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TREA A ASHIX(PEMFC) S A5 5T 4 Sl empirical equation®] &&o] FQ3atA tlF5 1 3lith
ol A= polarization curve©llA] activation loss, ohmic loss, mass transfer loss & &35 2|55l aL, AA|7EA] 7=
% Kim®| model?} Hao®] model& A3kl 2 499 fittings ABsIATh 25, 48, Ak 55 94 v FAE
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Abstract
The role of empirical equation to predict the performance of polymer electrolyte membrane fuel cell is important. The activa-

tion, ohmic and mass transfer losses were separated in a polarization curve, and the curve fitting according to each region
was performed using Kim’s model and Hao’s model. Changes of each loss were compared according to operation variables
of the temperature, pressure, oxygen concentration and membrane thickness. The existing model showed a good fitting con-
vergence, but less fitting accuracy in the separated loss region. A new model using the convergence coefficient was suggested
to improve the accuracy of performance prediction of fuel cells of which results were demonstrated.
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SMAEE UAE = e AAUA F AsdA= 7189 ] modeling®] F2AJo] 241 gith
A7) gH] =AY Ux ugs, T, FASY 22 FHow PEMFC modeling= =LA °o]&% A, itk A5x4 F98H4
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Table 1. Standard Operation Conditions of Fuel Cell Performance Test

w7

Parameters Value
Cell area 25 cm?
Cell temperature 65T
Humidifier water temperature 65T
Hydrogen concentration 99.999%
Relative humidity of air 100%
Relative humidity of hydrogen 100%
Air stoichiometry 2.0
Hydrogen stoichiometry 1.5
Air outlet pressure 1 bar
Hydrogen outlet pressure 1 bar

Fr0] BAE gelslr] old e = ATHI2L B AL empiri-
cal equation ATl A£QFE UG AXEE GEFEAZL & QlojA,
AuAdA e AA 7o = Jg Aow AUHTHI3-14].
Empirical equatione 57 Al2FE(Eo, Ery, Eocy, etc.)ollA] activation
loss, ohmic loss, mass transfer loss®] 3O 2 91t HPAsE ¥H
3l = model A, Ecer = Bo = 7act = 7 obm = 7 massS] FEHE LFERY
o= Flo] Untdolt), 7} A& M WG)ol w3t TrEA, E
= i) Fel2 el 4= 2t} Empirical equation®] ¥-3+ 917 Kim
(1995)& A12+C 2 Squadrito (1999), Pisani (2002), Fraser and Hacker
(2011), Hao (2016) &°] A|&AoF Agsto] WA= QT
2] A (1)-2)°ll Kim’s model E,->- cell] reversible potential, iy
9} bi= Tafel parameter©]™ R A} 3 A AFHA]2] ohmic loss
= 9|ttt Ep> constant voltage fitting parameter®]™ m3} n

mass transfer loss %<} 9] fitting parameter©]CH15].
E = E — blogi — Ri — mexp(ni) (D)
E, = E + blogi 2)

2] (3)°ll Squadrito’s model-S WEF$1. 0.1, activation, ohmic loss%
&2 Kim’s model¥} FU5HA BAH 3} 17, mass transfer loss &I
o3} o] F3s| FUT) 2] 3)0lA aifs FFE Fol 1, k= T
olH, F= s AR/ Ure] ¢4ro|t} Squadrito’s modelME 2 #k
o] AHFE, k #o] ZoPASE mass transfer loss7F #X| Al ETH16].

E = E — blogi — Ri + ai'log(1—pi) 3)

9] 4 (4)ll Pisani’s model:s YEFIZ S, mass transfer loss
G99 ndS WAL, o' ST AHAQ] S WA $

=
= floodingol] FHE miZiHE, ui= AEHA A2 THHU17].

I _
E = F, — blogi — Ri + alog(l—YZS il I/,’)) @

21 (5)°ll Fraser and Hacker’s models YEFZ 2™, Kim’s model

S upgo g W AF oy NIz AdelelM e A5 Foluxt
activation loss G<jell tfgt 7|4 AEsdth T3 B B2l

3stst M 29 H A 6 =, 2018

H
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AE F2 02 34181 Kim’s modell|4] A% constant voltage fit-
ting parameter EyE AME3HA] &40l E. & RS 1 BAE Y
= oA F 712] 71421 charge transfer overvoltage fitting pa-
rameterS] iy, 105 57151 activation loss& 71413}, o] & Hlgro.
2 e s} VRS R AdujelM e AEEE FoAFATHIS)

