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1.5l8

[ RN TS b A ORI B AR 7 [ AT REIRYE 2 ], HH Tl AT R R T
i G 4 ESARBETRTH = 1 65% /4, AT RERE R I EEAN e —. Tolkis
TR A RERI, i REART (KT 300 °C) A 5 Ll s HT
RIRRAIREMR. PSR, &R T " EHARERIR . RERAKHERA
ML EEERGEZ —, BARENAET Mt [1,2], AV EIER
(Organic Rankine Cycle, ORC) fESLHUKIR R AR B FFRIZ M.

PEEARIR AR PO A 2 G5 i AU 40 0 OGS AE T iR O R LR i . A

BIER TR m R PR, TREIERE, e ERAW AT & Esk
BRBIIER. BEETTERARITRN, BT RIS, B (FRAUR
BOE) FINFMEIER N, BUH TSR &% HCFC. HCFCs Al CFCs 55
TRHIRIAH [3]e ORC TJ5 oL & 22 [G B ME . 2tk RAREME. 3
G YESERI R (4], BRAh, BB T2 YRR B, ATBRTESR AL
% [5,6]. [FIFS, VEFEREJERE(E (Ozone Depletion Potential, ODP) . 4BRAF
BEV&RE{E (Global Warming Potential, GWP) /& T Jfi i /N B E e br. R
ez Abh, Vr 2 5T i A B r A it 28 AR AN [RDGE 5 ) YR SR A 3 AT X
70 [7,8]e XTRIG, MWAHLEA R AR, KEWEEMARAE RIS
SRR EY) . XTI, ML 2 IERR, TR KSRE £
AR [9,10]. BAJLPEEMMZR RN “E07 T, thib—L8g
MRISHRE L ) Atk B R, b BE R A T 0 DB AR B R A
ORC A [11,12]. TR HIHARI S0 B aniim SR . ARG 7 T &
4R BEASAKEEMEEE ORC WiRFEHEII. ORC HCR AR A

1



TEEREIRERZ 5HEOR 2024, 2(2), 106

PR E 2 M BA—ERR [13-15]. LAAFFT 32 B0 i 72 00 RO (1) 15 14 i
it PERE. ORC AR BILLEGEAT TRifE, HT LRMFEZ, AndusE
A%, WK T TRURIEMERE, 5 0k PR A P R B S VA AR IE

BEAE T4 0B AR ER, B FIFHEAR. 2 FBEREARKAB K E,
Tl KRB L5 IO S5 A AL 3 43 At 7 925 B0 BB 1 G 328 T R A A A AR R
Ingman®¥ [16RHE TSI EM AL WE RN DT RS, BRI FRRA; H
E T EZ K1 (Density Functional Theory, DFT) X+ /N1
THER A GBS 7 AN F I E RN . Bogojeski®s [17]3@ i FI HHLAS
2%>] (Machine Learning, ML) I HDFTHE#MEKGER, nLIEEE L
THELRIRSEE . Needham5 [18]25R I & 7L 22 1H 5 )2 FIHFO-1234y i) 5)) /)
ESHAMBPAFNET, S HTHFO-1234y 5 TS E 1 550 T IR TR &A%
R R T S PR AL R S

1E PR e B b, ARSCERRTORCH s i i 7 A e it 7, a4 &
TS TR S, MHOU R BE 7R TR 5/ R HOWALER, vl T )
B RE A I PR A B B I EIR SCEEA  W E F

2. HEAE

2.1. I HE

DA 95 3% B 10 AR B e il R PR A R A T L =28, o mlA+
TR W TR IR ARMITRE T-S th i 1 fon, dEeE, 4
2R AE IR R AL bR T R HIE LR ED T-S #iZk (dT/dS) IRt KT 0 N F T
Fi: 24 T-S LR RER/NT 0 IR T, BRI fE & AR
WIREY): ML EAE LT3 E WA 2R ED T-S BRI RET 0 )y “4%
f57 T, WFFRRIT TR R TR & ST ORC R4t.

