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Accepted 5 January, 2026 col was developed and applied to a five-cell PEMFC stack for 300 h. The test re-
sults revealed an overall performance decline, with durability at the stack level
largely governed by localized degradation in the worst-performing cell. These
findings underscore the necessity of stack-level, cell-resolved degradation anal-
ysis to enhance the durability of PEMFC systems under operating conditions rep-
resentative of construction equipment.
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Table 1. Fuel cell test conditions and stack specifications

Parameters Value
Number of cells 5 EA
Active area 143 cm?
An/Ca Line Temperature 70°C
An/Ca Line Humidity 80%
Coolant Temperature 65°C
Stoichiometry ratio 1.5 (Hy) / 2.5 (Air)

37 HM1= 20264 2



Tt - SRl - 23 - RSY - 015 - sl 11
18 18 18
16 V-type Loading 16 Off-road Driving Y Hoist
Ng 14 Ng 14 Ng 14
212 212 212
£ £ £,
Zos Sos Bos
06 o6 o6
04 o4 o4
9 [} o}
0.2 0.2 0.2 ,'
00 20 40 60 80 100 120 140 160 180 200 00 20 40 60 80 100 120 140 160 180 200 00 20 40 60 80 100 120 140 160 180 200
Time (sec) Time (sec) Time (sec)
(a) (b) (c)
L8 T T T T T T T T T T T
~r NEDC 7
E14 —
31.2— =
g‘o.s— _
Eo06 I_\_| -
§0.4 —
Sl bnl U Il lnl] —
0 ﬂ 1 H l ﬂ 1 ﬂ l 1 1
0 200 400 600 800 900 1000 1100 1200
Time (sec)
(d)
Fig. 1. Degradation test mode (a) V-type Loading, (b) Off-road Driving, (c) Hoist, (d) NEDC
Fig. 1@)%} Fig. 1(0)2] %9, £ a7 Ay a7 3. Z 1}
oA e xR 4*2%@]% g EHAE X
ZEZOIt} Fig 1(a)= AA E= 1% dE g2 3.1 AAE oy 24
o T3 AE¥el JCMAS Hozz” 3 A A=
W Bastol A% S sl 7H Fel ol ARAA) 28 Y AP B9 29E AL 8
™, Fig. 1(b)= T A= “JWOE exzet £33 &9 AAY dlolE= Fig 20 UEhiSIth Hee
A 7|Hte g =2 HEo|th Fig 1o dd AA drdA 28 gdes SAs%0on, &9
ol Fgolo] Bl B 1esle] oA &8 Lo AgAR] As FHrb AAHe A7) 2 ezk
tolHE A=A Y AF Yz jgkt woo] & 7|Rke g ANlsieitt Fig 25 Fof 3¢ A& ¥
™, Fig. I(d)= =4 #& Z2EEQ NEDC (New &= 2304 AlZE o] wheh A9k 5l &<of 3l
Buropean Driving Cycle)Z 7|8ho 2 Rat B4 u} Mo Ztashs AFS TR 4 gow, HH
£ 1 =9 dol"E 4y d U Hegt B MEA 45 37 Aol vis) Ao r we &9
Soltf, o] ¥ 7hx] RES AFE TREZS zgto] Vbt

w3t o] =AU

“1.32 h of V-type loading — 1.32 h of Off-road  H|3|, & W $Jx|of| Q)= 4 L

Fig. 3.2 7} Ao] 28 AAd J2e)=S ehich
7he B el AiEoR ke 134 Al
1l

sl AolA] 22 et

driving — 2.33 h of NEDC — 2.64 h of Hoist” Zra7b g2 3A yelhde] wet &8o] A

2 2 itk ol 7k B TelA 1~ A ol

WP HAEE $10) 39S wastel WREs 49 95U A 7 500 ThE g1 EAP
om, 5 0409 UFY HA AWEIS o o S WA Ase wuE

Vol. 37, No. 1, February 2026

Journal of Hydrogen and New Energy <<



12 ZIAIEHIS PEMFC AR 5} 71 AER|A AJR] e T

o

Voltage (V)
R ST

Current Density (A/em?)

