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Abstract

Under the strategic background of the “dual carbon goals”, conducting research on efficient recov-
ery technology of waste heat from internal combustion engines holds significant theoretical and
engineering importance for promoting energy conservation and emission reduction, as well as achiev-
ing efficient energy utilization. To enhance the utilization efficiency of waste heat from internal com-
bustion engines, this paper conducts a thermodynamic characteristic analysis focusing on three cy-
cle configurations: subcritical Organic Rankine Cycle (ORC), transcritical ORC, and two-stage ORC.
It systematically explores the influence of working fluid selection, evaporation temperature, and
heat source heat distribution on cycle performance, aiming to provide theoretical support for the
technical selection and parameter optimization of waste heat recovery systems for internal com-
bustion engines. The research results indicate that the subcritical ORC system can achieve suffi-
cient heat exchange with the heat source. When R11 is selected as the working fluid, the maximum
net power output of the system can reach 325.1 kW, with an optimal thermal efficiency of 16.11%.
The transcritical ORC system has higher potential for thermal efficiency. When cyclohexane is used
as the working fluid, the maximum thermal efficiency of the cycle can reach 35.46%. The two-
stage ORC system has the best comprehensive performance, not only achieving sufficient heat ex-
change with the heat source but also obtaining optimal net power output and high thermal effi-
ciency. Its maximum net power output can reach 523.86 kW, and the maximum thermal efficiency
is 25.7%, demonstrating superior comprehensive performance and engineering application po-
tential.
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15 “XUB HAR” BIEEREHR 51N, T SR IR R SR . BRAR B HEOR HHE 3 REJR 45 #3761 15 m] 44k
RIEHIREETT M WRRNAE IR ZE . M S oA sRE IR RS 2 AN b N 2 B 25 4% 8, 3L
BATE RS KRR AR, X RAGEE RS RE R 1) 30%~50%, ZE 3 BEMTTRGE /1. Rk
MR A RO 3T B HE R A B . H AT IR A BB AR I AR I T R b, HIY
B — A ZEM U RGO R, BERTE T A=A R

FERZ WIHLAR B AR T, A HLETE 763 (ORC) B AR B . T8 AR &, Mid il
FERRPFIAZ —. Schneemann ZE[1]KF HL IG5 ORC Z Gt RIS /IN Y [ e =0 Py AN FEALZE 1 1R <
A, TRk F R245fa, 18 & SIHLHESIR E 400°C~500°C fiEH 28 K Sk /7 2.0~2.5 MPa. 8 & i ¥ 120°C~140°C
) THLT . RS D4 T8 JE AL AT 7%, TEFAIARRIE 10%~12%. Akman M “5[2]LA R152a 2N
T, 1 350°C I SemLHRR &, BTG A ORC ARG IR R 2.5%, 4FkE CO, 678 i,
BRI T o0} e 53 B PR . Chen 25 [3]3EHH IS I 5 ORC 78 /iR R S HLIK #4(400°C~500C)
VR Ih R S H L Karlina 8355 10%~15%, JEHAE(RA SR R %4 B0 & . Galindo Z£[4]7F 429°C~673C
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MR R SR T, LLREN X ORC HEAT T SRI8 #2500 #, RILSLI 45 B 5 ik 45 S 2 1Al 47
TERRZERE o SZIG RIS ) 2255 T R 3RAF 0 B R AE A 3802 43 3l 6% 1 19%. Song 45 [5]44 F %=1 # ORC
RGHFIC T SEM RN R B BT SHOM T LTS RGiTERE . 45 R, XUHE ORC R4 K
IR HIAR] 111.2 KW, TR SIFLThEREE T 11.2%. Yang Z5[6]5K XU A% ORC £ 4 K [ /S T
CNG KIMWLIIE SRR, WHFI RGN KA AR, fERSIMUBUE & 1F T T2 23.62 KW )5
KIF D, HBCRIE 8.79%~10.17%. 8 B4l 1] LLE 2 IR E N s . L2 EREZ HELAN, H
RIS T PRI HE R G eI A 8t — D R T 2510, B 3% 305 GIERE 1 A DT R B DA Je T 3 11
TR Rrifh . R, BREHTBUIEIR 7 AR TR TH R A E PR RE 1Y) G

RS FITHIE 70 P IR ATL A AR PR A G A5 v L A A TR R (RS 1, BT TG 20 R G Ak 0 78 o R [X ¥ Rl
K, FisRIG ol WML REIE ) A 4ol oK . FE ik, AR SCTE [R] — AR S A6 10 N SR 20T 7 I 28 LR ) B — 1R 3F
TIE S ORC FEEIG 5 ORC. fELEEA 2 b, I HT 7 X ORC i — 5 [ s T AR HR IR AR 4
ST Al A N B AR R 537 SHE LR SRR R SERAR B, AT IR T 43 AR R A Al A0 B IERI FH 2L
K,
2. AEERR

