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Abstract: Because the windshield of electric vehicles (EVs) tends to fog under very humid conditions,
compromising driving safety, a control strategy for the supply of low-humidity air was proposed to
accelerate the dynamic dehumidification response of the EV’ s indirect thermal management
systems during a switch to dehumidification mode. An experimental platform for transcritical CO,
systems was built up, and a dynamic simulation model with high precision was developed. Based

on the results from this simulation model, performance differences between direct and indirect
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systems were compared to reveal the hysteresis mechanism of the dynamic dehumidification

response in indirect systems. The effects of the liquid-cooled evaporator (LCEVP) flow rate,

liquid-cooled gas cooler (LCGC) flow rate, and front air volume on the dynamic dehumidification

capacity were analyzed, leading to the proposal of an optimal control strategy based on time-

sequenced collaboration. The results show that due to the thermal inertia of the water circuit, the

time required for the air supply temperature to reach the dew point is prolonged, and a temperature

rebound occurs, leading to an increase in dehumidification air temperature. Consequently, the

dynamic cumulative dehumidification capacity of the indirect system was found to be 59. 8 %5 lower

than that of the direct system. By adjusting the LCGC flow rate and front air volume to 4. 8 L/min and

0 m*/h, respectively, the dynamic cumulative dehumidification capacity was increased by 90. 9%

and 77.9%. Furthermore, by optimizing the time sequence to adjust the LCEVP flow rate,

LCGC flow rate, and front air volume at the moment of switching, it was observed that adjusting

the LCEVP flow rate and front air volume 8s and 30 s after the switch, respectively, increased

the cumulative dehumidification capacity by 203.1% compared to the original scheme. This

optimized performance exceeded that of the direct system by 22. 2%, significantly enhancing the

rapid low-humidity air supply capability under defogging conditions. These findings offer effective

strategic guidance for rapid dynamic dehumidification responses in practical applications of indirect

thermal management systems.

Keywords: electric vehicle thermal management; transcritical CO, system; indirect system;

dehumidification dynamic response

B A AR A A ] S B BR TR BB ()
H 25 IR, FF & T8 1 BB IR B A DL 32 BLasR Hh A1 2 AR
Sy A ER IR v [ A8 38 S E R A 3l A% S
AR 7 1) EL S G A G R W R A T A A R R
AR, I R il /D T T = SRR . fE S — b
WRE I HE T R L Bl R OE AE A AR AT Lk &
Jre B B DG B L P Bl AR VAR LR 4 R NN 22 AR
S 2% T o T) B 5% FL it L AT B R 4 R 4 Y I R A
PR T SR . T BUAR Y VA L A SE D RE O &
M F Tt I RE A 4R ST RE T PR S TR R G REAK
MRAFHETE . AL G BRI 2 0 R G R ] R134a
PR AR BEAS . 5 B0 B0 TR A& Z 2 i HEL AR
WA, B AN, BT R R Y A Bk R v RE
(GWP), 225 2016 4RI A& IEZE) ) 2023 4F
K PFAS PRI E RS B LWk, Hik,
FL ) 7 0 A R T AR a6 AUk L T e — 1A
A B A5 AE R P A 55 T v 0K

HL 3 AR A R B8 B ETE 7R BT IR GWP R Y
WF5E 5 0 H] B BOAS E i (i CO, \R290 45D,k 26 i
F G0 T ST IE W B A R S 08 B0 R R RN T in AR
PERE A SR T IE TR R E(PTO) fin #i s sl H: A
Y R ZR G0 AH G 1 A R SR AR R ] A Y L H X
B B R G RIS KR A b T R 5L

zkxb. xjtu. edu. cn

Wang T —F BB R A AR R &L 1
— 20 “C M IR R BT 1 il #3851 5. 6 kW, fie K il 4
PERERHUN 1.8, Dong %M BF 58 & B, 78 55 52 il %
TR G RPVE B R S = SRR 5 R134a
RGAY A A T AT R G R134a R 40
PRFT 82.7% . MR P LA RGO
T A R 8 R L 7E — 25 “CAR IR IR T, 7 20 4
WAL SN AL R134a BEARTF T 44.5%,
P B0 2 40 T VA T AR 0 0 4 4 R BE AR S L (HLL
17 T V8 70T JRURSS 56 Wi R e 2 AR g L 4 CO, %%
BN B2 17 R AT eS| & R B CO, ¥R bR 1 %
Sl UYL R290 W IR B R M T RE B & W A K
1T, At I 3R ) 4 790 T U 4 4 KU 1 %2 L B AR
R R S AR R S S R

T 5% 45 S 6 B, [8) B2 72 5 1T A5 00 £ ol ¥4 790 ik
5l & e Bl fE R4 R G, e
PORHE R 5 A (N 2 — R WD . S H 523 R
P A5 A v i PR 6 2 T RO L B e T YA
HEA TR 53R AT B8 ARG T I e XURS: B A B S,
FLEEIAE RGEAR L L [R] 4252 A5 R G0 7 48 4 Pk A A R
PEJT T B B E . Kaiser 2500058 o #45 #t a) 4
RYLY TG, KB B 0 A ) Il s B
B2 AR R A% AR T ATV 7o L TRD 428 2R 46 1 11 8




]