Time (h)

(a)

ensity (A/em’)

150
Time (h)

(b)

Fig. 2. Time series graph (a) Voltage, (b) Power

Lo

3.2 WiTAIR H - = dlojH 24

Fig. 4=
ne tH %

Eﬂol

PN

: 1 19 300 b UFAIE ol 4
TS vehd Alolck A A
6H SRIst v} Zol, YA -
AlO*OﬂH %ﬁ %1 @Hw 3

L

_Vll

=1
ol
B o l‘ﬂ- VU
001'

(
-

rulm ma

].

N
2 El}i
o5 =
ol
o

o e

)
>
rl;H”

Haom, o £7H02 £o b §
5= I}%(Transient) 7%
Gk ot BAE e A% BEo e

T2 343] A= oA A= 9 4k

S| oFo|AA X H|

k
o

of
il

3

1 ox
ol

-

B
ol 3
il mE
o

©
> L
24

lo

HU

e 4©2) Fig. 4@el CHEE v} 7o,
300 h WA ol A 27] ] B AR
W oA 22 Ae) S04 7ha W 8 A
Apo] B} WIMsHA BRIk o] AARE A
d BAolA] vrEE 718k} vk o) Eu) 3

H
ot
3!

g 3

>> PhaA SRR S| =2

rent Density (A/cm’)

Cur

Time (h)

Cell #2

rrent Density (A/cm’)

Cui

0 50 100 150 200 250 300
Time (h)

rrent Density (Alcr

Cui

I i
0 50 100 150 200 250 300
Time (h)

Cell #4

Time (h)

rent Density (A/cm’)

Cur

SFA] Foohs A= 28t
=} 754 T A LA
d i

Pyt 22 Aol w7HA o 7]

Vtype loadmg Ecoﬂ rHOH }\]_8']1:1 27| 7} 300
h WA o]5-o] A &9 54 e 2E Fig. §
of Yt itk Fig. 5(a)= 113} 40| tis)] ds}
A 2718 AY-AF 235, Fig. 5(b)= 19174 4

37 HM1= 20264 2



E
_'__I
o
H
ro
A
0f

‘359053 - 2B 13

oL =
L]
12 7 12 7 12 7
7 V-type Loading initial Cell Average ) 1} Otf-rond Driving nitial Cell Average | Hoist initial Cell Average NEDC initial Cell Average .
< g
08 § 08 g
) s >
5 R NATATATEANAN AN 1
S04 Z Bos r ( z
£ 2 £ 3 3
Sz : Sn &
- Z i 2 2 g
AR INNINVIN F*rﬂ'°
i I S nM.nf1.00.00 .
3 302 304 306 308 31 5 502 504 506 508 51 812 814 816 818 82 45 55 555 56 565 57
Time (h) Time (h) Time (h) Time (h)
12 7 12 7 12 7 12 7
0 V-type Loading 300h Cell Average ) 1| Offroad Driving 300 Cell Average | 7 Hoist 300h Cell Average i NEDC 300h Cell Average
08 £ 08 08 08 -
B P " ,l || " " " ﬂ " " ﬂ 206 gos . B
% T & &% o4 z
Soa : Foa Foa Fo. ;8
So2 Z 2 So2 z 202 L8
0 - 0 0 ol - 0 ]
Aol © - - el
, , S iR J, nf.nf.nl.nh .
3072 30722 30724 30726 30728 3073 30018 3092 30922 30924 30926  309.28 30328 3033 30332 30334 30336 30338 300 300.05%3001 (30015 3002 30023 3083
Time (h) Time (h) Time (h) Time (h)
(a) (b) (c) (d)

Fig. 4. Data before and after degradation test by test mode

1.2 T T T T 7 1.2 y/

1 V-type Loading initial Cell 1 ¢ 1 V-type Loading 300h Cell 1 A
g g
0.8 5 8 0.8} 15 €
e o g,
S 06 . 206 =
P 4 E 9 4 %
0.4 2 Fod £
= 3a 3 3
> 0.2 RS 0.2 =
@ . 15
of 2 i of -
= =