TRHEIT. 8. HHETAERFES NN FREIRMEE K. B
AL TR R RE M, TR TS AR AR . TR ER S
iAo, Hars T LhsE A o 208 2 [19], 1HEA W T Fios:

M=&ﬂ—@gdP (1)
T aT/p
BRAES A Treps Prep NI AS=0, MW7

_ TrefiPH a_V p Th,PH &d %

5= J (m) P+J T, @

Trefvpref P TrefvPH
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Figure 1. Different types of temperature entropy curves of working fluids.

ds ¢ d(AH AH
Rt ®
dTy Ty d(T?) T2

RFAHy Ty Py INZERKS . BRIBE . 2BKRIES [20]. PR A&S AT

_ AN : ii — A
1 [21], AHy; = AHp;; (1 TTHL) s HHT, = R Ty = RN H 38R
1-Trhi; Tc Tc
IRATE, AHuRIAH 7 BIR SORSRIRS U0 LI . 538 = 200
n- TTH
£ = T_P — +§ AH, “
H H

XHEnAE R, —M~ 03758 0.38.

ZAYES FR TR ERE R R B BIE>0, TR, €<
0, NEBELE, £€=0, NEMIHE. #i ELARHHRSFERERR, BTy
AR TCAHAZ S,

Cp
dS =—-dT ®)
& _ (5_5) (©)
T~ \aT/
& _T (6_5) )
R~ R\aT/p

A BT 48 B 5 I S A AR DR B T SR, X B ) AU R
20 °C.

BT TR 5 B LE A AR AE 22 e, I B 10T R134a RFEAE TR, & SO
FLER AR SIS A € A7 (Reduced ideal gas heat Capacity Factor, RCF) K=
TR
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®)

A, wiRRIZ SR ORC RGHM TR, reffRIMZZH M 1% R134a, il
i+ﬁﬁf%u(%)R134a =11, )ﬂJJEHEf

ig
3 )

RCF = wf
11

MRCF >1, AT, M¥RCF <1, NG LR, ¥RCF =0, N/ LT
JRo ST LR, NG R R T B LA R vy, S X b W v e DA
B fe R ) T LT VR AR A o

HAl NIST s e ih a8 17 R/ TR AR ARG, X T b S 1
TJF R H Joback #& [ SRk i A TS5 [21]. HEARIT:

ENkchk —37.93|+ Z NiCppy + 0.21
k k

/N
wﬁ
N———

Y = T

T2 (10)

+ Z NiCpex — 0.000391
k

+ z NiCppi — 2.06 X 1077
k

KA BN RIEE K B, Cur o Coer Coof k ANE THRIEHNN
TR

22. B TSR

=715 (Quantum Chemistry, QC) & —FH FMBERTE T %Mk
RN T . E R U TS T AR AR e M, TE BRSO R TR R )
SIBTANTI R T VR A [22,23]0 SRR HART 0 AT Co-3THD A5 AH BLAE A
GIMT RO IE TR AT 704, H AROW A BE 8 TR R e FINLEE . o3 T2 18
AT o B E AR, TTLL NEEE (Hydrogen Bond, HB) o-ill
AR S o-50 T, TRLAH LT AU [24):
ni(o) Ai(o)

pilo)=——=—r (11)
4

. (12)
Ai=acy ) (@) (13)

nHB nHB
priB (g) = 1 n'(U) _ A A.(U) (14)

HB HB

pLHB(U) _ n;” (o) _ Ay (o) (15)

n; A;
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N, A ()RR TRIEFIE, n;(o) NERIETHANA; (o), HEZEEN
HI7> T R BEH , ng R BRTH AR NA; IR 7 5 B agppr IFRHELRELH)
K, nHBRHB ) R n~AEE s s EH [25]-

ST WSS EAEH A 5 B AT 43, e A ELAE FH o i
55T — Mtk B S PO XA BAE A, VOEEER . o HERL. S
B CEBESE [26]. A] DL M B (Independent Gradient Model ,
IGM) FZMLZ R (Reduced Density Gradient, RDG) #E4T v #1AL 5T,
RE EDULHY 1 A5+ B 5548 ELAE FH X 98 A 5 FE [27,28]

X IGM K, 5 1AAH B A R X 3nT DAAH R e AR R og, B X
G R BN g intra T BLIE] O iner FIFH EAEH, ATLUEIE T 5155 200 HE

90 = ‘Z 7pir)| g'M () = ‘Z abs[Vpi(r)]

