 kKW have total efficiency 17%.

Moreover, Sung et al. [11] have designed and constructed a 200-kW ORC system. Manente et al. [12] have designed
and compared the pressure layout couple with the single pressure in the utilization of a geothermal heat source in the
temperature range 100-200 °C. Chagnon-Lessard et al. [13] simulated numerically and then optimized ORC with
consider to brine inlet temperature and condenser temperature. Vivian et al. [14] designed optimizations of four ORC
configurations, operating with 27 working fluids and recovering heat sources in range 120-180 °C. Pan and Wang
[15]. Wei et al. [16], Astolfi et al. [17] and Wang et al. [18] analyzed and optimized on ORC net power output. All

Transactions of the TSME: TRAME 2020, Volume 8(1) 49

80



of the authors that designed and optirnized the net work output. They input parameter, but do not show the method
that optimized

From the previous research, the waste heat was recovered from several sources of but never used waste heat from the
boiler. And the above mentioned references about designing and optimization provide few guidelines to design an
OR.C plant providing maximal net work output, they have already fixed or assumed some parameter, but do not search
to match with a heat source and heat sink, was shown in [11-18].

Then, this study propose a thermodynamics optimization of a subcritical Organic Rankine Cycle (ORC) and the
golden section method was used to search for an optitnum operating condition that provides a maximurm net work
output for the prescribed heat source temperature (T, cooling fluid temperature (T egiw), mass flow rate of heat
source, (my,) and pinch point ternperature differences will be shown in Section 4.2, And studying the operation of
the systemn when the systemn is not operating at parameters designed (off-design). Such as the heat source temperature
and the heat sink temperature is fluctuated, as shown in Section 4.4. A MATLAB code was developed and used in
this simulation. The exhaust gas from the boiler in Suranaree University of Technology Hospital (2UTH) as a heat
source to study the simulation of electricity production by the ORC power plant. R.245fa is used as the working fluid

And Levelized Cost of Energy (LCOE) 15 analyzed

2. THEORY

The OE.C cycle consists of 4 main components, namely a refrigerant pump, evaporator, expander and condenser, as
shown in Fig. 1. The T-s diagram of the organic Rankine cycle is shown in Fig. 2

&

Evaporator

O /)

Punp Expandef  Generator

Condenser
Fig. 1. Schematic diagram of the ORC system.

T ()

s (kJikg-K)
Fig. 2. T-s diagram.
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InFig.2, the saturated-liquid working fluid (point 1) is pumped to evaporator (point 2). It is heated in the evaporator
at constant pressure until it becomes a saturated vapor (point 3) and then it is expanded in the expander. After the
expansion (point 4), the working fluid is cooled in the condenser at constant pressure until becomes a saturated liquid
[19].

The performance of the ORC system can be computed as follows:

The power of the ORC pump is given as follow:

W, = 1(h, — ;) = 22t (M
My
The energy governing equation of the evaporator is given as follow:
Qevap = (s — hy) @
The power output of the expander is given as follow:
W, = m(hs — hy) = hlhs — by 3
The energy governing equation of the condenser is given as follow:
Deona = mlhy — hy) C)]
The net work output of the ORC system is given as follow:
meeft = Wt - M/p (5)
The thermal efficiency of ORC is given follow:
W, — W,
Nep = ——— (©)
o Qevap
Levelized Cost of Energy (LCOE) [20] is given as follow:
™ PEC
nv + Z c
1 T
LCOE = nt—:l(m %)

Z Wertop
G

3.METHODOLOGY

This study thermodynamically designed the operating parameters of an ORC power plant. A MATLAB code was
developed to model the processes that described in Section 2. The golden search method was used to optimally match
the evaporation and condensation pressure to the heat source and heat sink inlet temperature. The working fluid mass
flow rate, evaporation pressure, and condensation pressure were varied to search for the maximum net power output.
The exhaust gas of the boilers of SUTH was used as the heat source of the cycle. R245fa was selected as the working
fluid. The working fluid properties were determined using NIST REFPROP.

