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Abstract: Based on the equivalent circuit model of proton exchange membrane fuel cell (PEMFC) and the
electrochemical reaction theory, a fuel cell power generation efficiency calculation model is established to study the
influences of operating conditions (e.g., working temperature and working humidity) on the internal resistance
characteristics, output characteristics and power generation efficiency of the fuel cell stack. The principle of minimizing
the total DC internal resistance inside the stack is adopted to obtain the optimum operating conditions under the output
of different current densities. Experiments on AC impedance characteristics and U-I output characteristics are designed
to verify the accuracy and effectiveness of the model. Simulation and experimental results indicate that the internal
resistance characteristics and output current density are important factors affecting the variation in fuel cell power
generation efficiency. The operating conditions corresponding to the minimum DC total internal resistance inside the
stack can optimize the output performance of the stack and improve the power generation efficiency. The fuel cell
power generation efficiency model established can accurately reflect the internal characteristics of the fuel cell stack,
and the calculation results are effective and reliable.
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different current densities
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0~0.1 320~325 60~64 34.3~773 0~226  65.3~68.6
0.1~0.2 325~327 64~70 20.9~343 226~425 63.4~65.3
0.2~0.3 327~329 70~78 15.8~20.9 425~608 60.8~63.4
0.3~0.4 329~331 78~84 13.0~15.8 608~776 58.6~60.8
0.4~0.5 331~334 79~84 11.3~13.0 776~934 51.7~58.6
0.5~0.6 334~337 71~79 10.0~11.3 934~1080 45.1~51.7
0.6~0.7 337~344 60~71 9.2~10.0 1080~1205 43.1~45.1
0.7~0.8 340~343 54~60 8.6~9.2 1205~1319 40.7~43.1
0.8~0.9 343~345 52~54 8.6~9.0 1281~1319 35.6~40.7

/%

3 KB5S

BT 7K B J5T - 22 480 BB IR ) FhL it 58 i BEL e A
PESCIFN U-1 5B ARr PR SE I, B0 U0k e vt & FEL K
R R A A S, AN RI R E S R 1Y
HMER IR PR . MRS 5 Fos, 4G Bir
AP L b HE 5 96 [ Perm Pure fit) FC200-780-7
MP(Air)/240-5 MP(H,)BAEHRA ; 1R (5 RER
K N £2%RH(0~80%RH) FI £4%RH(80%~100%
RH); HA KIKUSUI(247K)KFM2150 #4%4 ALt BH
IR, 76 10 mQ 2 T ARG H+3%; PLZ2004
WB B i L F 48, @ YR B N +(0.2%+
0.2%FS), & HL ARG 2 +(0.05%+0.05%FS) 5
MREAL AT Pe-100, TR oE TARIREE, A58
F£0.1 °C o SEH rE HE R BRR E IR A B PR AR 2L
W, BB ASET BRI B A iR 25 . AR SC AL
PRI E A, IR LI T AR e AT — BeA
], B PRI E AR R SR B e, id s gkl
BEAEAMSLRER 3 LA L, XA B2y
VER AL . B RE R E AR G BRI R 3,
3.1 mFEIAF SIS

I LIt - 57 3R A T T 3 H U S
AN HL 28 B F AR~ BT S S A5 R an A 6 .
K, Z M Z 55l e FRRST Z 1SR R
#ho FH KFM2150 22 3t RHATTIN A 1) o o S A
7 0.1 Hz~20 kHz W3S AR5, A R#ERAE %

5 WX RS
Fig. 5 Experimental test system
x3 HBEMRESEIREEGFER
Tab. 3 List of stack performance parametersand

oper ating conditions

ZH AH
P AT B S TR kW 15
FRL HEE HL T/ A 143
L HEBRE LU/ V 10.5
FL M R RS LV 7.5~16.0
FE MR LRV R/ A 0~120
KA ET/MPa 0.10~0.15
2RI/ MPa 0.10~0.15
e b AR TR em? 180
LR IY o 16
FME TARIR B /K 293~350
M HE TR /% 40~90