1+,
E=E - blog(l—“") — Ri — mexp(ni) 5)
0

Tev

th2-2] 2 (6)°ll Hao’s model[19]2 YERNSI O™, Tafel equation=
%31 Eet, By Eoov® IS 314151903l charge transfer over-
voltage fitting parameter ic5 A~AAIZ ¥, floss TS AFE-310] activation
lossE X718k th 18]al 78| 2 AE] oA mass transfer loss7} 02]
e Zr== mass transfer loss Y= 78T

—2") — Ri — mlexp(ni)—1] (6)

B Ao A= empirical equation®] 7]%7} F+= Kim’s model ¥} #
o] 7lA% Hao’s model= H|1l 41733l MatLAB (MatWorks)
applications ©]4-3}9] data fitting= Z138Y3}3 L, fitting A3} ZFE]
529 parameters ©]-8-5}°] activation, ohmic, mass transfer loss&
et 122 23S
25, 49, A s 9 s 9 5 4 W] gk &
9] loss W3lE #E8F3 3L, converge coefficientE =15k &
= WAE 2SS Al
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2.1. HEMX| Y H AAH

AmAA] Ao o]lg¥ =u] Zeel= A4 PYC (Johnson
Matthey 40 wt% Pt/C)$} Nafion (Sigma Aldrich, 5 wt%) S 75 &
stato] A1 A|Z2e SullE AE-5ko] 238 membrane and electrode
assembly (MEA)$} 83} #1352 G-type MEA (Gore®)E AHE-3131
. FuiE AZe F9-ol= slurryE 35 min F<F 229 Z%5 mode
2 FARAZ]3, 30 min E<F 500 rpm O ® wHFEIITE Sl A 29
3221 WHH?A spray method$} decal method &, decal methodE ©]
2310} slurryS Polyamide-imide (PAI) 2ol FB3F Fof 24 h F<F
2ol A8 TH20-21]. 2 A AEAMEA) S == S0
8 bar?] FolE Akl WF Zuj7} cathodeol 0.4 mg/em?,
anode®l 0.1 mg/em>7} S H == ATt PAI 9 NR211 432
2-& 130 C, 13.5 MPacllA] 4 mint & 2HS 35151th MEA S}
714l #4k3(gas diffusion layer, SGL GDL 39BC), WA~7& %% s}
37, 120 kge - em@] o2 AAsATE old] 25 em® WA 9] FCT
(fuel cell technologies) Cell2 AFE3IITE #|Z2® MEAS ARE-sh
FCT Cell Ak, |} 23doll ARS-8151 a1, 4831 #1321 G-type MEA
£ o]gdto] A3 K Cell> 2%, g Aol AMgaiick Ao
AMEE AR 2 FCT Cell®} K Cell 75 £U3H anodedll= 1155 %
F22(99.999%) S AHE-8}S1 1L, cathodedll= T7] £¢] 3718 FY8}
Tk Table 10 VERA ulel o], =48} 37]9] 25+= 65 TR #
3313, bubble type 7FHE71E ©l83te] AUIEE 100%7F HES
Ao FF3HATE AEHXAY 4 2k 7|A 2= T 65
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Figure 1. Cells used in the experiment (a) FCT Cell (b) K Cell.

C2 A AR 2ol Tk anodeslis WHSel AL F F)
159, cathodeclli= 21} FFo R ehs 4 1l 1.5 : 2.0& 7]
Z02 Stk Ao AM-E FCT CellZ} K Cell-> MEA 9} separa-
tor, current collector plate, end plate 5 2% ©]51#] 31 °™ Figure
1] Hoizl whe} o] K CellS 71822 end plate 9o fan©] A
%o} 9131, end plate 7+ Wel] 7o) Eeiglo] =2 HiF DofA
BEEAORE 25 AojE T 4 Gtk

22, 2 AMH

25 Wigle] WE 7} lossS] WSS dotry] flEke] celld] 2EE
50 CellA 70 T7HA 10 T WAsls 7 AFS APsiqlct 2F &
EoA AiFEE A FAA717] S8kl 75719 &=, 571,
TMATF B9 LR celld 22X FUsA 2 FAvk
K Cell& o]g3te] 25 AEE 2&sielar, e fans o]g3to]
cell?] 2% 44 e qtellA §AF 5 S8l

PRIZPIR K Cell& AH3to] 9 28-S s

regulator (Emerson, Tescom TM250)5 F-&5}] cell

u)
o
u
av)
2

Z433 1, digital pressure gauge (Nuritech,
DPG-3500)= <} golalgith 922 cathode, anodeS FU3HI
F7HA TR 7S A EkE W] S 1 barE 7MY EHe]
1, 1.5, 2 bar?] &8 274 HAES T3

s=

[

=
=

|.