Several studies designed the ORC power plant with the objective of maximizing the cycle efficiency. Maximum
efficiency can be interpreted as that maximum output is obtain while minimum mnput is provided. On the other hand,
this study aimed to maximize the net power output, instead of the cycle efficiency. As the heat source of this study is
waste heat, the extraction of heat from the heat source to produce power output as much as possible is the objective
of this study.
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3.1 Parameters of system

The actual operation of a boiler, it was found that the exhaust gas temperature fluctuating in the real operation of the
boiler of SUTH in the range of 140-160 °C, and in addition, the ambience temperature changes throughout the year.
The ambience temperature is a mean temperature of Nakhon Ratchasima Province winter (January), summer (April),
and ramy (September) season. Other variables are defined as follows.

Temperature of heat source, Theim= 140, 150, 160°C

Mass flow rate of heat source, 7t = 0.9198 kg/s

Temperature of heat sink, Tegin = 21.91, 30, 33.1 °C

Mass flow rate of heat sink, rigp = 1 kg/s

Isentropic efficiency of pump, Mg = 0.75 and turbine, na = 0.8 [21]

3.2 Levelized Cost of Energy, LCOE

Energy cost analysis of electricity production is calculated as follows.
- Maintenance cost, Zom = 5% of ORC price

Life time, n = 20 years

Operation time, top = 19h/day and work 365 day/year

The discount rate, r = 7.12%

Operating cost, Zep = 15,000 Baht/month for 1 person

Investment cost, Inv = equipment (pump condenser, evaporator, generator, storage tank)
Flow cha:‘l of mathematical simulation of ORC is illustrated in Fig. 3.

Input: Tef, in, Ty, ;5 my,
pump and expender
isentropte effiency,

Guess: Pg,
Poap

Caleulate: hl,

h2, h3, ha W = maximum

Fig. 3. Schematic of organic Rankine cycle process.
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4. RESULTS AND DISCUSSION

This section is devided to 3 sections. In section 4.1 is validation, section 4.2 indicate that the code ability to search
the net work output that more than reference. And section 4.3 simulation of SUTH in design condition and off-design
operation.

4.1 Validation of program

The developed program for the parametric simulation of ORC was validated with article [22] are presented in
Table 1.

Table 1: Results of validation.

Input

Working fluid Cyclopentane

Nep 065

MNsr 0.85

Waet (MW) 1

Py (kPa) 288.8

P; (kPa) 3342

Ts () 553.15

T7 (K) 335.15

Che (kW/K) 40.08

Cea (kW/K) 349.66

Output 22] Present work Yerror
T1 (K) 358.15 358.35 0.056
T2 (K) 380.27 379.99 0.074
T3 (K) 489 489.19 0.039
T4 (K) 396.41 396.03 0.096
Taa (K) 370.63 370.75 0.032
Te (K) 408.7 407.12 0.387
Ts (K) 348.85 349.03 0.052
Qss (kW) 5790 5853 1.088
Qs (kW) 4790 4853 1.315
Mene 0.1727 0.1709 1.042

According Table 1 shows the results of the comparison of the accuracy of the program with the research article, where
available data is inputted to the program at the beginning and output is the result of the program compared to the
article. It was found that the results from the program were close to the article, with less than 2% error. Therefore,
this developed program is reliable and will be used in various simulations.

4.2 Ability of algorithm for performance enhancement

It was found that several studies examined the ORC performance by specifying some certain values of operating
parameters, especially the evaporation and condensation pressure. Some studies optimized the ORC performance by
searching for the working fluid mass flow rate that provides the maximum net power or maximum efficiency. On the
other hand, as specified in Section 3, the present algorithm searches for the mass flow rate, evaporation, and
condensation pressure that provides the maximum net power output with a certain pinch point temperature (highest
temperature difference) at the evaporator and condenser. It was believed that this can thermally match the operating
parameters with the heat source and heat sink.

To prove that the algorithm can increase the plant performance, a comparison was made. The heat source temperature
(Thtin) and heat sink temperature (Tegin) from a study of Sung et al. [11] were used as the mput of the present algorithm
to allow it to design the operating parameters of an ORC plant (e.g. mass flow rate, evaporation and condensation
pressure, UA of heat exchangers). The net work output and efficiency from the algorithm were compared with those
of Sung et al. as indicated in Table 2.
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Table 2: Searching results between the present work and reference.

Input Sunget al. [11]
Thsin (°C) 1226
Trl‘,in (QC) 253
s (kg/s) 17.2
Output [11] Present
Wae (kW) 105.8 31742
efficiency 8.6 8.42

According to Table 2, the net power output of the present study is about 3 times of Sung et al. while the efficiencies
are at the same order of magnitude. This could be ensure that the present algorithm can design the operating conditions
that increase the plant power output.