8g(r) = g"™M@) —g() (17)
KRR TTS, Vo AE R E, (Vo)&VpM4xXHE, INKRER.
RDG - # i/ RDG S5 K 2 §5 40 BAE X3k, IR p i i) 17455
(lambda2) PAAERIEEFS S F, DLE/RISHEIERH, RDG RE T
B AT DU R i A S H 5 [26,28]:

(16)

- 1
RDG(r) = 1' pﬁzl (18)
3

2(3m?)3 m_
K p () MV (r) 70 7612208 B AN H s P L

3. LA %R

TRMERZ ORC RAW AN — N REHNE . AT EEE TRE
ORC RS MRCR 20 T TS ORC MR ZIMIIEHE KRR, TIRmE
WUER AN 8 P ELEE RS M LS R de & 2R, 8T 1 A P 1) T Jk S ek 1) ik o2
AT DL R BOZIIN . $E T —Fh ) = M TSR A 1 TR0 i i 5
W, TRMYIE IR A 2 Frox. BHERTR, T8 EI0I5 Ik S ns 32 24 4 A
TP
1) FETIEREMEFRMYIE: 454 REFPROP10.0 %3 FE A SC#kAG Z 7] I T ORC

RAENERE T, e TR ISR M. R4 (W GWP\ODP

&), S RERMEERE (CLZERIRE 100-180 °CYu [ vHE#E) #H4T

TR IRIR I 3 o
2)  LRTEFRER A e TRAELL AS =0 Ny BEHERT (1 T-S £t , £ T-

S B, IS L B X bl b2 L B Rl RCF 52 AR IR AR B T S8 A

(TLF. SR LIRS .

3) HEFEFAHFENON . RAZE AU AR E LRAORTEN G (o

BT 5 BEAFE LK HB A, FEXEASFE 5 B854 BAEH 17

Mo METALEMME, #H RDG Al IGM St T 5k 45 Btk AT 5AE
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Figure 2. Block diagram of strategy for initial screening of working fluids.

4. R 51T

I

FERIEHO

I

[ HATEFUHE DR ]
( )

4.1. THE S5 R IR

KA BT Aspen Plus vHEAN R L5 7P 3830 R B B AR AR
T HLTHT ()P 280 0L P e ) TR I SR FE R AR (S35 SR R AR N
20°C) [PPFIME . X T30 2 AR TR GCMs Al 508 8 « N 1 50AIE
BT S s SRR HER:, TH5 T 23 DRSBTS b be gy, 5 Sk
EEAT 6L, PRAREE RansR 1 Fon. &5 3R A 23 Fh T8 09 540 A SCik Bos
HIFEN I ZEAS S, AR 22 4B ZE 0.05%—6.64% V5 P, e rboRe X e 22 B
KE LN R34Tmee (—6.64%) o ESRR347mec X LE EL A THELm 2 10K,
(R LR I . 45 SRR T 5077243 B 0T LU b AR B0 2
AIEEMY . [RINETH H X 2 T R R 1, AR RCF (oK /N e DA T HS )5 1
TR R 5 BUE SRS 1) T FIR R B gl R — 3. fEIX AN A 5 v T
R125 T 53 L FEJE T HFC 288 H RCF iHE 45 AT, 8 Wr R 7 4k
T T A 1 a0 T BRI A SR [11,29].
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R 1A B0 B AR ) T SO 5 SR 1 B 30,317

Table 1. Comparison of calculated data and literature data on comparative specific heat capacities of different
working fluids [30,31].

TR A HEZA fj"o/R HAHRZE% RCF TR [30,31]
WE SCHR

R125 iKW 11.76 11.80 -0.37 107  Wet
R218 J\IR A 18.09 18.50 -2.24 168  Dry
R143a = WA 9.85 9.80 0.55 0.89  Wet