AR SCCLR BIHLIA R S A A E N BAR AT ], ELJS GG AL B 5 S i IR 34 LA N S8 — T T 0 R
PAPRAE R 782 8 1) — Bt 5 0 A BT v . FR B ULBA R, AR SCHE S A 70 I B ) AN R BLI Je B
HIK RPN AT SER S TEWE, 5 2L AT MR IR T 70 75 SR ik — D ¥ R 2 e RINIIA S AL, S B ik oy
R EIRBINLZ 12 6T 4 PhERI R AR SR ZLT], KAWL EZE SN 1.

Table 1. Main parameters of engine

=1 RHINEESH

FHEBH
HL % 2928 kw
ThFE 7002 kw
BIE R 418
KRB H e 8 1000 min
R 470 C
HAURER & 15,673 kg/h
BRe U B 15,134 kg/h
RENMLREE A H KR E 79/90 C
RAPLIEAH KR & 20 kg/h

WP A8 A FL L BRI S BOSAT % AT 3, IR BRUOAA WL A I B B il SR P
FETT A SIRABEE ERYGE TR BRI 2R ORI RCR . 1$ D) S o0 fabn . [FII,
TR FRENE . SRR L 2 e 2RI R G K AT 518 4T TRE R F R AT P A R
ASCHE U U BATACRNE I TR AR AW O G, DAl PR3 22 57 9 1 ZIX 4R LA 2, i x b et T
JREVIEIAERERIL, RN T VE R A RE B2 A A o
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Table 2. Critical parameters, thermal stability thresholds, and environmental characteristics of some working fluids
2. BrIRMIEFSH. BAREESERMFERE

i S+ 24 HAaEMRE B
No. ot 4 3 e

t[C]  pc[MPa] t[C] Ref. ODP  GWP
1 Benzene CoHs 80.1 290.2 4.89 >500  [8] 0 20
2 Cyclohexane CoH12 80.7 280.3 4.07 >400  [9] 0 20
3 R11 CClsF 2338 198 441 350  NIST 1 4750
4 R123 CHCI,CFs 277 183.7 3.67 200  [10] 0 120
5 R245fa CsHaFs 148 154 3.65 300 [11] 0 1030
6 R600a CH(CH3)s  -11.7 135 3.62 300  [12] 0 3
7 R134a CoHaFs 262 1011 4.05 340 [13] 0 1430

2.1. TlFHF ORC

FEAHL I S A WL E 3R R R Gl A A 8% vt as . KB T S A il B e 46 A B
TR AR LI LA 20 KA SRR IR IR . 34 i FE: TR DA A B v AR HEN
TR, G JE ST BGRB8 AR S (T LRl 5 /0, i R I P 2E5K), I B2 R R 4 s A
Fhen, DA AR TR E N KA 41 I8 RIS TR AE 2SR 48 4 5 4h TR He 24y,
WA JE B TR U, AR B OL I, e O RE s 152 iR AR N
AN IR, FENL P 28R AR T LLBRBD A LA L, U5 I M BRI B, e A DUIRIE =
FORSHEHIZAKHL: 23 W (REZIRMAR B, SR HUKIA SRR, A B AR A B A
AR AR, VRS TR BN TR, [ RRIEIEIARGE, e MER .

8 ¥ 1 l

AR AL

Figure 1. Configuration of subcritical ORC
B 1. TR BIASERETRRIEER
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Figure 2. T-s chart of subcritical ORC
E 2 TisZBEHNBERET T-s &
AR 1~2 AL D 2 -
Ws:mf(hl_hz):mf(hl_hZS)ns (1)
A, Ws NIEIKHLE H DI, KW ns ABZIKHLEER RS hi i SR TR EOAS, kalkgs me NPERR )5
TEFAEE T, T 2~3 NA YL LRLEA Eds H RS2
Qc:mf(hZ_h3) )
X, Qe AR ER T AN LU E, kWi
A% 3~4 N TR TH AR A2
Wp:mf(h4_h3):mf(h4s_h3)/77p (3)
A, Wo N LFZRIFEY), KW; o NERSFRH R
TR T, IR 4~1 AP LREZ R & it 7
Qe:mf(hl_h4)chqm(t8_t9) (4)
A, Qe NAKIBH AN TR E, kKW; qn AFFRITERE, Kkols; ts to AFFRHEH DIRE, K.
AT, HHRTHREAR:

Te =T, + AT (5)
mf(h7_h4):mf(h2_h6) (6)
Q. =m; (h—h,) (7)

(®)
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2.2. BEIEHR ORC

G T REARLAE, S TR, TRUE 25T R A sl I SRS, R R A7 24
GRS, RENIAH LTt )R SR A RO AV o (4— DRI B AE 28 A s A T
HEEL A TP IEARAR R, SEEL TS IR AR L, B IR T TR RCR M A R R
(1—2) i dit i e s T HE N AR LA, HE S 2K LS T 56 3 It 3 i FLAC P o AL T B0 A Eh
A BERIE TR, ZNREAE. Q-3)RIETHE AR, SREHMTRS R, FBOAEIFIZD
Rk, RAWRE RS TR, SERIEAA G, A IR T ROR SO v, IR 1B I 3.

8

Figure 3. T-s chart of transcritical ORC
E 3. BlaFENEEREE T-s

¥l 7 ORC RLMIMAMEL 5 WG 7 ORC A —F, LMt EN AR AL EE ZR, H
O XRAAE T TS AT IR R S J1, CU IR RS SR, BIR T # IR 7 ORC Rk
SR AR, AR,

2.3. MK ORC

A NIRHUE S RIREBER. WA E% E e, M ERREIASRY ORC RS, #HilqAIE
TR A TR B IR R A AE R R R B HP IR AR AR, B HE B R 9% AR IR PR AE XL 2K ORC
Rgulid G + ACALIEIR” (13 LA, RS EUCEC AR FEARE, Skt [l #i e 5 AL T rh s X
(] ( RAGRN R — 4% ORC, I nidh sl TR I i AR i T, PR 48 3 — e bt e 2 PRI IX TR R
WFNEE 2 ORC, LMK sl Tl SRARAL R IR, [RIRHE L PG AR G P A, BSR4
WX E AR, KgAK ERCR SR % o 14-15-16-13-14 5 1-2-3-4-1 KL, HiR
2 LR IR 00 P AL 1] 4 R ] 5

TR BTN Wi
W, =m [(hy =y )= (hy =)+ (M = ig) = (s —hyg) | ©

TR B 1 Ny
— (10)
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Figure 4. Configuration of two-stage ORC
B 4. MRBHEASREIFRIZE

Figure 5. T-s chart of two-stage ORC
5 MEBHEAETERT-s

FE LB A IERE E, BEEIEA IR AT AL 3.

Table 3. Key operating parameter table of two-stage ORC
=3 NEBNAERIXBIRSHER

ZH

TR 1 3k 1R 400~700 K

DOI: 10.12677/se.2026.161005 43 EIER=S 412


https://doi.org/10.12677/se.2026.161005

B 131 ) 10 MPa
FERRAL 2 33 IR 320~425 K
A 1, 2 AEHERE 308 K
AL 1, 2 FISERR 0.7
THRZE 1, 2 BISRsER 0.8
e 1] R R R 22 30K
IR [P SR e S I R 22 15K
R R 22 10K

N T AGFEIA IR T A R B, 3 2 Rl AR A R DA B e«
1) TRAEREAIERE oAb T A AR s

2) M AR TE S AR T S 4R

3) BT VAR AR AR AN R G LR T AR AL s

4) B RGNS AN IS IS A

2.4. 1RBIE

NI IEARR (R HERA T, 21 Baik SF[13]/SCHRIE O AL : 16 H -5 SCHR— B R125 18 0%,
K FHARTR BE5 I 5 B AT BRI S A S5, KA ORI T SEAE R 5 SOk gl R AT xt L, BR s ank
47 o PRI, ASCHAGE R 5 ICREE RIIRE <5%. 2270 M7, %R 2 BT hRoA 2 57,
YA A EMRSEAH AR, WiRZR T EZEE . RInl W, RSO s B BT 5e i,
HovH SO P RENS T A2 BT TR THSL R

Table 4. Comparison table of calculation results
4. HEERITEER

ZH Ref. [13] AL RZE (%)
L5 5 A (Kg/s) 0.042 0.040 4.76
LRUERFETI TN H(W) 128.0 123.0 3.91
TEIKALT (W) 458.8 453.3 1.20
TEI NI () 0.068 0.071 2.82
PRI Dt (W) 330.8 330.3 0.15