PF T BISEEAE (P 6 sl Rakor) s MRUGIET 1
SEASH BRI, BRI R (K 6 T
RO SCHBH TR AR Y n] R T
Z=R_+- R + R, +j'a)RfRdCd‘
JoCy (R, + Ry + R.R,jwC,) + joR,C, +1
(21)
Ry o BAEER; C RIBERA: O,k
BB S LAY
BHATIE AR AL B S R b SfE P R A B G
o A S S S S R (I B R SE )
ERAUN o 5 S A R (REEERZE 1) L
Ui EEST AR RAR, . RSN
W Ry, BN A/ N Ry, FIFHEC(17) RLME A
AR, R A
H P 6 ST Tl ARFLIR AT H R (0 Avom <
i<0.3 Aem?), R.FIR JEFZ0 L HERE M 2K




196 i, b

E 4 %524 %

325 K.64%]
4 318K:60%
o 332K:68%
— 325 K.64%
W[ -318 K160%
s |----332 Ki68%

. 332K.82%
s 326K75%
o 338K:87%
—332K82%
-------- 326 K:75%
----338 K:87%

16 0

» 343 K:54%
4 335K:50%
o 345K:60%
—343 K;54%
>>>>>> -335 K;50%
----345 K:60%

g 100
(c) i=0.80 A-cm™

E6 AEBRZETBALFEEKINER
Fig. 6 Experimental results of electrochemical impedance
under different current densities

F 5 ROTBHBTRRE R0 & 32 iy RIS
(320~329 K, 60%~78%), KIHIH5T A0 BT
BIEACRH RN, RIS/, FiF1% SR,
Ry, JB/IN 2.68~5.81 Qem®, X HLIEHRAS & B
RS 1.21%~2.62%.

HHL RS R (0.3 Aem *<i<<0.6 A-cm %),
Hi Ak 27 SO B R s RARIRAS T (329~337 K,
T1%~84%), MEALFIEMEIGE, B3R, R
R WUN, R, U8/) 0.78~1.52 Qem’, T HLIEH IR
R BRI 1.58%~3.08%; FH#H TR HL it 25 )
Wik, Ak RO RREE N, RSN, H R FIR,
(I RER/NT R /N, R BN
R, PR INTH 3R B H I 25 5 () 1 R, R LK
I/

LR R (0.6 A-em *<i<<0.9 Acm %),
HLALAE OB TRIZN , 45 SRR AR XS R SEIAAN K 5
AR T (337~345 K, 52%~71%), AEINZERAS
JK % FE I TE RN 10 L B B A AU S AL 2
I, R OB/, R, /N 0.31~0.62 Qem’, X
FUIE HRES K AR R 1.14%~2.24%; HIE T
HLTL BE ), R IR 25 LR, SEiesdis 5105
FEAEVI , 2T P BEARR I AL RS 0 M A 400 o
Rtk TR BT, RS T R BT
FHAL F AR T I B Bl (R, /D), KHECE
e,

3.2 U-I'HmH%iEsRie

U-1 i R S50 2 5 28 it PR S B0 2 ]
SERU , TESRAF R AR R T B2 i U R
(A, ASHI e A LR A LR, 23] U-1 %
Frik g, Z5RmE 7 RGO ESER, SR
FEEEAL), Hrp i HE R B (10) A= (17) i A
HEARE], TSR] B RS, il
Wi Fh 3 2 B A B TR/, ELAEAIR . e LR R B
R (U-1 IR XA R ), i s e
B, Hnh U WP R R A U-1 e ml e gaxt
{E/IN) o ARHR BB T (0 A-om 2<i<<0.3 A-cm %), 4]
BIEFRE, RS TR U 35 0.11~0.60 V,
KEFCRIER 0.49%~2.70%; HHFHEE T
(0.3 A-cm *<i<0.6 A-cm ), AHEIEROIRZS, HUAbAR
BT U R 0.21~0.62 V, & HECEHE 0.94%~
2.79%; EHITHEEI (0.6 Acm <i<0.9 A-cm’),
FREOEH RS LIRS T U 425 0.41~0.61 V,
KRR 1.87%~2.78%. [F)— FL i % i i

stack

B 7 AERIEEHET U1HHFETHRER
Fig. 7 Experimental results of U-I output characteristics
under different operating conditions