2.4. Al
A A3 9] cathode AFSHAIE tf7] £2] 371&

ARk A = TAskAA At
% &% AYME cathode AR ol ti3h WsE &l 2]
3l 99.999% §120] kg APSHAIE ARSSIRITE gt Abae]
& UE 15 2008 AAs) 3L 3715 AR wleh Akg AL
S8 wol TRl Ak o] wdstns s dstlh At
2 FEe] gigh A3 25 em’9] FCT Cell& AHE-sto] 23S 28)st
ATk

3l 50.8 pme] NR212 2O 2 MEAS ZH3IN 1, 25 em®2] FCT
Cell= AME-3F 792 A8 A= vws3ivk olul cathode, anode
vl loading%-> 0.4, 0.1 mg/em’7} H &% FUsH AlZsl3dch

2.6. Data fitting 2! loss 22|

Fitting tool 2= MatLAB X = 7231°] curve fitting application= A}
4319t} ZF model 2] equations 23197 parameter #h= AN, =
2% parameter Z5-E] polarization curve® YERH ¥ activation, ohm-
ic, mass transfer loss@ F-2]3l0] 2} losse] W3S 32313 Th Curve
fitting application®l] data 2= 3 wjel] Kim’s model®] 739~ 713 =
ZelellA] 21 ghe] Ho) Fa) 3hs 2] wlEel 1.0 x 10° AR o]
Q13te] fitting= Ytk

3. 21} 3 &

Figure 2014 & = Sl& vlg} o] 257t 5715kl uhet 74~ &
Abo] Aol v HEET) FobkA]7] wlZell PEMFCE] “d%5°]
7V A #1E 4= Q)3T Figure 32 &% 2719 loss F9=
w25ke] YERA 72X 2, (a) Hao’s model 2] activation loss, (b)i=
Kim’s model 2] activation loss, (c)i= Hao’s model 2] ohmic loss, (d)i=
Kim’s model®] ohmic loss®]™ (e)i= Hao’s model®] mass transfer
loss, ()& Kim’s model®] mass transfer loss©]th. <% 22719 fitting
parameter A5 AF UE 1,500 mA/em’olA] Zt loss AES
Table 2°] YERIITE Hao’s modelodlA= 2571 S71ske] we}
ohmic loss= 0.1897, 0.1661, 0.1388 Q2 - em’E X} 748k,
mass transfer parameter n Zt-2 3.006, 3.021, 3.103 cm¥/VZE <7131
t}. Kim’s model oA = FLHA 257} S7gkel wlgl ohmic loss %k
& 71451903l mass transfer parameter n k- 5715kl mass
transfer fitting parameter m #= 257} 7Kl Wl 0.01735,
0.01392, 0.00704 V& 723k= 23S vehjglt, €3 2x7) 27}
s o] 249 REgo] B & Yoy H o activation loss7} 7t
28 Zojgtar daldARY, Figure 39 (a), (b)oll YERAAR vk}
o] /5ol & AolE RHolA| ekttt Ohmic loss G Figure 39
(© (@)IHe= 257F S71S dald U F4ol29] #540]
sl el upet ol 5EH=7t 57t ohmic loss7F sk @S
2 AT Mass transfer Q! Figure 32 (e)&} (HolM= F &
dlo] zlo]E HSl=d], Hao’s model2] ¢ #] W7 JGM = & 2
ol Ho|x| gl 3L AF Gl 257 FIFETF loss w
o] AA= A& & = Utk vHA, Kim’s model2] 73-%- Hao’s model
¥ HhE A [ GGl loss kol Zbol7t Wl a1 AR J A
U s e dNE B33, 257 ST loss ghel #
oA = FAS HYtk AHF IE 1,500 mA/em’E 7] O % Hao’s
model®] mass transfer loss %k 50, 60, 70 T4 0.0898, 0.0919,
0.1041 Vo|%l1, Kim’s model®] mass transfer loss #< 0.1910,
0.1873, 0.1656 VZ Kim’s model®] loss #to] tIAZ & 3t 7H5lth