3. BYBAEEFMEES T
3.1. TlEF ORC mARThMEEAYE

AW TR NG S WL S TG RS, Jidk I FHRE AT 400 K~620 K X [A] AR & M T (R11
R123, R245fa, R600a) JT FE PERERE 7L, 40HT Lol dn F: AR EME 2N 743K, TR EfR R 5% R
FERFRRE, HARIE RG-S MR 78 20 324, BRI 5 TR 52 LR I 25 (B4 ) D T 45 A
HZ(30 K)o & 6 A 7 R T ARRZEKRILE T & TRMER G AR AR . 45 5 W] 24 T %
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R11 B, UERMPERMERE S, F D08 325.1kW, N 16.11%. F— TRERIEERYN, RESFE#R
PR 72 W S T IR E s 2, ZARIBERI T B ERATEIRERE . BARRI S5 Dh i 534
MR RIS AN R MG PR T B g SR, TN S R X I R B A SRR R . e PR
e PR 5 T B B A 26 R TR X T (ts, R11 > ts, R123 > ts, R245fa > ts, R600a), REWSILALIEIN 5 55 15
JRIE) IR B UL M, A A BRI RO AR P AN T B 2, AT B THIE PR R

350
e Wt R11
e W, R123
300 e Vot R245 2
e W R600
=
<250
N
200 /
150 T T T T T T
360 380 400 420 440 460 480
oy ®)

Figure 6. Variation of cycle net power of different working fluids with evaporation temperature (subcritical ORC)

6. TEIZFLXRE T & LRERFIHENL(LIES ORC)

16
14 +
12
S
£
10 H
ng,R245fa
g = 1;,R600a
6 -
T T T T T T
360 380 400 420 440 460 480
1 'cvap (K)

Figure 7. Variation of thermal efficiency of different working fluids with evaporation temperature (subcritical ORC)
7. FEELZRET & LREFRAGEHEL(LIRA ORC)
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3.2. ElisF ORC mAEIhFRERME

TEEEIG S ORC R4, % T AN THIG L A BT 10 MPa FIReE, AR5 T 52 15 1)
ARIEG—RERN 10 MPa. (EICEEAN P BT 28R IR RS, B 2R Z RSN S/ MR 253 30 K
I IR TR, BEET RS AT SEPU IR A E ) FE . FRFEI UL RE, R123 DAIFHAER E M B HUIC,
FINA B FAGA TILHIWT 7T Va1 R245fa 5 R600a Pifh T, 7528 K% T+ 2 arid i KBR(E 2 /T
RN RN, PRI A T8 LA 7 ARl P 7 R 28 KR FE 1) B BRI 2% A« &) 8 Fo, R1L A4S
SREA AP IITERER I, 15 ThA 419.7 KW, RN 21.1%. 5 R 16 non (B 2R 7E MRS R [0 PR AH [
WET, ATRUBRSE 2 15 DRt

450 40
Wi, R11
400 7 ——Wae,R245f2 35
1 ——Wm,R600a
41 = =Rl i
350 — =,R245fa 30
—  =n,R600a
& 300 - 25 —
oz X
N’ N
51 =
K 250 - = — " }F20 ¥
200 | L 15
P
150 _ - 10
100 T T T T T T T T —5
400 450 500 550 600
chap (K)

Figure 8. Variation of cycle net power and thermal efficiency of different working fluids with
evaporation temperatures (transcritical ORC)

E 8. TRZEKRETE LREFREFNMABENEL(FEIRF ORC)

B S0t BT T 00 5 AR P UC P M AT A7 ZE SR T 2 R I, AT 53— 20 P i T I SRl 1k 91X )
% 370 K~570 K, JEHUR. ki, RIS, #HAEINA ORC REirh, ZIn S S RFaE 2R
FAFR, LT D) 2R ARG BE 2 R B AR A . 1] O FHIE] 10 REOR T N[ SR EA 5 D AN HAK
REEAERIRE A, LI SE BRI, O NIEIR TR R it f, Ha Kt sh R Al ik 441.8
KW, I f KRR 22%. 0TI FHR R i T &, HAEZR RSN TSl E s 8RS8, it
MR TR b AS B S K T FEMGE AR R, Lo B A B T e 8 68 35 e 0 T R i 2 P S e B, Rtk
RGN R BE ZE R IR FE I T i R IR AR A . 52 MR, R134a. R600a 45 1) b 28 il 5 i, LE
K85 R T 5 o TR K A A R T R A O IR R 2 IR E B PR 4 /s 4RI E T A
H—REE, REREFMRN R ER S E SO, SRS DR R TR G AR AR
fE. TERGSHIEF AR, BRI A5 i Th R R — 3