0 FEF L A8 R Bl A 0 ) R AR PR IR X 23S AL B R I b ) SR ek 137

RERBHERERZ AT 2800, #E— D KT
eI XU . Wang 2800 [ REUESE T A] 42 FA 52 25 0 R
GAEIRRE E EVE A G IT A L. Li
LA g S UE S ) 2 7R g8 5L A0 S 4 B 45 R R
fiE 5 W v 405 A6 25 A B AR $F 5 h O ARRE RR0E AT
HSHERG R L, Zong P R BN R 5
PRI S8 i e B4 2R 5, ) vk RE B IR 10. 8245 Zhang
SR R BE AR 9. 000, ELIE S A [l i AT
SLHPERERF V. Wang SV BT ST 45 R KRB, W] 42
G P BE SR o) 2 T LR B9 5 W 80D L AR AR 2]
20 km, DAL BFFEEE AR )12 R G0 A8 2 4 Pk A
PERE TS T2 BRI 5, L4 B v 1) 8 BGRE 45 K 52 A
AR LR BE S DO SR W AT R A B T A
AR B R Y A R

B 22 i HL AR AN 22 PR RE S WL Bl A A & ik
TR I 401 94 2 0 S BORY 454 KB B 25 B4R 7™
G4, TSRS Z KPR e A
MRS FL Tt AR R 3 3k AR K A R A 1 i KU s SRR TR
JE R, S B AN RERET L DR 3R T BRI AR
A LB R RT F E  Z — BR R AT i
T — i H w5 PR B R AR A R R G, )
SEIL TG S Y R A R RE . AR R A AT
FEAGRRW 2 K 7 0 g BRI ASOR Y S B N K
WAL S BT W E R T BRI ERE . Yu S R T
— U B A BRI AR T, T 3 A B 1 i e
Fe LSRR G R T RE R IL 42. 700, Li 457
Xt T XU KA 5 AR A A R HR R G B ST AR
F ], Y2 SRR AR T 70 20 IF, BUZE K 4% R GEAE
IR Ak RE 7 T R B S Liu SF R 1
T LM RIS AL AU RE 9 B Al L, WTBR T A [A)
PRIGAM AT

4 AT ST AR T AT BR 55 BRI 09 AT 5 3 2
R TE HR RS, SN0 4 R g8 th T AR TR i 1%
128 40 3 ) R 2% ARG B 55 1) DR MR ISR R L e b L 2
T HL B AR BRI BR 25 O AT 78 22 6 b T RS TR RE
X T R R PR T B KB 5 45 55 I, o) B )
I B A A X ) 3 A5 PR BR 55 52 B I 371 5 (9 F 5247
W o H T BRI RN X 25 55 g R AT A
28 QT AT I R AR X 1] 42 28 498 ) DR IS 3 e 7 4 1
JETFRAMETE . S10F B )L AW 583 i #5  CO,
PAE PR G LMY 65 O A ST I EE ) ECRERY, B X 25
Z Gyt TR G0 L S B 9 75 5K A S I [ PN S
BRI 2 R XL AT A BR 55 20K . AN SO T B s
FRRY 38 3 07 B A5 R A T 18] 4% R GE sh A BRI

zkxb. xjtu. edu. cn

AET1 32 BRI JEL AL JEBIE S T /K8 28 K & it = L K% 18
B e U A2 S i AR AR XL A 7 A8 ) 46 I 38 o L X
BHERE RN, Ak 4R T —Fh RS 8h&
PRI RE 77 B U B ) S, SR T TR E S5
BRI B T Wi R R . AN BIF T R 18] 42 2R G AE L PR R %5
O T P A B A R s o 5 458 (4t T S i R T 5

1 MEHREHIRERS

1.1 EESHEREBRARZRERIBRAR
TG 45 T L4 28 0 Tl RO B3 P A 5 Y
TAEBEE AR ECT we iR  v RAE E R d A
7 g PP L R s AR Tl B 5 B P AR 5
I, CO, Jore v A HH R 23 L Bl 78 28 A An 18 J0BR
W, B 2R B R A AL, SCBLBRIB A . B 1) JEAR T

OF=

(O iti7 %
Qi

Yy
1
1
1
l
1

i R 7
— AR 5

[EAY S S > BRI

L TRAL 2— DU Y 53— ZE N e i s d— 2R K &5 5 I 5
6— LR I 5 7— [l B s 8—fif VR IE 5 9— AN R A% .
() L 46 2% 40 ] AROR B3 P AR X

% L~ N
>0 I A T
. & MO8 %mw@:g
— A —— RIS 7 PR HE — RIS ER
RI—JEZHL s R2— KRR BERS s R3— 1 I s RA— KIS ZER AR 5
Cl— K% ;C2— =3l M s C3— DU i s C4— B S OIS 5
Co—#E; C6— 1% s,
(b) H] 2 28 ¢ ] AR R 4 P
Bl 1 EHe 5 0 B 0 1 AR e P ]
Fig. 1 Schematic of direct and indirect dehumidification and

reheating systems
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Table 2 Ranges and accuracies of measuring equipment
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T EREE S SR kR iy B! 78wtk A R AR & R/ C
KL
F 2K BE/C K/ (m o+ s W/ C AXHERE /% KR/ (kg + min~ ') .
45 3 35 25 9 3
il ¥4
35 3 35 40 9 3
25 3 25 80 6.5 3,10
(£
15 1.5 15 80 6.5 3,10
15 2.5 15 20 4 40
il A 5 2.5 5 20 4 50
—10 2.5 5 20 6 50