A i r h 0 h h L : 0

3 3.02 3.04 3.06 3.08 3.1 307.2 307.22  307.24  307.26  307.28 307.3

Time (h) Time (h)

1.2 r v v - 7 1.2 v v T v 7

1 V-type Loading initial Cell 4 c 1 V-type Loading 300h Cell 4 ‘
0.8 5 E 5
< <
06 = =
g o £
£00.4 ] ]
D D
K- a
S 02 = iz
= =
2 & g
0f = =)
= =

0 0

3 3.02 3.04 3.06 3.08 3.1 307.2 307.22 307.24 307.26 307.28 307.3

Time (h) Time (h)

(a) (b)

Fig. 5. Data before and after V-type loading mode degradation test for cells 1 and 4

HAo] s 300 h WiFAIR ol 52 Aeb-AdRel 't vk 22 A3 300 h WA o] Fig. 5(b)ofl A
o ANE 47 yepdnh obd AAIE dlolE 24 " FReM e dedt b Ak AskE "ol

=AY

o QT vle} o, 7 GO WE G 4 2 Aol £ OR FFEL Y Bo]
2 Q) 7hs FF eIORNE W AN Aol 4 AEglek olejd A NS T f& AR a7

qiHom 2 qkel Alo] wAsigon, ojefdt 21 Z7lel ula) A Tl YAHOR FE ofFol
© 54 B3} W] U2 FAW AR 87 Fh A A Tk AR T7(Fuel starvation) ZA0A
AR TF WAL U AFAVIE 8900 A ASHe R0m delA gon, of B9 A 5

Vol. 37, No. 1, February 2026 Journal of Hydrogen and New Energy <<



14 HEZHIE PEMFC A8 Ea} 71 AEHA Al 2 JHE

4 A8} LS AL B AR, Bhas XA 5

LY 1
O~ initial Cell 1
(carbon corrosion), g Zue] 45} So] o] w8
N N _ s = 80
MEA ZFuj3 d3ks 7M7) Zlom BaHa g Ve
AP, wheba] B Aol BEE oMt AL e
0.4 | [—©—initial
&4 Fol 270 stollA] 7k ol mE e &4 “-3..-0.3 PR D
jq_ l[—:-Z(;]‘E_] WA OE:]Q_7]_ %@-X‘] Oi Zq'%—ﬁ]' ﬁejq‘i Current Density (A/cm?) Current Density (A/cm?)
- — - 1 120
; a g 80
3.3 U7 AR H- 5 g5t M5 24 o
0.30 03 0.6 0.9 12 15 0o 03 0.6 0.9 12 15
Flg 6% }_7]*O]'EH9]( 300 h LH?—/\]@]H 0]3’3‘_9/] -V Current Density (A/em?) Current Density (Alem?)
1 120
(Polarization) =+4 2 &8 EAS e, Table ' Lk |
200 2t Aol The) 2 A5 W= Aok AR

Voltage (V)

) o
Belsiich. Autom 300 h YLAE olFols o

s ”
0 0.3 0.6 0.9 12 15 0.3 0.6 0.9 12 15

8] —ﬂ%j_‘%‘ EIE]'E— Ogﬂoﬂ/ﬁ %jc\ﬂ‘ 7()}_‘5_]'501 E]-f%— 3-7'" Current Density (A/cm’) Current Density (A/em?)

Cell 4

—o—initial Cell 4
h

H
o
N
rE
1z

Power (W)
2

x,
i
=2,
=
%

Voltage (V)

2
N

>.
Jiuf

r

)
Sl= ) 0 03 0.6 0.9 12 15
=2 %p:]_o]_ fe) =4 0 03 0.6 0.9 R 12 15 ) 5
Current Density (A/em”) Current Density (A/cm”)

U5E 7 e AR 53], 147 92 4 ! e oas
100 || —€—300n

Aoz ARFFo] S5Q3)A|= mass transport 08

dominant regime &2 4], o] FL7tof|A Q] E35l7) 4
Ao A o AZgitks AL 4 Ao dudw & N=A
a&_ﬂ]— O]Oﬂ Eq—% ﬁﬁ —T,«Z—:‘]_‘: ]‘5_]‘_{\_ Z]X]i‘“ —]f'—/ﬂ' E}l é—- I 03 06 09 12 150 03 06 09 12 15