R32 N 5.38 5.40 -0.35 049  Wet
R290 [SFS 9.61 9.60 0.08 0.87  Wet
R134a VU4 2 05¢ 11.02 11.00 0.19 1.00 Isentropic
R227¢a LR A LT 17.58 17.50 0.43 159  Dry
R152a WA 8.84 8.90 -0.73 0.81  Wet
R270 WA bE 7.89 7.90 -0.12 0.72  Wet
R600a STk 13.29 13.40 —0.86 122 Dry
R142b —RA MO 11.07 11.10 —0.26 1.01 Isentropic
R236¢ea 1,1,1,2,3,3-/NF A b 16.74 17.00 -1.55 1.55 Dry
R245ca 1,1,2,2,3- FLRA 5t 16.69 16.70 -0.05 1.52 Dry

R22 . R WA 6.91 6.80 1.57 0.62  Wet
R113 L1,2-= =& Lkt 15.26 14.60 4.50 133  Dry
MM AGE %= M e o 28.61 28.60 0.05 2.60  Dry
R115 ER Tk WAy i 13.01 13.20 -1.46 120  Dry
RC318 J\TRA T It 18.80 18.80 -0.01 1.71 Dry
R124-S 1,1,1,2-PU36-2- £t 11.91 11.90 0.11 1.08 Isentropic
Dimethyl ether ~ — FIfif 7.92 7.90 0.28 072  Wet
R347mcc 1-FAE - R A 5t 19.88 21.30 —6.65 194  Dry

R123 TEEROHK 12.32 12.30 0.17 1.12  Dry
R601a g 14.27 14.30 -0.20 130  Dry

4.2, FTHEAN BT A TR i

MR T £ 52 REFROP AISCHERIAZN, FLUREERTH T ORC R4 115 Ff
TR M FR T4 X B T i A7 A28, 45 R 3 Fros. HEIWAILE
XEET R HEA 6 F CFC2RTH. 36 f HC KT 5. 7 f HCFC 2K T
7% PFCZELJH . 15 Fh HFC 25T 4 A HCFO 25 TJf . 13 Fl HFO 25 1) %
HABRME T . iR TR BAARERE £ ORC RGMIER, (H2 52 2|5
FERIZIH, BT 78 AR IE A A AE 110-190 °CTEE N, MR Z2& RIRE AN

7
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100-180 °C, ##ZMZZ R A LAW) P ik tH— 2 s S ) L. N VB RE

N
115 AR R A, D Geit ] TR TR A A, i 4
B

SIRBE-CFC lﬁ-PFC BELE&W-HC
- CFC Chi : ; Hydrocarbons
B HC (c ) Fllc hK H3CEH

- HCFC cm.o =|. CARBON FLUGRO CARBON HYDRO CARBON HYDRO
SMER-HCFC SEEEIZ-HCFO

- PFC Hydrochlorofluorocarbons Hydrochlorofluoroolefins.

. A i F .-I. 3
\:l H CF O HYDRO CHLORO FLUORO CARBON HYDRO CHLORD FLUORQ OLEFIN

S Hk-HFC SRHE-HFO

Hydrofluoroolefins

Hydrofluorocarbons

HYDRO FLUORO CARBON HYDRO  FLUORO  OLEFIN

& 3. ORC A&t LK.
Figure 3. Classification of working fluids in the ORC system.

480 F
420 F .
360 | .
300

— 240

OL) L

< 180

Worklng ﬂulds

B 4. 115 2L T R 7040
Figure 4. Boiling point distribution of 115 working fluids.

W 4 Fi, TREIEE S RZ G 120 °CLLF, R RE A R E &
B TR (GWP > 8000, Tsp-tam > 175 °C, ODP = 1), Hlyak 30 ZH mi %
TR . AR 85 Fh 5 2K o A dn &l 5 Fram e R I TJ5 43 3 h 6 Fil CFC
. 22 R HC 2K, 7 M HCFC 5. 7/ PFC 2§, 15 HFC 25, 4 F HCFO 2%,
13 M HFO & 11 M HARSE R ) T
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CFC
HC
P HCFC
[ PFC

|HFC
HCFO

[ ]uro
[ Others

B 5. ORC R4t LK.
Figure 5. Classification of working fluids in the ORC system.