3.2. 23 A

th719HS 1 bar= 7H3E, cell WF 48S 0.5 bar T2 719tsk
wA AEE 235 A= Figure 40 JERIQITE A8 4] 2] i
Yol FoldSE AnkAL Aol /NS, 1,500 mA/em® o]
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Table 2. Fitting Parameters and Losses at Different Temperatures
(1,500 mA/cm?)
50 C 60 C 70 C
b (V) 0.0236 0.02285 0.02554
_ iss (A - cm?) 4386 x 10* 4301 x 10*  6.713 x 10*
z R (2 - cmd) 0.1897 0.1661 0.1388
§ Hao’s m (V) 1.00 x 10° 999 x 10*  1.00 x 10°
> model  p (ecm¥/V) 3.006 3.021 3.103
Ruat (V) 0.1893 0.1864 0.1970
o2t Romm (V) 0.2846 0.2492 0.2082
Rinass (V) 0.0898 0.0919 0.1041
00 . . ‘ ‘ . . . . Eo (V) 0.7966 0.7892 0.7767
0 200 400 600 800 1000 1200 1400 1600 1800 b (V) 0.02129 0.02121 0.02183
Current Density(mA/cm?) R (2 : cmd) 0.1381 0.1156 0.1113
Figure 2. Polarization curve at different temperatures. Kim’s m (V) 0.01735 0.01392 0.007044
model  p (cmV) 1.599 1.733 2.105
o] 1 AR/ FYANFEE Aso] woll A MHE= A gRlg Ruet (V) 0.1874 0.1900 0.2029
T AN GEHE AFE YT APA A lossE 25t Rom (V) 0.2072 0.1734 0.1670
Figure 5° YERISIL, (a)+= Hao’s model®] activation loss, (b): Riass (V) 0.1910 0.1873 0.1656

Kim’s model 2] activation loss, (c)i= Hao’s model$] ohmic loss, (d)&=
Kim’s model®] ohmic loss®]™ (e)= Hao’s model®] mass transfer
loss, (f)= Kim’s model®] mass transfer loss©]tF €8 279 fitting
parameter A5 Z} loss #hE= Table 30 LJERHSITE Hao’s model

Kim’s modelolX & §elo] F718S Tafel parameter b2l Ftol
0.02151, 0.02127, 0.01915 V2 7438131, ohmic loss®] #k% 0.1024,

s &

Voltage(V)

Voltage(V)

223 vR7IA 2 gelo] 71kl Wt ohmic loss 3k
o] 0.09851, 0.09214, 0.08182 L2 : cm*E FAsl= ATS Btk

0.09919, 0.09905 2 - cm*Z 74313tk Mass transfer parameter m
2295 x 107, 4.987 x 107, 9.606 x 107 VE 231, n Gk
3.275, 4753, 5.043 cm*/VE S7Fh= 43S BT Figure 59 (a),
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Figure 3. Loss Separation at different temperatures (a) activation loss of Hao’s model (b) activation loss of Kim’s model (c) ohmic loss of Hao’s
model (d) ohmic loss of Kim’s model (e¢) mass transfer loss of Hao’s model (f) mass transfer loss of Kim’s model.

3stst M 29 H A 6 =, 2018



Empirical Equationg ©]§-¢F 1A dal|d A= o] Agt &4 dist A+
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Figure 4. Polarization curve at different pressures.

(b)"ﬂ’ﬂ T U v} o] ARHA L U tEo] mobdg = ik

=3 Y=L o] oA o Aol FXF R FIISHA
%‘:}. o] S el wet Fuj) F-22] e vk EHo] Frtsk
o3 activation loss”} 43l H+= &2tel thet #1492 Kim’s model
o] Rr} AdstA oFshs A& E 7 Utk Figure 59 (c), (d)°llA
A v Y7o H o]29] =glo] &zl we}l ohmic loss7}t 7
23HA k. S Figure 59 (e), (DOIA & 5= =0l cell -l
A= A} ARG <Fo] “}O]'X“’" upel REgE2] FHol ZF%J SHA

3]