-
1
-

JEARHLIA

Z 6l o it {6
| cop %

st % & 15
ﬁ & -6% s
2 4 & i
iy 23
& 3 335
5 o
R 2 6 2
Junnd P

%_{,_‘ 1 - 1

2 3 4 5 6 7
FEAHLIN 2 A AR S AR /KW,
COPSZEHE

0 1

P4y FOREAL R 22 i

Fig. 4 Validation of the simulation model

2 ZER511HE

AR5 35 TR R R 0 AR AN v By A2 A ] 422 #R
RGP NSRBI T . 8RS SR 5 42
54— S HOH HE 0 LB, R AR 1.6 W Tk
(AR S i B R B R HE AT R o A v LB P A R )
HEME,

R4 GB 115552025 A5 1 35 4 XU 7 36 55 B
FEBREE R G £ AR B ) . bR 55 7 B8 75 76 B 5 1 1]
N 7 3 XU 28 1 e XS P S B 55 . BF T 4G 2R

zkxb. xjtu. edu. cn

FEEOT 2 A 1) P KB I % KUY I G
AR TR, Bk, % & AV R R
) BRI 5] R, 2 2R e A ol PSS =X U 48 22 6 O AR
PRI, Vo TN A B 2 7 DA, e i AR IR Y o O B B,
HRSFHEERWRE TR, VEAREMRE.RH
A BT BRIBEENEN ISR, 2% Yo E W T
PEFI SAE I3 FR o L PRI 15 °C 90 %60 9 1 iR 25 <.
YRR G A ZE A RUA R 52 2 000 m® « bt
FENIEXEERE N 400 kg « h ', (FE P, HES
] 42 2 490 349 56 38 A7 16 i BB o, i o8 2 fR o s AT
100 s B, B4 U140 21 R 0 P AR X,
2.1 EHEZRSSEE R GRERE G5

Kl 5Ca) g5 i T B % R S 5 A4 & e AE U 4 3]
o W P RS S L 40 PR KR B 5 XU B Y AR
fb. VI 10 s 9, 3% 5 14 3R G0 8 0 1 it /K il
JERPE T B, A B BEARE] 11,1 °C M 9.1 °C. Bl
J5 ARG K I 8 T BT I A AR ETE
52°C., MLRGEWMHAKIBERET BE. 7
15~50 s [u] i 1 32 W 7 e, o B0 UL B2 1) ot B 4
50s . RGN HEKEEAFIREEER
9.2°C, W\ THRAGNAEKIRE , FBHRAL
BRI RGBS L B3R R Ge i 2. 4 °C . FE S S BRI R [
R RE T 5 LR AR G 1 % KU R 3k ) % R X R A
VL B e R BSE R Ry 7.2 s, T MRIAE RGN K 11,4 s,




]

0 FEF L A8 R Bl A 0 ) R AR PR IR X 23S AL B R I b ) SR ek 141

FEHI R4 R GE M N B B T B RS

K 5(bEmm,0~10s W, THZSHZRS
B R KR BE B PR R R, R BRI W W25
10~50 s P, ] 42 3 48 /Y T B2 ] 590 S50 W XU
T B T BRI ALK, R bt H B o e 1 K 2%
50 s Ji  Bifi 2 HE 7K I B A P O R A S B 0 XL IR T
] H2 2R G0 10 B0 B 1 o MR . SR A 1 R
1B RGER R e FEHERS%. VG
300 s B, HIEZ R G BITFBRIB R R 77.6 g, ML R4
H31.2 g, L HIERSAR 59. 8%

Rk [ 3 0L 5 U [ 422 2R 6% VT 1 3R e
B U A, v I PR A i T 40 °C e RS R D)
S5 o 3XHB A3V EVRCE A T i RS 1) S B, SR
17 » F T2 SR AR AR K %98 2 Il i 45 1k S Je
HOPLAS 6 A2 B A IR B M58, IR B B 7E 30 s I
UAL 3 V8 1, S B R B 1 ] SR 42

50 -
e _“\ —I H’/\?@t’f‘/)() LA -
] - FERY H’iJFf’éJJff‘h'nULZE
40 l [ % RS04 txl KIHRE
i |an REAGIKRE
O 30 F B :
= AR (TSRS YR :
25201 1\ H
10} \\o\\—,
1 1 1 1 1 1 1 E
0 50 100 150 200 250 300 350 400
G
() ¥ 5t it /KR BE 5 40 XUHR B2 7 28 £k
100
3 — HEA%
80 ; ;
o : :
EOF b | B i
& : :
+ 40t '
20 F
0 50 100 150 200 250 300 350 400
) 18)/s
(b) BT B &= A2 fk

Bl 5 E4 5 A R G0 bR O i S Bk
Fig. 5 Key parameter characteristics of direct and indirect

system dehumidification

P 6 2 T I1 4 2R 0 70 DR R 0 5 R v 0 g
3R i S U T B B LB, HE 0~100 s E@ﬁﬂ
PR, 1R R VR H R U 2 V8 00 DS B ofe B I e
BRG Y BRI . iﬂmk&%?;z%%]mﬂ@
TRV 2N T 4 1 AV 0 (H R T 98 08 N 5% B T 40

zkxb. xjtu. edu. cn

[N R SR B | a2 RS R N N N N Vi
Fﬁi*ﬂ‘l‘f‘@ VMW DR 6.9 s A K 2
i, 2V A b ROk B e JABR L oK 58 20 v 4 1 3