4.3 Thermodynamic design at normal operation condition

In the simulation to find the maximum net work. The design values is required that temperature of heat source, Thjn
=150°C and temperature of heat sink, Tera = 30 “C. The results show in Fig. 4. Figure 4 shows the net work output
increased with increasing mass flow rate and there is the maximum net work output is about 5,225 W with mass flow
rate is 0.29 kg/s.

6000
5000

£
2

3000
2000

Net work (W)

1000
0 S
0 0.1 0.2 0.3 0.4
Mass flow rate of working fluid(kg/s)
Fig. 4. Mass flow rate of working fluid versus net work.

4.4 The influence of the heat source and heat sink

The exhaust gas from a boiler of SUTH is used as a heat source with the temperatures in the range of 140 - 160°C.
Also, the heat sink temperatures simulated are in the range of 21.95 — 33.1°C. The size of condenser and evaporator
are fixed as the same value in Table 3. The simulation system will change the value of condensation pressure and
evaporation pressure to generate the net work output constant as shown in Figs. 5, 6 respectively,

Table 3: Mass flow rate that net work is maximum.

Description Value
1y, r(kg/s) 0.29
Woe(W) 5.225

1 (%) 8.69

£ (%) 58.87

& (%) 29.37
UBona (W/C) 3911.36
Ueap(WI°C) 2606.47
Vivd 397
Peona(kPa) 334.52
Pevap(kPa) 1215.18
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Fig. 5. Condenser pressure of heat source and heat sink is fluctuated.
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Figure 5. shows the condensation pressure increased with increasing heat sink temperature because UA of heat source
is fixed. Then, to generate the net work output constant, condensation pressure has to increase.

Figure 6. shows the evaporation pressure increased with increasing heat sink temperature same the condensation
pressure. Because UA of heat source is fixed and condensation pressure increase. The enthalpy at evaporator has to
increase before enter to expander to generate the net work output constant.

4.5 Levelized Cost of Energy, LCOE

The result of evaluating energy potential by developing mathematical models of the ORC is show in Table 4.

The results of the unit cost analysis of electricity generation using the organic Rankine cycle show in Table 4. The
analysis shows that the project cost is 268,000 Baht, which is calculated as the cost of per unit of electricity is equal

to 8.2 Baht / kWh. Since the current electricity in Thailand is about 4 baht per unit, it shows that it is not worth the
cost. Therefore should be looking for other methods of optimization.
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Table 4: Results of unit cost analysis of electricity generation.

Description Value Unit
Capacity of ORC 522 kW
Maintenance cost 5% of ORC price (ZOM) 13217.22 Baht/year
Operation time (tOF) 6,935 h/year
Cost of operation (ZOP) 180,000 Baht/year
Discount rate (r) 7.12 %

Life time of ORC (n) 20 year
Investment cost (Inv) 268,000 Baht
Electricity production cost (PEC = ZOP+ ZOM) 193,217 Baht
Levelized of electricity cost (I.LCOE) 8.2 BahtkWh

5. CONCLUSION

In this study, interested in recovery exhaust gas from the boiler in Suranaree University of Technology Hospital
(SUTH) as a heat source to study the simulation of electricity production by the ORC power plant of R245fa working
fluid to obtain maximum power. And this study propose a thermodynamics optimization of a subcritical Organic
Rankine Cycle (ORC) and the golden section method was used to search for an optimum operating condition that
provides a maximum net work output for the prescribed heat source temperature (Thein), cooling fluid temperature
(Tetin), mass flow rate of heat source, () and pinch point temperature differences. The net work output, thermal
efficiency, exergy and LCOE have been investigated. Based on the present analysis, the results are concluded:

* The cooling fluid temperature (T o) 1s equal to 30°C and heat source temperature (Thein) is equal to 150 °C,
which are the design condition. The maximum net work output is equal to 5.23 kW.
The thermal efficiency and exergy are 9.21% and 29.37%, respectively.
The condensation pressure and the evaporation pressure increase with increasing heat sink temperature.
The project cost 1s 268,000 Baht.
Levelized cost of energy (LCOE) is 8.2 Baht/kWh.
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ABBREVIATIONS AND SYMBOLS

Symbols Meaning

Inv Investment cost (Baht)

LCOE Levelized cost of electricity (Baht/kWh)
n Life time of ORC

ORC Organic Rankine cycle (kW)

top Operating time (day/year)

T Discount rate (%)

PEC Production electricity cost (Baht/year)
Zop Operating cost (Baht)

Zom Maintenance cost (Baht)

Zpipping Pipping cost (Baht)

T Temperature (°C)

P Pressure (kPa)

W Work (kW)

h Enthalpy (kI/kg)

s Entropy (kl’kg)

m Mass flow rate (kg/s)

u Overall heat transfer coefficient (W/m?K)
A Area (m?)