1

JEIMER, 4. JET BN PEMFC % HL AR B 540 197

T, ACIRE T8 U-1 R4 0 HE N TR AL
ARSI HE /N, W R, /N)o IEFIRAS 1.
IEFRE 2 MRS DI R ATIE 1155 W,
1234 W, RHICRIHHN 36.1%. 38.6%. HLALIk
AR W P REAR R T IR H RS A T, Hah
RIRTIE 1399 W, & HBCRN 40.1%.

4 £t

PTG, AT B, DN
S A BEL R/ N A B AL B S5 28, 98/ P BHL ) 2243
FE, BEHMEA R PEGE, RS R HEACR, i1
iR HE & USRI RS S5 TR i A, BT
Ty VR TR O R USRI S50, K% R
HEBIE S O REREMIA, PR IS B AOHRRL LI 2R 58
(0 % USRI ST R AR L, B —E MR, A
LRI

(1)TE 7 B 2 e T, Bk L R F R
SHETA N ERAE, KRR SN B
ANTTHER s BEFE LA BE 3G, EL B P P B
FeWl/ NE SRR, K HEACRE BN

(2)3E (5 FURISESS , AT SN B/ NR T
(RS IR R B BE(0 Avem *<i<<
0.3 A-om ) AE 1 45 14 J9 (320~329 K3 60%~
78%); THLRB (0.3 Acm *<i<0.6 A-cm 2)i
FERBRME 260 (329~337 K5 71%~84%); HHLER
JI B (0.6 A-em <i<<0.9 A-cm %) FAEHRAE SR
(337~345K; 52%~71%)s

OG)TERAERAESRMAET, R M RE N &
HRCR I i T, £ ums PN R,
Py A R R BE s/, BN R R 152~
5.81 Qeem’, KHECK n BEKHEE, HIHEEY
1.14%~3.08%.

stack

SEH -

[1] B, WRFEAM, BRAS, 5. 0kl -4 e IR & 3t
HL 2R G0 Y JC R R SR S SRR s [0]. TR
224, 2024, 39(2): 580-594.

Ao Wenjie, Chen Jiawei, Chen Jie, et al. Passivity-based
control strategy and parameter design method for fuel
cell-lithium battery hybrid power supply system [J].
Transactions of China Electrotechnical Society, 2024,
39(2): 580-594. (in Chinese)

FEERH, R, SRR, SE. R S BER R AY
SRR FL YA B 7 e R [J]. L TR 2,
2023, 38(21): 5923-5938.

Gao Fengyang, Gao Xuanyu, Zhang Haoran, et al.
Management strategy for fuel cell trams with both global
and transient characteristics [J]. Transactions of China
Electrotechnical Society, 2023, 38(21): 5923-5938. (in
Chinese)

Huang Zipeng, Jian Qifei. Cooling efficiency optima-
zation on air-cooling PEMFC stack with thin vapor
chambers [J]. Applied Thermal Engineering, 2022, 217:
119238.

Bayat M, Ozalp M. Effects of leak current density and
doping level on energetic, exergetic and ecological
performance of a high-temperature PEM fuel cell [J].
International Journal of Hydrogen Energy, 2023, 48(60):
23212-23229.

Li Yanju, Li Dongxu, Ma Zheshu, et al. Thermodynamic
modeling and performance analysis of vehicular high-
temperature proton exchange membrane fuel cell system
[J]. Membranes, 2022, 12(1): 72.

FriE R, W, B, SF. SUORH Y B R
AR HESE ()], HIEAEAR, 2025, 23(5): 130-140.