PR DL s VLB (I 36. 2 “CHF4E 11. 8 s A BT o
BRSO E BRI AR 2 i (H R 58 18 4D

H AR PR IARTE K ¥ 25 & A% i 1B AR 22 26,5 s 1
fi 19. 6 ‘C Y IR TE ﬁ%ﬁ%%?}ﬁﬁii%ﬁﬁ/\
Vot Ja 51 U BE Il S 4, LB [ R U R B o U
AR U 28 45 F00 T2 11T 5 O ik fE'% S I [] AH A K
AT LA RGBT, AU/ 0] B BT | R I S A
i 5 7K 2 A W HICHA  mT A A8 i IR RE Il s B 4%

44 ¢
40+
361

32r

o
- )
T T

RE/PC

A ik
i NS HE KR
KV 78 R a1

20 F

0 50 100 150 200 250 300 350 400
I )/

6 142 2 40 T A2 T 358 i L 3
Fig. 6 Temperature rebound hysteresis mechanism of

indirect systems

B7 % b T AS )l RUTRL T B 3 R G a2
R Bt . MRS N RiF R E K
FHERSG, XE T HE & 0K E. 3 KR
BESR 12 °CR1 21 C R, 4% R BT BRIE & L E
BERG WML 51.5% M 72.8% ., BLAh . 16 A R
RRLBE T, 4 R AR D5 30~60 s WA

ST BRI 1K B o G218, X 3R W L B IR A i 4
RS
60
O30 s D 24
sol LUMiE60 s mJJ) A%
[ 1uH)E90 s
CIuesEi2o s
§n40-
)
i)
§30-
=
5% 20+
10F E
0
12 15 18 21

HERELE/C
7 A Im) e IR BE B S TR 3 R g i) R BRI
Fig. 7 Cumulative dehumidification capacity of direct and

indirect systems with different inlet air temperatures




142 [N 7 . i

PN

%60 %

IR Ay BT A R R] 45 R G Y PR R 1 e L
FEZ LT 3 AR 3R 52 0« i 3 2 2K B Y B I
s v B KR B [ B B G2 S BT OK IR R
2.2 [E)HE 2 G0 R IR BR IR M B 52 M [l =

TR Ve Ve U i 1)V VR B S R T [R] 422 R 4 M e
HRESEZ—. K 8 4 TR 5 AR i i
T KR E S R E S k. DI ) 1
(40 s P S ASTRI L £ 7T A 34 K U B o o7 6 A — 30, 3%
B I AR Ak ) AR TR TE A, Bl S Y R
JEE 101 5 G B 2 U A AT Do 5 JRE e A DRSS
WM 14. 4 L/min [ 2. 4 L/min i}, J5 B [0] 55004
flH 12. 71 °CREZ 12,26 °C, H T 1] 39 6 55 A5 FR
70s NEITBREEZS AR, A R a ik — 2 fF
G, WA I 3 T R | R 78 R B RAIG, KR B =2
TRE. 2.4 L/min Ji 5 N #F KR EH 14.4 L/min
fi£ 1.22°C,300 s N BITBRIBEE 24.6%.

44 -
B 14.4 L/min
o 7 ‘ 12.0 L/min
g | 9.6 L/min
f;( 14r \‘ 7.2 L/min
=13}t 4.8 L/min
; 12} ‘\ 2.4 L/min
Bt \‘
4
2ot \
ol \
8 1 1 1 1 1 1 1 1
0 50 100 150 200 250 300 350 400
I [7)/s
() ¥ 5 14 7K Tk B2
40
14.4 L/min
35t 12.0 L/min
30k 9.6 L/min
20 7.2 L/min
o 25 4.8 L/min
i 2.4 L/min
&20r
=15t
B&
10
5 L
0 50 100 150 200 250 300 350 400

AfIR)/s
(b) B ERiE it
&8 IRl K v ¥ B i Uil kU1 450 (B X 2l 25 B I 194 52 i
Fig. 8 Influence of different flow switching values of LCGC

on dynamic dehumidification

B9 R TR D)4 B AS [ K 18 78 % 28 18 H1 i
TR Ve N KR B K BT R R A R, DA
1, V% HV WU BB, PR R R M2, 14. 4 L/min
T Tk KU S B O KRR A AL 1104 s, Tl
2.4 L/minli W75 32. 4 s, W R84 B Tk i
PR A E I RGP ABRIBARES . BEE W=

zkxb. xjtu. edu. cn

A o A 7K T 3 R G e 55 . L PR ) AR G2
F TR U 1t T 8 0 VAT T O TR B A A R ST
GO 2 2% 17 Il & A T/ 9 (b)) i BA O & K T
7.2 L/min B, 3B 15506 2291 Bk Vi B R B
IR 1 R 28 A% N TS 78 43 AR 1 7% I B i
AKWEE T4 i bR it . SR M. 2. 4 L/min Y A
WIWIRE IR 2218, H 200 s N B BRIBE R BAMET
4.8 L/min¥it &, /K& 78 K& 45 ¥ FNIR0 6 BRI i
5 ) 0 2 O A A R 9 5 P T A | R AEC S A 3 K
WS E Y IR R SR, ZZARE. VR R
4. 8 L/min i 5t B BRI SCR S A

44
40}
g2t
#
E 8r
Z 14.4 L/min
H 4+ 12.0 L/min N
t’;’ 9.6 L/min
% 0F 7.2 L/min
4l 4.8 L/min
~———2.4 L/min B
_8 i § 1 1 1 1 1 L 1
0 50 100 150 200 250 300 350 400
IS [A)/s
(a) V&S 7K
10
60 3
6
50 4
2 a4 Ui 3
i 4 L/min
B 12.0 L/min 100 150 200,
& 9.6 L/min
d= P
w20 | 7.2 L/min
™ 4.8 L/min
10k 2.4 L/min )
0 50 100 150 200 250 300 350 400
I [6]/s
(b) BT BRE