Q Heat rate (kJ/kg)
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n Efficiency (%)

£ total exergy efficiency
jary exergy efficiency for power production
Subscript Meaning

s Isentropic

P Pump

c Condenser

t Turbine

E Expander

Th Thermal

PP Pinch point

In Inlet

n Net

max Masximum

wf Working fluid

evap Evaporator
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Abstract

The organic Rankine cycle (QRC) power plant is a promising technology that can generate
electricity from waste heat. In this stucly, the feasibility of generating electricity from waste heat of a
hospital boiler was conducted. The temperature range of waste heat between 90 - 163°C wes
examined. Rzd5fa, R32, Butane, Cyclopentane, Propane, R1234ze, and R1234yf were examined as &
waorking fluld of the power plant. A corputational code was developed and validated with a result
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found that the predictions of specifying  PPTD provide & significant %errar compared with those of
the effectiveness-NTU method. It was also found that the electricity of 60-140 W can be generated by
using R32 as the working fluid, depending on the temperature of the heat source. The corresponding
efficiency of the cycle is 10.51%.
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WASTE HEAT RECOVERY FROM HOSPITAL WITH ORC POWER PLANT
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Abstract

Thi= study evalustes the feasibility of using an ORC power plant to generate
elegtricity from wasle heat from a boiler of Suranares University of Technology Hospital
(SUTH), The exheust gas at 126.5°C from the bailer are used as the heat source of the
power plant. The studied working fluids sre R245fs, R1234ze, R124, and R114. A MATLAB
code wae developed to sesarch for the cptimal conditions to cbtain & maximum nat werk for
each working fluid. The working fiuid properties were taken from MNIST REFPROP. It wes
found that the powes plant with R12342e as ite working fluid generated the highest net work
output. The corresponding culput was 2,840.7 KW and the cycle efficiency was 7.1%.
Keywords: subcritical ORG, waste hest recovery, performance optimization, degree of
supsrheat
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53 =1{T3, P3}

Turbine ¥
T:=T:+ Effectiveness NTU
Tsuperheat find QE‘,
hs=f{Ts, Ps} NTU = UA/Cuin

£ = l-exp(-NTU)

b

Heat and Work

Qe =& Quux
mwr= Qe /(h3 —h2)
Wp=mwr{(h2 —hl)

Wue = (h3- hd)
Woet = (WTur'ﬂGm) —-Wp
Tha= Waa/ Qe

End

Input
Working fluid Cyclopantane
T?SP 155
WST it
et (M 1
P4 (kPaY 288 8
P3 (kPa} 3342
T5 () 55315
T7 (K 33515
Che (KW 40,08
Cea (KWK M08

Present

Dutput [11] program Sherror
T1 () 358.15 358.35 0.055
T2a (1K 38027 37999 0074
T3 () 489 489.19 0.039
T4 (i) 394.41 385.03 095
T4a (K4 37083 37075 0.032
T6 () 4087 40712 .387
TR (i) 348.85 34003 0.052
Q56 (ki) 5790 5853 1.088
378 (ki) 4790 4853 13185
qgﬁl 01727 0.1709 1.042
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70 8 rvluasssadiniudasnng i, fu W, o5
fhawR114
AINNIFII88an 15U mass flow rate was degres of
superheat Wiawgnfi Id W, gegneingufl 2.6 Anvasuasnvosd
q&ﬁs‘i W G300 'ﬁa\.l‘ﬁ 3 @37ha0H R24503 71 degree of superheat
Ald Wi goanfia a°C mandan 2, 1, 4 uat 5°C udmsdaag
WARIHINGIaY heat exchanger a4 degree of super heat Wiy 3°C
9:duwalnnindy degree of superheat winfy 2°C dau degres of
superheat 1Ay 1°C 9 nuRezdaUuIA Intemal heat exchangsr
{Uaye ) fimny iWummehanmnddasmahnudew uibine d
vl @it aFantn degret afsuperheat tiniu 2°C il
design
it @ e degres of superheat windy 6°G e
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il 8°C il design #9ul degres of superheat wanniL
axildaiimues heat exchanger duwalng

