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Abstract: A new theoretical model of the thermally self-sustained proton exchange membrane fuel cell (PEMFC) 10 

is proposed, where syngas is preheated by the heat from the reaction in the fuel cell and water gas shift reactions, 11 

and the endothermic steam reforming process of methane is maintained by absorbing a part of the combustion 12 

heat of residuary hydrogen from the fuel cell. Based on some thermal equilibrium equations, the temperatures of 13 

syngas and combustion product in different stages are calculated, respectively. The power density and conversion 14 

efficiency of the PEMFC are derived. The influences of the molar flow rate of syngas, hydrogen utilization ratio, 15 

and working temperature of the fuel cell on the property of the PEMFC are discussed detailedly. In the rational 16 

range of the operating temperature, the maximum power densities and corresponding efficiencies are calculated, 17 

the optimum values of several key parameters at the maximum power densities are determined, and the optimal 18 

selection criteria of molar flow rate of syngas and other parameters are provided. 19 
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Nomenclature 23 

cA
 

Effective surface area, cm
2
 

mk,C  Molar heat capacity of component k, J mol
-1

K
-1 

F  Faraday constant, C mol
-1 

( )g T  Molar Gibbs function, J mol
-1 

( )h T  Molar enthalpy, J mol
-1 

0h  Molar enthalpy at room temperature, J mol
-1 

1H  
Enthalpy of gases leaving SR, J s

-1 

2H
 

Enthalpy of gases into anode, J s
-1 

H  Enthalpy change of gases per unit time, J s
-1 

inH  Enthalpy of gases into burner, J s
-1

 

outH  Enthalpy of gases leaving burner, J s
-1

 

i  Current density, A cm
-2

 

I  Electric current, A 

0i  Exchange current density, A cm
-2

 

Li  Limiting current density, A cm
-2

 

mO,H2
L  Latent heat, J mol

-1 

n  Mole flow rate, mol s
-1 

*n  Mole flow rate per unit area, mol s
-1

cm
-2

 

en  Number of electrons 

p  Pressure, atm 

P  Power, J s
-1 

conV  Concentration overpotential, V 

actV  Activation overpotential, V 

ohmV  Ohm overpotential, V 

x  Dry gas molar ratio 

kx  Molar fraction of component k 

Greek symbols 

  Charge transfer coefficient 

1  Parameter in Eq. (14) 

2  Constant 

a  Stoichiometry coefficient
 

 

c  Stoichiometry coefficient 

mem  Membrane thickness, cm
 

  Efficiency 

mem  Membrane conductivity, Ω
-1

cm
-1

 

Subscripts 

a  Anode 

c  Cathode 

k  kth component  

max  Maximum 

mem  Membrane 

P  State of maximum power density 



 3 

*P  Power density, J s
-1

cm
-2 

1q  Heat flow rate, J s
-1

 

*

1q  Heat flow rate per unit area, J s
-1

cm
-2

 

2q  Waste heat flow rate, J s
-1 

*

2q  Waste heat flow rate per unit area, J s
-1

cm
-2

  

kq  Lower heating value of component k per molar, J 

mol
-1

 

R  Universal gas constant, J mol
-1

K
-1

 

0s  Molar entropy at room temperature, J mol
-1 

K
-1 

( )s T  Molar entropy, J mol
-1 

K
-1 

T  Temperature, K 

CT  Combustion temperature, K 

2Hu
 

Hydrogen utilization ratio 

s  Saturation 

Abbreviations 

AB  After burner 

HE1  Heat exchanger 1 

HE2  Heat exchanger 2 

HTS  High-temperature WGS reaction 

LTS  Low-temperature WGS reaction 

PEMFC  Proton exchange membrane fuel cell 

PROX  Preferential oxidation reaction 

SR  Steam reforming 

WGS  Water gas shift 

24 
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1. Introduction 25 

Proton exchange membrane fuel cells (PEMFCs) have the advantages of low pollution, high efficiency, quiet 26 

operation, and rapid start, and are promising energy conversion devices. They are potential to power fuel cell 27 

vehicles because of their high power density and low operating temperature. However, the relatively poor 28 

durability and high cost hinder the application of PEMFCs in fuel cell vehicles [1-3]. To achieve stable operation 29 

of a PEMFC, the mechanical behaviors of various sealing materials have been analyzed, a suitable sealing 30 

material is chosen to apply to the compression and temperature variation in a fuel cell [4].     31 

  In fuel cells, gas starvation is found to be one cause of the lifetime decay [5]. The oxygen starvation will lead 32 

to carbon support corrosion and performance degradation [6]. If a carbon nanotube is used as the oxygen 33 

reduction reaction catalyst at the cathode, the carbon oxidation could be suppressed [7]. Some researchers 34 

pointed out that the metallic bipolar plates have excellent electrical conductivity [8, 9] and corrosion resistance 35 