Gao Qingzhen, Pan Daoyuan, Huang Shengzhou, et al.
Study on temperature field evolution in hydrogen fuel cell
diffusion layer [J]. Journal of Power Supply, 2025, 23(5):
130-140. (in Chinese)

SN, BT, #IL, SRR MMC SR
PR ) ER i Lk L R G R i A ST AR,
2025, 23(5): 161-173.

Guo Xiaofan, Li Bingyu, Dong Zengbo, et al. Research
on lightweight of hydrogen fuel cell power supply system
based on MMC and partial power conversion [J]. Journal
of Power Supply, 2025, 23(5): 161-173. (in Chinese)
Kumar R, Subramanian K A. Enhancement of efficiency

and power output of hydrogen fuelled proton exchange



198 i, T

E 4 %524 %

membrane (PEM) fuel cell using oxygen enriched air [J].
International Journal of Hydrogen Energy, 2023, 48(15):
6067-6075.

[9] Li Chengjie, Cheng Kunlin, Li Bo, et al. Feasibility study
on supercritical fuel cooled solid oxide fuel cell stack
with internal reforming [J]. International Journal of
Hydrogen Energy, 2024, 50: 312-322.

[10] Yin Liangzhen, Li Qi, Breaz E, et al. Model guided
extremum seeking and active disturbance rejection
control for efficiency real-time optimization of PEMFC
system [J]. IEEE Transactions on Industrial Electronics,
2024, 71(6): 5905-5919.

(1] EfaX, 00, BPEM, 2 Tk E A

REHL L RS B 2 A as AT AR AR ISR (0], Ak 24,
2022, 80(8): 1091-1101.
Wang Yige, Li Hangyue, Li Zewei, et al. Study of
operating conditions for high efficiency and anode safety
of industrial-sizesolid oxide fuel cell [J]. Acta Chimica
Sinica, 2022, 80(8): 1091-1101. (in Chinese)

[12] Chen Xi, Long Shichun, He Lingxuan, et al. Performance
evaluation on thermodynamics-economy-environment of
PEMFC vehicle power system under dynamic condition
[J]. Energy Conversion and Management, 2022, 269:
116082.

[13] g, A, TR, 4% JET Em N B ASSi BLTR:
P PEMFC 7K BURASHT 0], f6 T2F4, 2020,
71(7): 3247-3257.

Wang Ru, Shen Yongchao, Wei Dong, et al. Analysis of

PEMFC water management status based on DC internal

resistance and AC impedance characteristics [J]. CIESC-
Journal, 2020, 71(7): 3247-3257. (in Chinese)

[14] Pandian M S, Anwari M, Husodo B Y, et al. Efficiency
and economics analysis of proton exchange membrane
fuel cell [C]// 2010 Conference Proceedings IPEC. Singa-
pore, 2011: 875-880.

[15] Zhu Yanlong, Yousefi N. Optimal parameter identify-
cation of PEMFC stacks using adaptive sparrow search
algorithm [J]. International Journal of Hydrogen Energy,
2021, 46(14): 9541-9552.

[16] Wilberforce T, Olabi A G, Rezk H, et al. Boosting the
output power of PEM fuel cells by identifying best-
operating conditions [J]. Energy Conversion and Mana-

gement, 2022, 270: 116205.

TEEEN:

JHMER(1986— ), F, HME TR
Uit WFFETTIN: BIRE R K R G
SR A . E-mail: 57590433@
qq.com,

TR (2000— ), F, HfEEH,
L0 R A O 1 v ) O e o L3S
FHe b & L RG] S5 AL . E-mail:
976528293@qg.com.

BAR0969— ), F, i+, #HiE.
WEFE 7] : BT RER A L R BRI | F5 ]
S EEZ WA . B-mail: wdl01@cjlu.
edu.cn,

EEAR(1985— ), B, SR TE
Uit WFFEITIN: BiRE R R R G
SRR . E-mail: 56379404@

qq.com,

JE]

(PTG Bhi)