B9 ORIRI K ¥ 78 e f it kU045 (B0 X 2l 285 B I 19 52 i
Fig. 9 Influence of different flow switching values of LCEVP

on dynamic dehumidification

K10 7 1 AS [ i g 42 R d %o 458 2 D) 46 Bt
R HE K BE M BT BRI A sZ e . 14w B, i
Uiy PRt AR A X ¥4 SN 2 7K R AR I R e R W 3
T I AU Ak AR AT 2 ) 3 B ] SR G, 0 Ui T A [l
P L 2 000 m®/h K& 3.2 °CLIFfE VI 5
40~60 s N FBBRMBAF 1L, WEBU/NET T2 20
[ e b IR K I Y O R G g s EE R G R
UL BE [l 58, SR ARG S XU B UL DR 55 T 28 Kk e
PG T REAR 28 R0 IR B 0 2 5 v 0518 & o7 L DT 4
R EER . 0 Wi T 300 s RITER i & ik
58.2 g. 82000 m’/h #£55 77.9% ., 0 K] fE S




]

0 FEF L A8 R Bl A 0 ) R AR PR IR X 23S AL B R I b ) SR ek 143

BORE RGBT SV AL 51 Rk I T 0L G
PR o PR IHe AT A i S RS K B B 1 3 5 55
W 1 DA 5 A D 58 s L U % 400 9 O 2 T S R FAL %
S B AARIOCR, , [ i URE S 42 5 AT R 1Y 22 42
(597

44r 2000 m*/h
a2r ‘ 1 600 m*/h
ES \ 1200 m’/h
O 16F ‘ .
< :j | A 800 m'/h
Zlar A ——400 m'h
2t A 0
X0t \
2y
w ol -
& 6F
4+
2k
0 50 100 150 200 250 300 350 400
i [A]/s
Ca) ¥ 0 i 7K IR B
sor 2000 m’h 1 600 m’h ,
5ol 1200 m*/h 800 m*/h
——— 400 m’/h — 0 /
/

on 7
~ 40 L
ﬂllﬂ 6
j]’ /
R %
= 7
~ 3!
20 L AL
120 130 140 150 160 170 1807~
10 r\ 2
0 50 100 150 200 250 300 350 400
I )/
(b) BB &

10 A [ i o A FRXL St 70 480 1 0T 3 28 Bk Y 14 5% i)
Fig. 10 Influence of different front air flow switching values

on dynamic dehumidification

B 11 s T AR [EFE AR U1 #eE 1) DHCOP, /K
YV R A I e RRAIG L AR A IR B ARG, DHCOP #k,
i T K v Bk U e 6 B BRI A S )N, A

= 0 [
o 400 |
£
< 800 \
15 1200 \
5’@ 1 600 \
= 2000 \
jm: -

- =

] 24

B 48

BE 72

3; c 96

52 120

% 14.4

i 24 [

“é—; 48

gﬁ'g 72

e 96

52 120

2 14.4

0 05 10 15 20 25 30 35 40
DHCOP
11 S [R5 (E T A B T P A B AR AR

Fig. 11 DHCOP under different variable switching values

zkxb. xjtu. edu. cn

AT HEE 2. 4 L/min AE R P8 & . i XU K
Vo 78 R AR B UK, DHCOP /)N B X B i1 &
EEATRTE S S VSV Y I I PVANE S W Sy a
ar U B 3 1 BE 2 O 4. 8 L/min, A 3t R B i ) 4
HIEE N 0,
2.3 IE)HE F G 1R B M B 45 I 5K AR

R4 B 9 140 AT L AR K ¥ 28 J 2% T 2 7T ) 55 1R
JEE TR 3L LR e A BT B T D R R R A Y 4
IR D) e Bsf ) T B A HABR N . ] 12 BRI 2K
R g U et AN R U 46 e AR L R AR, B 0~50 s
N R ER I & R S /ME . HEIR B[R] 4 (16 ) )
MELLA RO B B, A T U s 45 18
s VRV Ui Tk 119 5 W A 50 4 ol G Tk B [ 580 1 (] B d
P TR A, o Pl E 8 s BRI i 1Y
T ARV RS W 52 T e R BRI TBRIE &, 300 s
ZITBRIB A 70. 5 g AR VIR T 6. 5%,

44 -
L \ AR
2L \ Yl 4 siSC it
¢ \ YIS sECIE ik
10 - \ DI 12 sl i it
uiz g ! — YIS 16 st
< st
H 6}
3]
& 4r
2 L
0 50 100 150 200 250 300 350 400
B A]/s
() & T AR B
70 "
10
60 s
1 1 /
20 50T ) %00 150 200,/
ii 40 Z:ﬂ‘é)& I 4
z; YR 4 seC
Z30F DI 8 se AL
o PR 12 st
20 F ——YHiE 16 sik B A 7
10} '
. . f i . . : '
0 50 100 150 200 250 300 350 400
IR 1a)/s
(b) BT BR e &

12 AN[R) IRV 76 S i U e V70 48t ][] %o 50 285 I 2 1) 532 Wi
Fig. 12 Influence of different flow switching times of LCEVP

on dynamic dehumidification

MG 2. 2 5 (49 70 Br 2k 5 i i AR AKX S 0, (]
/N S DA 6 35 A 2840 o 3R E [ 5 B R R
i S AU 8 D) 8 I 8], RRE S0 /N XU 5]k 4 L [l
SHRL )AL — 20 4 e BRI BRI A