[10]. For the uniform temperature distribution and weight reduction, a new aluminum bipolar plate is suggested 36 

to replace the traditional graphite bipolar plate [11]. Because magnesium ion from bipolar plates could be reacted 37 

in the PEMFC to form the new sulfonate structure, the effect of Mg
2+

 contamination on the performance 38 

degradation is investigated experimentally [12]. A degradation model of membrane and electrodes was designed 39 

[13, 14], which will be used to estimate the aging state of a PEMFC.  40 

The uneven distribution of temperature and water in a fuel cell can promote the performance degradation. 41 

Temperature instability related to the current change was analyzed experimentally [15, 16]. In fact, the waste 42 

heat from current change can be utilized in time to maintain the temperature constant [17]. For even water 43 

distribution in the cell, water management was studied experimentally [18-21], a microporous layer is applied to 44 

gas diffusion layers [22, 23], and a two-way hydrogen supply mode was applied [24]. Some numerical results 45 

[25] showed that if the ionomer volume fraction in catalyst layer is increased, the water flooding in electrodes 46 
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may be avoided. The water characteristics in a PEMFC were quantified instantly by considering the cathode 47 

liquid water accumulation [26] and anode membrane drying [27].  48 

Improving power density or energy utilization efficiency [28] of a PEMFC can also accelerate the 49 

commercialization process. When syngas derived from renewable sources is used in a PEMFC, external reformer 50 

for steam reforming (SR) and water gas shift (WGS) reactions is usually needed to convert the syngas into pure 51 

hydrogen. By considering the endothermic nature of the reforming reaction and the heat needed for preheating 52 

the syngas, the residual hydrogen leaving the anode will be combusted for the SR reaction of hydrocarbon [29]. 53 

So the careful thermal management of a PEMFC is critical to achieve high energy conversion efficiency and 54 

reliable operation, and the low-grade but large-amount waste heat from a fuel cell is useful [30, 31]. Here, the 55 

heats from a PEMFC and WGS reactions is used to preheat the gases, the residual hydrogen is burned to 56 

maintain the SR reaction. When some thermal equilibrium equations are satisfied, the maximum power densities 57 

of the PEMFC at differently working temperatures are determined and the optimization criteria of some key 58 

parameters are provided.  59 

 60 

2. Configuration and operating principles 61 

The diagram of a PEMFC is shown schematically in Fig. 1, where abbreviations HE, SR, HTS, LTS, PROX, 62 

and AB indicate, respectively, the heat exchanger, steam reforming, high-temperature WGS reaction, 63 

low-temperature WGS reaction, preferential oxidation reaction, and after burner. First, syngas flows through the 64 

cooling tube of a PEMFC stack to absorb waste heat from the electrochemic reaction, and the temperature of the 65 

syngas increases to 1T ; Second, the heat released from the HTS, LTS, and PROX is absorbed by the syngas, 66 

whose temperature increases to 2T ; Third, the syngas is further heated to SRT  through the HE1. The heat 67 

needed in SR is supplied by the combustion heat of residuary hydrogen of the fuel cell. The gases after the SR 68 
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reaction release some heat through the HTS, LTS, and PROX and their temperature decreases to T , which is 69 

the operating temperature of the fuel cell. During the electrochemic reaction, the residual gases in the fuel cell 70 

flow through the AB, SR, and HE1 then into the environment. CT , '
CT , and

 
''

CT
 

are the temperatures of gases 71 

leaving the AB, SR, and HE1, respectively.  72 

 73 

2.1. SR and WGS reactions 74 

Syngas is composed of 4CH , CO , 2H , OH2 , 2CO , and 2N . In order to eliminate methane and 75 

carbon monoxide [32] in gases, they need to join SR, HTS, LTS, and PROX in turn. Methane and water vapor 76 

take part in the SR reaction after preheating, i.e., 77 

4CH OH2 23HCO  .
                                                                 

(1)
 

78 

Carbon monoxide and water vapor participate the HTS and LTS. The temperatures of the HTS and LTS are 79 

about 673.15K and 423.15K, respectively, and the chemical reactions are the same, i.e., 80 

CO OH2 22 HCO  .                                                                   (2) 81 

There may be residual carbon monoxide in gases after the HTS and LTS, so some extra oxygen needs to be 82 

input to eliminate carbon monoxide in the PROX. For easy calculation, the trace oxygen input is neglected and 83 

carbon monoxide is assumed to be reacted fully in WGS reactions.  84 

Eq. (1) is endothermic while Eq. (2) is exothermic. If all methane is reacted in Eq. (1), the component of gases 85 

after SR reaction can be obtained. The enthalpy of gases is [33] 
 

86 

 )()()()()3()()[( SRCOCOSROHCHOHSRHHCHSRCOCOCH1 222422244
ThxThxxThxxThxxnH )]( SRNN 22