N
%]o] mass transfer loss =3+ 71481 ®tk 53] 2.0 bar 43 272

793

Table 3. Fitting Parameters and Losses at Different Pressures (1,500

mA/cm’)
1.0 bar 1.5 bar 2.0 bar
b (V) 0.02626 0.02404 0.02582
ioss (A *cm?) 6357 x 10*  3.352 x 10 0.001112
R (2 - cmd) 0.09851 0.09214 0.08182
Hao’s m (V) 5.871 x 10° 8003 x 10° 1.078 x 10°
model  p (cm¥/V) 3.935 4.545 4.054
Ruat (V) 0.2040 0.2021 0.1861
Romm (V) 0.1478 0.1382 0.1227
Rinass (V) 0.0214 0.0073 0.0047
Ep (V) 0.7888 0.7912 0.8126
b (V) 0.02151 0.02127 0.01915
R (2 - cmd) 0.1024 0.09919 0.09905
Kim’s m (V) 2295 x 10* 4987 x 10°  9.606 x 107
model  p (cm?V) 3.275 4753 5.043
Raee (V) 0.2066 0.1959 0.1841
Romm (V) 0.1536 0.1488 0.1486
Rinass (V) 0.0312 0.0062 0.0019
1,500 mA/cm?©l|%4] mass transfer loss™ Hao’s model2] 73-$- 0.0047 V,

Kim’s model®] 7-%- 0.0019 V& 22 ke JERfiTh

Voltage(V)
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—=— 1.5bar 0.08
—=— 1bar
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Current Densrty(mA/cmz)

1500 2000 2500 500 1000 1500 2000 2500

Current den sny(mNcmz)
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T T ol
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Current den SiW(mNsz)

(®

0.00
2500 500

1500 2000 1000 1500 2000 2500

Current Densr[y(mAfcmz)
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Figure 5. Loss Separation at different pressures (a) activation loss of Hao’s model (b) activation loss of Kim’s model (¢) ohmic loss of Hao’s
model (d) ohmic loss of Kim’s model (e¢) mass transfer loss of Hao’s model (f) mass transfer loss of Kim’s model.
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Figure 6. Polarization curve of different oxygen concentrations.
SIS 99.999%9] At THAE, F71E
TE(YF 21%)HTt 5H) 7HF ol 2 oFo] FE o
FolAAl Pk AbAe] w7t SIKge) wet Suf

2 07 doJupAl FHof activation loss”} HAasHAth
99.999%) 5 AFSIAZ ARE-SE ZF-9-ofl AR Fwo] Brt
©] mass transfer loss'= 743l 1, WA o2 7|4

Figure 6 YRS
4 SEE WX Aol Z parameters HERAS

31, (a)= Hao’s model?] activation loss, (b)i= Kim’s model ] activa-

. Agel AHgH o188
Ab

—L
T

st

P

[¢)

ol
k5ol
] AF2~(9

ﬂ/“\ m’

QRS
Ll

13y

@ ml°

T PE

HN

Table 4. Fitting Parameters and Losses at Different Oxygen
Concentrations (1,500 mA/cm’)
Air 0,
b (V) 0.02789 0.02897
iloss (A * cm?) 1.615 x 107 2981 x 107
R (2 - cmd) 0.1305 0.1000
Hao's model m (V) 1.923 x 107 3.585 x 10°
n (cm*V) 2.887 6.159
Raet (V) 0.1906 0.1802
Romm (V) 0.1958 0.1500
Rinass (V) 0.1442 0.0369
Eo (V) 0.7677 0.8261
b (V) 0.0177 0.01866
R (2 * cm?) 0.1871 0.1289
Kins model m (V) 1.775 x 10* 2.678 x 107
n (cm?/V) 4.176 7.621
Raet (V) 0.1700 0.1794
Rotm (V) 0.2801 0.1934
Runass (V) 0.0932 0.0247

tion loss, (c)i= Hao’s model2] ohmic loss, (d)= Kim’s model®] ohmic

loss©|™ (e)i= Hao’s model®] mass transfer loss, (f)i= Kim’s model 9]

e BT

mass transfer loss©]T}.

Z719] fitting parameter A=

Table 4o YERAQITE F5% 221014 99.999%2] AtAs ARS-3F
o]l Hao’s model¥} Kim’s model X7 Tafel parameter b2} mass trans-

—o— 02
0.25 0.25 0.25 Ar
0.20 0.20 0.20
= = =
T T T
E’ 0.15 E’ 0.15 E’ 0.15
5 5 °
= = >
010 010 010
0.05 —o 02 0.05 —o— 02 0.05
—— Air —v— Air
0.00 0.00 0.00
200 400 600 800 1000 1200 1400 1600 1800 0 200 400 600 800 1000 1200 1400 1600 1800 200 400 600 800 1000 1200 1400 1600 1800
Current densww(mA/cmz) Current Densi’[y(mA/cmz) Current densww(mA/cmz)
@ (b) (©)
0.30 030 0.30
(o]
—o— 03 07 —o— U2
026 —— Air 025 Air 025 —r— Air
020 020 0.20
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