TIngil 5 i degree of superheat L1l 6°C fid Wy
gage dmil degree of superheat AL 1-5°C A1 UAye 9zfinL
wzgmnifauidh wrbine a3 adludilimanzaulu
™ design Tzasiindandan degree of superheat Ll 6°C
il design @il degree of superheat snnnilazibian
a4 heat exchanger frwialwe

93Ul 6 7l degree of superheat Y 1°C fié W,y
ge@n @Y degree of superheat 1Y 2.5°C AR
wiauraduninil heat exchanger 7l ln iiiniie ns1zaziinda
\Ran degree of superheat 1117l 1°C e design

andldndudduliifondt degree of superheat
AL W gaga axiidn ri:m, #rafin Prufadianreaud
condenser pump 9191984 heat exchanger a1y nagylans
m‘l'uﬂ 2
@137197 2 anseiuiineavesan e R245fa, R1234ze,
R124, R114 fifieh W,,, anniian

Working

fluid R24sfa  R1234ze  R124 R114
Degree of

superheat 2 8 6 1
1, (kgls) 022 024 030 0.30
W, (kW) 2B2BB3 294066 288002 286910
efficiency 6.465 7149 6373 7.052
UA__ (WIK) 296972 272334 304173 272787
UA, (WIK) 200302 221457 226074 204749

UA, (WIK) 2220 19.39 2847 76.38
X 2045 1055 1.041 1025
P, (kPa) 33344 07264 75557 43481
P, (kPa) B23BE 248175 166998 106433
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inmadan lddnemah of-design Waanmaime
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\‘fwaﬂwwu1mat§m’lmulmﬁw"agam'[ﬂsumu TRANSYS
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A1 3 ATeANMEIMAYasIIn IAkATIIEAN

Time Temperature (°C)
January  Aprii September
9.00 2185 2845 2455
10.00 2455 2865 25.90
11.00 2685 2885 27.50
12.00 2885 2845 2925
13.00 3080 2980 30.85
14.00 3185 2980 3220
15.00 3280 2995 3310
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Mass flow rate of cooling (kg/s)
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R124
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P PR o X
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fanmarwdoy fidamaslinsiomanudauiyssdaiyd
st Wanndiwi

Vingft 7 fisvsrinem Reaste Weftasuamailuin
iy 2828.83 kw seuudanliy iz, Wagluin 18- 28
ka's

Vg 8 fisravinam R1234ze tafnendniditah
Yl 2040.65 kw TeuudpaUtiy i, Wagluts 1.98 - 1.5
ka's

ﬂniﬂﬁ 9 fimrmi R124 Wiefivckdatasiiihla
uiniy 288002 kW seuudasiy s Waglugae 45 - 105
ka's

I 10 Aemiau R114 Wloftazudaiags Tuih
Teitvinri 2e69.10 kW szuudadsy it Weglugng 1.6-28
kals

aeiiulidmainem Ri24 daslsy nt, mn‘ﬁqmﬂa
amwamaadouly

5. ayUkaNTive

swidvianlataloduanadalailalsaneauaiiy
wnasnudouAsdnedresinandaliidaelaalii: ore vee
w1t R245f, R1234ze, R124 was R114 W8leias ndgoga
uasANEINTIMIMIBY coaling fluid asawamaluasd tRals
suufmnsasdaldildawidains Tauld3t effectveness-
NTU method WU31811%17974 R245fa, R1234ze, R124 ua: R114
wwnsnnia i ldmdiganaiia 2,628.83 2,940.66 2,880.02 uaz
2,869.10 KW A Wiy uasdssintawiBaanufawsiiny 6.4,
7.1495, 6.373 un: 7.052 wWafldud

viloraa W ld@igan i design lasarwainanli
Aafl v R24STa Foatli it il 1.6 - 2.8 kgls L
R1234ze do1Udy md WAL 1,38 — 1.5 kgls T4 R124 daa
JFY At AL 45 - 10.5 kgls 51394 R114 daaldy s,

winl 1.6 - 2.8 kgls
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