4.3. TR T 1A 7

Pl IR D IRGEEAT BN 85 AT, SRR A 7 i v E 5 L AR
PR T B AR S ARG, XTI B R B R S D B TR, e A e
A Joback {5 5], [ L TR R134a NFEETHE S 2R TFHK RCF. B
6 7M1 1 RCF 1E£5%30 Bl NI BN BUE o A fs o, B AR BUE H R4 T
) RCF KT 1, BTTILR, FEMSPEEZET 1, B T50H TReGE T
Ji s B TR 2 A A A B P R AE T R 2 ﬁ ﬁﬂ‘ﬁRCFix/J\Ifﬁ

AT LA EEMHYE, 40 R170. Propadiene. R1150. R50 %%, ILSFR&h&it—5 0T
it 7 e 2 MR )5 ,\EPRCF/J\?O6EI’JIDT'37QIIQH, |$o.6—0.75 Z [if
4 4, HERTFAENT ORC R4, MK T RCF /N 0.75 LB TR, M
R T E DL 7 o, el B BT AN 1) 70 Fh B AL & CFCs 28 5 Flr
HCs 2% 18 ff'. HCFCs 2% 7 f. PFCs 2% 6 #'. HFCs 2% 12 ff. HCFOs 35 2 f.
HFOs 2% 12 (A& T R1216) KAl T 5 6 F.

36F = RCF
L e +5% RCF . .
32F + -5%RCF . . 1
28 . ?
24t A
2.0 F E E B ‘ +5%
L ° ° [ .: ° : °
. =23 I Ses I N
1.6 2 17 .
I ry
1.2
0.8 5%
0.4 N 1y
1.1 | | | | | I | | | | | | | | | | | | |

B 6. 85 > LJ5if) RCF 43 AL -
Figure 6. RCF distribution of 85 working fluids.
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Figure 7. Classification of working fluids in ORC system.

4.4. BT

RYE FR D HTEE R, 70 B L ATHT ORC R4, 15 M LR BEAIBR, Xk
TR RREZ B R . T TR RS =AM A L [20], HT T2
(B 2L A 1R o () SR F S BRI AT BOR, Rk, HA SV AR LA 16
WK, GBS 2= A RO RAE, (I ABORIR T . R T S5 G T T )
LA, AT Cosmos Logic. Gaussian 16W M F1657 M B 77
MR S M TR R [30]. I & T2 o i B35 2R 1 R ef 20 A o
M AN G5 AH ELAE F 3 Hr o Rt 9

I8 I SR T AT AT 2 T LA A L B SRt eR se ), H T I T
JR A RE )1 5 FBAHERC R, FIH Cosmos Logic THE 73713 2] 16 F 1.
JR R TH LA 0 A 2R, Wi 8 Frow, HETTCUE Y, SRTH B o0 A th 262
=5y 6 <-0.0082 e/ A2 A AKX IR (HBD, 43 THI HA faf 20 A7 128 H (10
%N HBD X3 BH 1% T o] R HEEEE) 5 o > +0.0082 e/A? N HB 5244 X 35

(HBA, WIRVETE HBA XIS UA/E RSB RZA) , FlaEs s A aE
Mk D, XA XS A B (31,3210 HHEE 8 AT AN, 16 M L5 A9 I HLef 0
TSSO R S KGN & I (ED S =2 RN &9 1 ] D = N T N 4571 S N T
DAFEAE T3 R134a Nfil, R134a X803 [ B 70 AT it 28 BAA B e ya AN 2 4
VAR, AR 2 ANSRIEFEARIIEX, — A9 HIAE-0.01 /A% &b, i R134a B
HE5H HBD fE /7. 1fi LJfi EO\MeOH\R23\DCM\R32 )3 [fij FE. 17 43+ A1 #h £ 77
TELZANE(E, SmI&5rFifE HBD 2{ HBA [Xik#, HAHGRA HBD o HBA fE
71, AT UME NSRRI AR B A, X5 B EREEAE G, T R1141. VCM,
R40 7& HBD XIRAFTE— G506, FEMMEXAFIE 2 A 0mig, REERA JEm M
REAIE, SCHATECE 1) HBD fg

10
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Figure 8. Surface charge distribution curves of 16 working fluids.