13 DAy ffy 5 AN [7) i e XA D7) 86 B 1) %ok 30 25 B




144 i

Eird %60 &

%

A 2, py P 13 R] D B R e X A T 4 s T
R 0 5L E [ R R R S . 3 R T /N T g X
T PR G| K KV 2 s i Al A L (] g B
G o DR 7 0D A4 5 O XU i — B[R] S D) e
0 R AT $ m BRI A . 7RI e 30 s J U0 48 i i
DRCER S DUAS 23 P00 % 3 8 [ e, AT 8 5 A1 39
A KR BE O 52 B T 2 3] e R BR R i, L)
300 s [ BT BRI Ry 93. 8 g, FARHEIR (117 B $2 Tt
T 6. 1%, FBIER] G S T 3 ) 5 K A AT AR
2's WSS mE 7 5 DRI SR P 2 i) 46 42 o < 42 X
)5 8 s ¥ KR 28 R fR i 2 4. 8 L/ min, B U1k
J5i 30 s K il s U E A 21 05 TR S BRAG SRR B L i ik
SRR B E P 1 O S R A ATk

44 ¢
P 8
= 6 » 7
£ A
o T P05 10 st AL
;%J 2k 20 sife K
2 ooh P45 30 s A8 K
& Ll Y5 40 stfA% R
—4 L
_6 1 1 1 1 1 1 1 1
0 50 100 150 200 250 300 350 400
R [a)/s
() ¥ N K 5L
100 A
90 F 4‘“1)’%' -
DI 10 s 28 K G
80 - I 20 stcAs Lt
oo 70 F D) 30 s A8 Kk
nuﬂlﬂ 60 F  — VIR0 s R
<;.E 50 |
+ 40t
Bk 30
20}
10}
0 S0 100 150 200 250 300 350 400
i 1) /s
(b) R FRig &
B 13 AR  u X U0 46 Bsf 10] 6 3l 25 B 18 1 52 il

Fig. 13

flow on dynamic dehumidification

R A3 AT A 0 8 B PG4 T A IR P ) SR AR
W 14 s . 7E R U0 4 2 BRIB A U K %
=3 I e D)4 T R AR 2 [ IR K Ve Ve BE AR I
PR 2.4 L/min; 8 s J5 ¥ KV 28 & 4 it i V)
F 4.8 L/min; B Y5 30 s, /i i (4 B i )
90, B JE HERE ER SR 2B M BRIBAR R,

il B s

DI BB AR ?

A
\ 4
JK B8 =300 ] ) 480 45 BT A
IRV BRI UM 45 2.4 L/min
B U8 s
A 4

IRV AR ALY 44,8 L/min

FEA D30 s
v

i S XA ) 4 450

P14 BRI U 4 o I B ) SR O

Fig. 14 Dehumidification switching control spatio-temporal

Influence of different switching times of front air

sequential strategy

F A X LT A A SO Ak 4 SR e Y TRz R
G5 HEERG KA IR R G R BRIB L 7R
SIS 2 7] $8 3] 53k Y AR B, AR SR e B 48 4 1
T4 R GE A SR ) B R A0 1 R BRI i B 4 T
300 s B R BRIE IR T T 203. 1% 5 HiZ R G
FETE 200 s T A%, AE7E 300 s W 9 2313 I8 5 H
PRGART T 22. 2%, Z55 W, R AR SC# il oK
W 1 1) 42 2R 6 2 A 100 S 1 e S o i e 3 i ) L B A
S s R P S0 e B i L7 ) 4 R WA = Y
300 s N, &N T ELEE Hh 43. 2 C R R R 10,9 °C,
BEJS B M2 [ 2 0.7 °C L H BEBERE KUK . TR B, Fe &
2% KR BE A 5.7 Y0, R A W A A, ASAEAE A R
b R A s A XU

Fo4 RARIRACKE B R0 b dE B M A % R & ATt
Table 4 Comparison between the system with optimized switching control strategy proposed in this paper and the original system
— FITRIE A/ g BMHERS IR RIE R G
HERS [R5 AR S SR g V) 42 i () 2 R 5 AR/ % AR/ %
0 0 0 0
50 7.2 3.5 6.7 —6.1 89.8
100 19.7 7.5 17.19 —12.6 128.0
150 33.7 13.0 30. 5 —9.3 134.6
200 47. 8 18.5 48. 4 1.4 161.1
250 62.2 24.9 70.8 13.8 184. 4
300 76.8 30. 9 93.8 22.2 203.1

zkxb. xjtu. edu.

cn



%7 XUFHT A5 - r B 42 405 1) 122 0 2R 00 DA o 85 0 e 7 3R 4 AL R A b A o SR e 145
. cations of the clean energy transition [J]. Nature En-
3 45 W

AR S0 T S0 B0 0 E 1 R A AR R
FLJ7 B BIESE T H B A ) 422 A R G0 1 R I T e
S R AR A R, T T KR Y BE AR
KV ZE AU A S sty A R R X o AR 2 )
8t 300 535 P A ASE X PR SR IR 2 o 7 1 5 ) O 4 A
— b BT A R G RR IR R B
W,

(1) [] 42 22 0 DA A AR 2 0 42 1) 46 3] 7 4 B 1
B, HETBRB B E M T HERS, FRE
59.8% . HERWEZRMYFEZEEHNA 3 M. OV
S T 0 HE KU RE e AR R B0 5 O b I KR
Il 3G SR R XU T s O S 1 K I A
SRR T R A, T BN IR G R AR
BAK.