Current Density (A/cm?) Current Density (A/em?)
o} Ao}7} ASkE k= Ae oujgith ojA g d=
Z(j?(] ./:‘3—,“9/] =y} oeji} Uﬂ?‘]L]Z-»O— 2CER ;q;—(ﬂ Oﬂ/ﬁ Fig. 6. IV and output graphs before and after degradation test

TS WA ghom, 7 =dt 4 230

28 B A & worst cello A ¢-AH02

l
S,
°c o
(o]
)
°
*
Ao
ol
1=
=2

o [

Voltage (V)
Power (W)
2

Table 2. Voltage drop rate per cell depending on current density

Tha gEof w2 obg 2T BA Hal x7lo] B ge“g;?; Cell | cell | cell | cell | cel
o A8SpuA 4 Ao HhE o 2ol em) | 1| B | B | H P
*o}‘rﬂz}]g.i o7 1z \—;Ll gzj?j. }—ﬁoﬂ U]j;q == 0 0.22% | 0.58% | 0.66% | 0.45% 0%
S, ol ols) T Aol HzFelAel At 028 | 275% | 3.32% | 3.58% | 3.63% | 2.46%
qzHos AuE Aow BoED. ofals An 056 | 3.19% | 3.77% | 4.04% | 436% | 2.68%
084 | 461% | 527% | 532% | 6.12% | 4.04%
ARHA LEellA A7t BatAQl Aol obd, 112 6.93% | 791% | 7.52% | 941% | 6.64%
worst cellof| 4] 72 0 &2 ujEch= A3 oA+ 2 14 10.17% | 11.81% | 10.72% | 14.26% | 10.80%

> BHELAUNOIR[SE] =2 R 13 20064 22



o} A= 43

A7 AF e =

oM &2

worst A4 o] &3} 3
Sl

jsh, ofof wh

rodlo
X
o

4. 4 &

B ool AN A4 94 SHS v
Sto] TR AT B2 ek W] M AR
AR 28 g8t b AR RES st 54
PEMFC 28k tAfo.2 300 h A 8-S Saet
of 28 9 Al G9] A} ASS BASCE o]2
53 A2 WP BORE SIS ofele ThE &
A 2 A Aot WA 7F Dot B BAE
skt

DAY e SAS W B4 et

WRAE 2 A Aol Z7hel wet o
2AA) 2ele] 29 Aek 9 Fo] AurAO
2 gaste Aol dehton, 53] 1uR
BE gelol i A% Ashh FEA A

2) A@ BE A5 Hla 2w e o7l 2o

A %7PAR) 2 A 7ha 9 B FAfo]
o2 PAHglon, ol FAF AF 4
5 A

3) AARE WFAE olFolle Zul &4 A3t

2
AT Tk Aot RHOR QI3 H7Iek} whE
& 9 24 Ay EA4o] AstE|glen, o]
el A= 7 2] HY WHE W=t
Ald 27] diH] S7keke AEE 2ok

4) A s B4 Aah A8y d3t A A
Ao wet dFHoem FrkskA] grgkon,
4 Aol Ay Zshge] fHHog A
U= worst cell As-0] ER1EQlcE E3] 4

9

Vol. 37, No. 1, February 2026

e - - 5P - JFSF - 0|5 - e 15
—

UgHo= e zox wekech
5) & A Ak et o) B4 Hak ¥
50 28 Aol ARHA Ago] Y
I Ag) gEE ol A o] d3t Brtel F
835 AASH, FF ARHA Ty 419
SHAIE Bl flall, A8 ©9]9] transient <&
A g 55 A, AR E A
o g%} 1 ¢ slojHEE M AL &
A T Thekel 71 71 o] Zasith= A

< HojEr
=

B A ARIEAAHIR(MOTIE) 9} ol
716 H7HAKETEP) 2] XL wo 4843 AT 7}
AL TNo. 20223030030030).