MTETEA B E I B AES J5, X RS D s AR/, RS0 AR RN, T
PRI BB D YD, IR 2 K B B 1 o 1R P 11 AT DA 3, 24 TN 3R CUbei , B KRN 35.46%
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Figure 9. Variation of cycle net power of different working fluids with evaporation temperature (transcritical ORC)
9. FEILRIEFFINMERLRENTH(FEIRA ORC)

25
—p.Benzene
—n4,Cyclohexane
— y-R11
—— 13, R600a /
204 T nwRI134a
/
—_
X
N—’
=
=
15
10 T T T T T
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Figure 10. Variation of thermal efficiency of different working fluids with evaporation temperature (transcritical ORC)

10. REITRIEFANEEELBEHTLEIRF ORC)
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Figure 11. Variation of cycle thermal efficiency of different working fluids with evaporation tem-
perature under regenerative condition (transcritical ORC)
B 11, HEATELREFAEEREZELRENEREIRA ORC)

3.3. M4 ORC RAFINFRERHE

Pl 12 A 13 R T TR SR AN 5] T BRES A5 24 Tl R245fa 1 £ 48 1k B Bt T 0 P4 258 & IEL RS 1 A2
e RGEMERES TG R A LIS %M, TEHMERE S ESA . i FoINRIERE, EmADTE
IGEEVER T RS EcE T A TRORC HefE Tl A MIF . i RGBT IR AR R A
I 5 K DA 520.9 KW, i K%y 25.5%.

500
450
iy
=
<
X 400 + —— W, Benzene
——— W,Cyclohexane
—— W, R11
——— W:s,R600a
350 —— Ww,R134a
300 : . : . - .
550 600 650 700

Tovap (K)

evap

Figure 12. Variation of total net power with evaporation temperature of top cycle (two-stage ORC)
12. BRIEIFATIREIEIR A LR E TR (NE ORC)
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Figure 13. Variation of total thermal efficiency with evaporation temperature of top cycle (two-stage ORC)
B 13, BIEMAKEETEE LZIRE THZH (%K ORC)

& 14 A& 15 7R T TRAGEER R AR E S 1.5 9 R245ca. R245fa. R236fa. R290 114 T H Ak
REETAE A AR DR AR L. s R, £ — 2R RIEE N, RIS E s A SR S AL LR,
RINEIRERETE F . 2 TN R245ca B, i K DN 523.86 KW, e KIVECR N 25.7%.

530 BenzenetR245ca
] BenzeneR+245fa
Benzene+R236a
Benzenet+R290
500
2 480
N
2
B
460
440 -
420 : . : . : .
350 400 450 500 550
T out (K)

Figure 14. Variation of total net power with thermal source outlet temperature of top cycle (two-stage ORC)
B 14, BIERZIREINEIR AR L 0IEE AT (K ORC)
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Figure 15. Variation of total thermal efficiency with thermal source outlet temperature of top cycle (two-stage ORC)

B 15. BB ARBETRIES AR L QIR E R Z (W ORC)

4, g5ig

AW S T4 m N AL A Th L 3 R RE R H Y, B AU T AN A ML G PR 7E (7] — R oK
BRI T, LT 48

1) EWIG S ORC R4+, )i R [RIING FU i B 5 AR B (743.15 K)VCRC M s fI, LA 3R A K 2
T PIIA 325.1 kW, AR 16.11%. BFFUR I, TG S S80S AR L VT RO R BE 2 thoe G 30
PERER CHEIR 3%

2) EEEIG T ORC R4tH, TJit R11 FIMEH M BRI F Tttt — B4t foRE Dhiin i 5 s
ORI L F] 419.7 KW T 21.1%; 4R AAE N TR, FEIR RS Shiin i il 527+ 22 441.8 kKW, X B fix
KIS 22%, H5ZIRT G ERIZIK L2050, SR T RE R FH w5 B AT R4

3) AEFHIMEEENFY ORC KRG, HT BT FEXT HRIE A E PR, ER ARG 3R
BTt R IR O TR, 3 KGR AT IA 35.46%, FRICIRI# THLse il 2887, (HiZ Tl
T RGICIE T R R, A7 TE RIR R SR AN 78 7 1 il

4) 7EXZ ORC R4iH, RGEMRMERES TG TR MRS Z UM SC, B ISR R G0 e e 32 2
TER . TG R A . AR R245ca 1B N TR A G, RGiE K5 Dhia i nl 1A 523.86 kW, #:k
AN 25.7%. W& ORC RGeS SLIL5 HR I 78 70 ek, 3607 [F) B 3RAF S v Thiin S5 8 11
PR, I AR R E YEREANE T) .
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