(2) AR K Y 78 2 7 7 2 v 00 T R E [l s &g A1
PEAKRBE AH 23 FE A 3 XU o5 MA o2 B[] 4. 8 L/ min Ui
0 R BR SRR TE 90, 9%, FRAK AT I KR RS
5| & T BE [l g5, (H AT RRAI R K IR L 0 KU R i Bt
PRiZ AT 77. 9% . BKB W BT E KB L
e KAy uh R B R D)4 F 2.4 L/min,
4.8 L/min J 0, AT & 25 4 T ] 42 P44 38 490 Pkt o3 4 vl
o B

(3) 7K ¥ 75 K # T 42 55 iy it XU Sk 1) ) 46 B 1) £
e . MRS DG 8 s K% 7
KA 30 s W H i KUAE AT AR A5 A PR R
N, FE 300 s N, 2R BRI AR ] 4 &R 4 T
203. 1% I EH R GIRTE 22. 2% , BE A% 78 JE 1 |] Y
SEHAR IR 23 3% KU AT 2 2 T B 55 50%

AR SCER X HL Bl G TR B A B R G L o T
PRSI D T 1o ML B R A o O Ak L B T — ]
25 HR T e 7 R O R R P R G AR R
W . 12 R W A ] 22 R G 7 S B B 25 4 b I R KR
TRERAL T A S e 4 . SR L AR B SE H T4 T
PSR G )R A S80S R4, R K 5
K2 RZGEFEAE R . SEBR R AU B HBR
43 L R B 5 T DG B 1 I B R . ROk TAE AT
B2 RGEMFEIT R, L5 B NSRS R
BiLi A REAESE TN FE A, iE— 2D R 5 IH) 4 R e AE IR
83 Yy TR P AR ARV

S Z k.

[1] Carley S, Konisky D M. The justice and equity impli-

[2]

[3]

[4]

[6]

7]

(8]

[9]

[10]

[11]

zkxb. xjtu. edu. cn

ergy, 2020, 5(8): 569-577.

Zhou Yuekuan. Worldwide carbon neutrality transition?
Energy efficiency, renewable, carbon trading and ad-
vanced energy policies []J]. Energy Reviews, 2023,
2(2): 100026.

Fang Jianmin, Yin Xiang, Guan Jiajia, et al. Compar-
ative study on the thermal performance of the battery
two-phase direct CO, cooling system with parallel and
half-series configuration for electric vehicles [ ] .
Renewable Energy, 2025, 242. 122461.

Yao Ming, Da Danning, Lu Xinchun, et al. A review
of capacity allocation and control strategies for electric
vehicle charging stations with integrated photovoltaic and
energy storage systems [ J]. World Electric Vehicle
Journal, 2024, 15(3): 101.

Teng Haixu, Li Ming, Wang Jun, et al. Energy utili-
zation of CO, thermal management system for electric
vehicles in cold climate: assessment of different heat
source modes [ J]. International Journal of Refrigera-
tion, 2025, 174 359-371.

Wang Yibiao, Dong Junqi, Jia Shiwei, et al. Experi-
mental comparison of R744 and R134a heat pump sys-
tems for electric vehicle application [J]. International
Journal of Refrigeration, 2021, 121: 10-22.

Feng Lili, Hrnjak P. Experimental study of an air con-
ditioning-heat pump system for electric vehicles [C]//
SAE 2016 World Congress and Exhibition. Warrendale,
PA, USA: SAE International, 2016:2016-01-0257.
fEJR e . B, B, 55, BT PEASs IR RIET
R A R x5 R (1], W% =ik,
2024, 45(4) . 1-13.

Ren Zhaolong, Guan Yan, Yin Xiang. et al. Compari-
son and prospect of alternative refrigerants for MAC
based on new PFASs restriction regulation proposal [J].
Journal of Refrigeration, 2024, 45(4): 1-13.

Wang Haidan. Song Yulong. Valdiserri P, et al. Per-
formance analysis of CO, thermal management system
for electric vehicles in winter [J]. Applied Thermal
Engineering, 2024, 236(Part C): 121700.

Song Yulong, Wang Haidan, Ma Yuan, et al. Ener-
getic, economic, environmental investigation of carbon
dioxide as the refrigeration alternative in new energy
bus/railway vehicles” air conditioning systems [ ] .
Applied Energy, 2022, 305: 117830.

Yang Yuzhuo. Shi Lingfeng. Tian Hua, et al. Impro-
ving the long-term performance of electric vehicles CO,

heat pump through correcting discharge pressure [J].




146

[ S

PN

%

N %60 %

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

Journal of Cleaner Production, 2024, 436: 140589.
Wang Dandong. Yu Binbin, Li Wanyong. et al. Heating
performance evaluation of a CO, heat pump system for an
electrical vehicle at cold ambient temperatures [ ]].
Applied Thermal Engineering, 2018, 142 656-664.
Dong Junqi. Wang Yibiao. Jia Shiwei, et al. Experi-
mental study of R744 heat pump system for electric ve-
hicle application [J]. Applied Thermal Engineering,
2021, 183(Part 1): 116191.

R, Ha, EigSR. F Ba EWREE RS T CO,
TR T BASH R R [T, W62 38 K%
4, 2024, 58(12); 1-10.

Zong Shuo, Xiao Di, Wang Haidan, et al. Impact of
CO, refrigerant substitution scheme in the thermal
management system of electric vehicles on driving
range [ J]. Journal of Xi’ an Jiaotong University,
2024, 58(12): 1-10.