References

1. D. E. Grineva, R. M. Mensharapov, N. A. Ivanova, D. D.
Spasov, M. V. Sinyakov, A. Sh. Aliyev, and V. N. Fateev,
“Hydrogen-supported decarbonization of automotive
industry: from ICE through hybrids to FC vehicles”,
International Journal of Hydrogen Energy, Vol. 192, No. 26,
2025, pp. 152238, doi: https://doi.org/10.1016/j.ijhydene.
2025.152238.

2. Y.D. Lee, J. Y. Kim, D. J. Woo, H. Ju, and H. Kim, “Review
of research trend in fuel cell: analysis on fuel-cell-related
technologies in electrode, electrolyte, separator plate, stack,
system, balance of plant, and diagnosis areas”, Transactions
of the Korean Hydrogen and New Energy Society, Vol. 31,
No. 6,2020, pp. 530-545, doi: https://doi.org/10.7316/KHNES.
2020.31.6.530.

3. Y. Wang, Y. Pang, H. Xu, A. Martinez, and K. S. Chen, “PEM
fuel cell and electrolysis cell technologies and hydrogen
infrastructure development - a review”, Energy & Envi-
ronmental Science, Vol. 15, No. 6, 2022, pp. 2288-2328, doi:
https://doi.org/10.1039/D2EE00790H.

4. H. Sethia and A. Priyam, “Review on hydrogen fuel cells as
an alternative fuel”, Next Energy, Vol. 9, 2025, pp. 100460,
doi: https://doi.org/10.1016/j.nxener.2025.100460.

5. B.Seo,S. Oh, and H. K. Suh, “Analysis of differential pressure
performance and uniformity index according to flow field
design and inlet flow rate in PEMFC”, Journal of Hydrogen

Journal of Hydrogen and New Energy <<



1

ZHIRIHIR PEMFC AR 25} 7js AEZA N3] 8] it

10.

11.

12.

13.

and New Energy, Vol. 35, No. 6, 2024, pp. 763-773, doi:
https://doi.org/10.7316/JHNE.2024.35.6.763.

. J.Kim, J. Lee, I. Kang, and H. Ju, “Development and research of

thermal management equipment for efficiency enhancement
of PEMFC systems”, Journal of Hydrogen and New Energy,
Vol. 35, No. 2, 2024, pp. 205-215, doi: https://doi.org/10.7316/
JHNE.2024.35.2.205.

. J. Kim, B. Son, H. S. Kim, and K. Jang, “Development of

a 1.6-kW range extender based on the hydrogen proton
exchange membrane fuel cells stack for 1 ton class auto-
mated guided vehicles”, Journal of Power Sources, Vol. 646,
2025, pp. 237180, doi: https://doi.org/10.1016/j.jpowsour.
2025.237180.

. A.N. Mancino, C. Menale, F. Vellucci, M. Pasquali, and R.

Bubbico, “PEM fuel cell applications in road transport’,
Energies, Vol. 16, No. 17, 2023, pp. 6129, doi: https://doi.
0rg/10.3390/en16176129.

. Transport and Environment, “Reducing emissions from

non-road mobile machinery’, 2024, Retrieved from https://
www.transportenvironment.org.

T. Cao, T. D. Durbin, R. L. Russell, D. R. Cocker, G. Scora,
H. Maldonado, and K. C. Johnson, “Evaluations of in-use
emission factors from off-road construction equipment’,
Atmospheric Environment, Vol. 147, 2016, pp. 234-245,
doi: https://doi.org/10.1016/j.atmosenv.2016.09.042.

F. Un-Noor, G. Wu, H. Perugu, S. Collier, S. Yoon, M. Barth,
and K. Boriboonsomsin, “Off-road construction and agri-
cultural equipment electrification: review, challenges, and
opportunities”, Vehicles, Vol. 4, No. 3, 2022, pp. 780-807,
doi: https://doi.org/10.3390/vehicles4030044.