HE 8(b)rT LA th, R41 [T HLfaf 40 Af HE R oI IS FE AR A X, — A
§9U4LE HBA X, FHHEAHEH HBA fit /). LR R1150. A @ AIR
LA 73 AT 4/ HBA il HBD AR 42 584k, aRIgIgE R IEX, R AAE
W PEARAE, P RETEAERIRA) HBA A1 HBD A8 /7. HoAth 157 A 2 1T FRL A 20 AT il 28
PIVEAE T AEM M, HAIE L A JEM AR E, JC HBD f1 HBA I /1. ik
SIRTAE SRR, BT TR A 8 A T AF/E— 2 1) HBD F1 HBA [HIRE 7,
EE T LU AR EBEE A, IX eI G AT DAAARE B A 5 M o Y AR 12 ) DR
Rz —. HAt 7 F T (R13\R170\R50\R41\R14 %) MK Z~tH HBD Al
HBA f877, XIFABRE H ARG SR . L5 R 1 H a7 25 FE BT H B AL
HRE, BT R A A0 oA AR E 1, AL LARIE T 73 1A]
MEEIER, AL SCHIEIEFT 17X 7 Fh 5431 R i B E F R o

W R T W R B MmE RSB B TR
Propadiene\R1150\R13\R170\R50\R41\R14 ] 8 & & (£ ) F1¥ % 11 K&

B (B 9, AAmEEENNXEMEiGE—5. B 9 Ch) fizs 7T =4
RO R SAET, Hoh g, WAL (025 1 1 4 A TE A A AR
VB ELAE B RN 23 (B BN (AR AE . DR, YOS BAE R . SRR AN ELAE A
[ 87 43 30 5o 7 T 755 B IR 4 E.9208 (W2) p = 0.005 au. BELARIE (W2) p =
—0.02 a.u MZAE A2) p=0.010 au (B9 (£) ) . HEIOATUUEL, 7
b T Joa S T B 35 R B €6 X e, R UAEAE HB A EAEH, T R50 JLPA
FEEEGXE, £WHIEX HB fEH. RI3 WA E FARBRBOGXIER, R
B RIS . R134a\R41 BN E B 3 FBUERIREZ IARA KT
WSS, oA EAEHSRESS, XEOMHEAEH HE M x e gt, hT
22 ) RN AE 3 €0 DX B i AT DO S 3/ B ) 40 8 X 8. R13\R14 A S5 If
B/ L ) 0 B X3, B X R Y B AR, SR PR B A A o T Sk (BT
B EFH. MRDGHUSE R LLEH, RI3\RI14 B8 S XRS5 2 E - A0
O X B, AT RE X R ARAE T RN A E A, JOEAEE RN R T RDG #UR
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RDG (a.u)

RDG (a.u)

RDG (a.u)

RDG (a.u)

H(A2) p = —0.004 au . 0.003 au Fff ¥z 1) 4 &0 . A T A
R170\R1150\R50\Propadiene Z¢{H [ 322 LALR 0o 42, X EE TR 2R /INrFbe
B WmREEEN, 71 R EAEH e EEER N E, X R 38X
THRBEAMRHAMRE —. FRSIrE RRE, SEIEM. JOmEe/E %S
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Figure 9. Surface charge distribution curves of 16 working fluids.
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Research on screening strategy of Organic Rankine Cycle working fluids
based on quantum chemistry
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Abstract: The screening of working fluids is one of the key components in the study of power generation systems utilizing low-
temperature waste heat. However, the variety of working fluids and their complex composition increase the difficulty of screening
working fluids. In this study, a screening strategy for working fluids was developed from the perspective of the thermodynamic
physical properties of working fluids. A comparative ideal gas heat capacity via the reduced ideal gas heat capacity factor (RCF)
was proposed to characterize the dry and wet properties of working fluids, where RCF > 1 indicated a dry working fluid and RCF
<1 indicated a wet working fluid. A three-step screening strategy was developed for working fluid screening for organic Rankine
cycles (ORCs). The strategy comprised basic physical property analysis of working fluids, research on dry and wet properties, and
quantum chemical analysis. By comparing the RCF calculation result of 23 selected working fluid with values from the literature,
the relative deviations of the data were less than 6.64% overall, indicating that the calculation result of the RCFs is reliable. The
selection strategy explains the mechanism of working fluid selection in ORC systems from both micro- and macro-perspectives,
laying a foundation for the study of structure-activity relationships in working fluids for ORCs.

Keywords: Organic Rankine cycle; selection of working fluids; RCF; thermodynamics
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