Li Yalun, Yang Jialiang, Wu Xilei, et al. Explosion risk
analysis of R290 leakage into a limited external space [J].
Applied Thermal Engineering, 2023, 225. 120122.
Zhang Yun. Liu Cichong., Lu Daxiong. et al. Heat re-
covery design and test for the secondary loop heat
pump Mac system [J]. International Journal of Refrig-
eration, 2021, 123: 45-51.

et al.

Zhang Yun, Liu Cichong. Wang Tianying,

Leakage analysis and concentration distribution of
flammable refrigerant R290 in the automobile air con-
ditioner system [ J]. International Journal of Refrigera-
tion, 2020, 110:286-294.

Li Gang, Eisele M, Lee H, et al. Experimental inves-
tigation of energy and exergy performance of secondary
loop automotive air-conditioning systems using low-
GWP (global warming potential) refrigerants [J]. En-
ergy, 2014, 68: 819-831.

Kaiser D J. Secondary loop reversible AC/HP system
for electric vehicles [D]. Champaign, USA: Universi-
ty of Illinois at Urbana-Champaign, 2015.

Wang Kai, Eisele M, Hwang Y, et al. Review of sec-
ondary loop refrigeration systems [ J]. International
Journal of Refrigeration, 2010, 33(2):212-234.

Li Wanyong., Liu Yusheng, Liu Rui, et al. Perform-
ance evaluation of secondary loop low-temperature heat
pump system for frost prevention in electric vehicles []].
Applied Thermal Engineering, 2021, 182: 115615.
Zong Shuo, Yin Xiang, Miao Tongyu, et al. Experi-
mental investigation on the cooling performance of di-
rect and secondary loop CO, air conditioning systems

for electric vehicles [ J]. International Journal of Re-

(23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

zkxb. xjtu. edu. cn

frigeration, 2023, 152: 376-386.

Zhang Yun. Liu Cichong. Lu Daxiong, et al. Heat re-
covery design and test for the secondary loop heat
pump Mac system [J]. International Journal of Refrig-
eration, 2021, 123: 45-51.

Wang Haidan., Cao Feng, Jia Fan, et al. Potential as-
sessment of transcritical CO, secondary loop heat pump
for electric vehicles [J]. Applied Thermal Engineer-
ing, 2023, 224. 119921.

AR, EZE, 20, & BRI ERERSER
WP RE LR WY [T, W% 24, 2018, 39(5):
105-111.

Cheng Qia, Zhou Guoliang, Lan Jiao, et al. Experi-
mental research on dehumidifying and reheating char-
acteristics of a novel heat pump system for electric
vehicle [J]. Journal of Refrigeration, 2018, 39(5):
105-111.

e, RBR, RBER, % Sid R ERERS
FRGERIBEE I [J] "4 LR¥ M, 2020,
10(5) . 377-383.

Ren Xueming, Wu Weidong. Zhu Qundong. et al.
Experimental investigation of dehumidification of heat
pump air-conditioning system for pure electric cars [ J].
Chinese Journal of Automotive Engineering. 2020,
10(5) . 377-383.

Yu Tianchan, Wang Baolong, Li Xianting, et al. Per-
formance analysis and operation strategy of a dual-
evaporation temperature heat pump system for electric
vehicles in winter [J]. Applied Thermal Engineering,
2023, 219(Part B): 119594,

Li Kang, Tan Mingfei, Man Yuan, et al. Investiga-
ting dehumidification and heating performance in a dual
evaporator heat pump system for electric vehicles [J].
International Journal of Refrigeration, 2024, 168: 620-
631.

Liu Yuxuan, Jia Fan, Yin Xiang, et al. Evaluation of
dehumidification capacity and operation boundary con-
straints for different thermal management systems for
electric vehicles [J]. Applied Thermal Engineering,
2025, 279, Part B: 127627.

Wang Haidan, Song Yulong, Cao Feng, et al. Per-
formance evaluation of transcritical CO, desiccant heat
pumps for electric vehicles [J]. Journal of Physics:
Conference Series, 2023, 2648(1): 012032.

Jia Fan, Yin Xiang, Cao Feng, et al. Enhancing con-
trol disorder and implementing V2X-Based suppression
methods for electric vehicle CO, thermal management

systems [ J]. eTransportation, 2024, 21: 100336.




EIE ] XUFHF 45 0 Bl 0 05 ] 42 P40 2R 90 DR ol o3k 2 ) 7 33 e L B8 R A A ol S e 147
[32] Chang Y J, Wang Chichuan. A generalized heat trans- transfer: equations and further study [J]. ASHRAE

[33]

[34]

fer correlation for Touver fin geometry [ J]. Interna-
tional Journal of Heat and Mass Transfer, 1997, 40(3):
533-544.

Sieder C A, Rouse M W. A convenient correlation for
heat transfer to constant and variable property fluids in
turbulent pipe flow [J]. International Journal of Heat
and Mass Transfer, 1975, 18(5): 677-683.

Shah M M. Chart correlation for saturated boiling heat

[36]

zkxb. xjtu. edu. cn

Transactions, 1982, 88(1).: 185-196.
Dittus F W, Boelter . M K. Heat transfer in automo-
bile radiators of the tubular type [J]. International
Communications in Heat and Mass Transfer, 1985,
12(1) . 3-22.
FKE. U B3 76 55 45 i o R A% 2 B R AL AR M
J¢ [D]. KA. HAMKRY, 2011

€1

K i)