D. Liang, Q. Shen, M. Hou, Z. Shao, and B. Yi, “Study of the cell
reversal process of large area proton exchange membrane
fuel cells under fuel starvation”, Journal of Power Sources,
Vol. 194, No. 2, 2009, pp. 847-853, doi: https://doi.org/10.
1016/j.jpowsour.2009.06.059.

C.Qin, J. Wang, D. Yang, B. Li, and C. Zhang, “Proton exchange
membrane fuel cell reversal: a review”, Catalysts, Vol. 6, No.
12,2016, pp. 197, doi: https://doi.org/10.3390/catal6120197.

. J. Oh, H. Ryu, J. Hwang, K. Kim, S. Park, S. Lee, and H. S. Kim,

“Experimental study on degradation of proton exchange
membrane fuel cells for eco-friendly heavy equipment’,
Journal of Power Sources, Vol. 625, 2025, pp. 235677, doi:
https://doi.org/10.1016/j.jpowsour.2024.235677.

BELALOARISE] =2

15.

16.

17.

18.

19.

20.

21.

22.

23.

C.Shen, S. Xu, and Y. Gao, “Analysis of fuel cell stack perform-
ance attenuation and individual cell voltage uniformity
based on the durability cycle condition”, Polymers, Vol. 13,
No. 8,2021, pp. 1199, doi: https://doi.org/10.3390/polym1308
1199.

X. Yu, C. Zhang, M. Fan, B. Deng, C. Huang, J. Xu, D. Liu,
and S. Jiang, “Experimental study of dynamic performance
of defective cell within a PEMFC stack’, International
Journal of Hydrogen Energy, Vol. 47, No. 13, 2022, pp.
8480-8491, doi: https://doi.org/10.1016/j.ijhydene.2021.
12.159.

Japan Construction Mechanization Association, “Earth-moving
machinery - test methods for energy consumption - wheeled
loaders”, JCMAS Standard H 022, 2015, Retrieved from
https://jcmanet.or.jp/iso_jis_jcmas/jcmas-ichiran/.

H. Ryu, W. Yoon, S. Lee, ]. Hwang, J. Oh, J. Park, and H. S.
Kim, “A study on power distribution strategy between fuel
cell and battery for 50 kW construction equipment using
1D simulation”, Journal of Hydrogen and New Energy, Vol.
35, No. 6, 2024, pp. 706-714, doi: https://doi.org/10.7316/
JHNE.2024.35.6.706.

P.J. Corral-Vega, P. Garcia-Trivifio, and L. M. Fernédndez-
Ramirez, “Design, modelling, control and techno-economic
evaluation of a fuel cell/supercapacitors powered container
crane”, Energy, Vol. 186, 2019, pp. 115863, doi: https://doi.
org/10.1016/j.energy.2019.115863.

1. Bloom, J. K. Basco, L. K. Walker, T. Malkow, G. De Marco,
A. Saturnio, and G. Tsotridis, “Fuel cell testing protocols: an
international perspective”, Publications Office of the
European Union, 2013, doi: https://doi.org/10.2790/86676.
C.H. Chen, S. P. Jung, and S. C. Yen, “Flow distribution in
the manifold of PEM fuel cell stack”, Journal of Power
Sources, Vol. 173, No. 1, 2007, pp. 249-263, doi: https://doi.org/
10.1016/j.jpowsour.2007.05.007.

J. H. Koh, H. K. Seo, C. G. Lee, Y. S. Yoo, and H. C. Lim,
“Pressure and flow distribution in internal gas manifolds of
a fuel-cell stack”, Journal of Power Sources, Vol. 115, No. 1,
2003, pp. 54-65, doi: https://doi.org/10.1016/S0378-7753(02)
00615-8.

M. Rahimi-Esbo, A. R. Sangtabi, and E. Alizadeh, “Manifold
design in a PEM fuel cell stack to improve flow distribution
uniformity’, Sustainability, Vol. 14, No. 23, 2022, pp. 15702,
doi: https://doi.org/10.3390/su142315702.

37 HM1= 20264 2



	건설장비용 PEMFC 스택 열화 가속 스트레스 시험 방법 개발
	Abstract 
	1. 서론
	2. 실험 방법
	3. 결과
	4. 결론
	References