Thx ,(3) 87 

where n  is the molar flow rate of syngas, kx  is the molar fraction of component k  in syngas, )( SRThk  is 88 

the molar enthalpy of k  at 
SRT , i.e., 89 


SR

15.298
mk,

0
SR C)(

T

kk dthTh ,                                                                (4) 90 
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0
kh  is the molar enthalpy of k  at room temperature (298.15K), mk,C  is the heat capacity per molar of k under 91 

constant pressure, and t is the temperature.  92 

The total enthalpy of gases flowing into the anode of a PEMFC is [33] 
 

93 

)]()()()()2()()4[(
22224242224 NNCOCOCOCHOHCOCHOHHHCOCH2 ThxThxxxThxxxThxxxnH  .      (5) 94 

If the pressures of gases leaving the SR and entering into the PEMFC are the same, the amount of heat released 95 

from them per unit time is 96 

211 HHq   .                                                                            (6) 97 

 98 

2.2. Electrochemical reaction in a PEMFC 99 

In Fig. 1, the air enters the cathode through the HE2. The products OH2
 and 

2N  in the cathode flow 100 

through the HE2 into the environment. The heat released from OH2
 and 

2N  is sufficient to preheat the air to 101 

temperature T . Thus, it is unnecessary to calculate the heat that the preheating air needs in the following 102 

discussion. The gases leaving the PROX enter the anode. The reaction in the fuel cell is 103 

HeatyElectricitOHO5.0H 222  ,                                                      (7) 104 

where oxygen is from the air at the cathode of the fuel cell.  105 

According to Eq. (7), the amount of total energy produced per unit time is 106 

))()(5.0)(()4( OHOHHHCOCH 222224
ThThThuxxxnH   ,                                     (8) 107 

where 
2Hu  is the hydrogen utilization ratio in the electrochemical reaction. The power output is given by 108 

)())()(5.0)(()4( OHOHHHCOCH 222224 conohmact VVVITgTgTguxxxnP  ,                 (9) 109 

where 110 

)()()( TTsThTg kkk                                                                      (10) 111 

is the molar Gibbs function of component k , 112 
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 
T

k
mk

kk pRdt
t

C
sTs

15.298

,0 ln)(                                                           (11) 113 

is the molar entropy of k , 0
ks  is the molar entropy of k  at room temperature, and kp  is the partial pressure. 114 

actV , ohmV , and conV  are, respectively, activation, ohm, and concentration overpotentials, and I  is the 115 

electric current. Three overpotentials may be, respectively, expressed as [34]  116 

0

ln
)(

i

i

Fn

RT
V

ca

ca

e
act



 
 ,                                                                (12)    117 

mem

mem
ohm iV




 ,                                                                          (13)   

 
118 

and 119 

2)( 1


L
con

i

i
iV 

,                                                                         
(14)   

 
120 

where en  is the number of electrons, R  is the universal gas constant, F  is Faraday's constant, cAIi /  is 121 

the current density, cA  is the effective surface area of bipolar plates, 0i  is the exchange current density,
 Li  is 122 

the limiting current density, a  and c  are, respectively, the anode and cathode charge transfer coefficients, 123 

mem  is the thickness of membrane, mem  is the conductivity of membrane, 1  depends on T  and
2Op , 124 

and 2  is constant. 125 

  According to the law of energy conservation, when the heat leakage losses from the fuel cell into the 126 

environment is ignored, the heat flow rate from the fuel cell to the cooling tube is 127 

PHq  
2    

    128 

).())()(5.0)(()4( OHOHHHCOCH 222224 conohmact VVVITsTsTsTuxxxn            (15)    129 

Based on Faraday’s law, the relation between the electric current and the molar flow rate of syngas is 130 

FnuxxxnI e224 HHCOCH )4(  .                                                        (16) 131 

By combining Eqs. (3) - (6) and (10) - (16) with Tables (1) - (3) [17, 35-39], the curves of cAqq /1
*
1   and 132 

cAqq /2
*
2   varying with cAnn /* 

 
are shown in Fig. 2, where SRT =873.15K and T =353.15K. *

1q  is 133 

irrelevant to 
2Hu , while *

2q  is a monotonically increasing function of 
2Hu . The values of some parameters in 134 
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Fig. 2 are used in the following figures. According to Eqs. (9) - (14) and (16), we can plot the three-dimensional 135 

graph of the power density 
CAPP /*   [40] varying with 

*n  and 
2Hu , as indicated in Fig. 3. Fig. 3 presents 136 

that the power density is not a monotonic function of 
*n  and 

2Hu . When 
*n =3.85×10

-5
 (mol s

-1
cm

-2
) and 137 

2Hu =0.677, the power density attains its maximum, 0.66 (J s
-1

cm
-2

). 138 

 139 

3. The preheating of syngas by means of 
1q

 
and 

2q  140 

It can be found from Eq. (15) and Tables (1) - (3) that 141 

 

k

T

mkk dtCxnq )(
1

15.298
,2 .                                                               (17) 142 

It can be also found that even if 1T  is equal to T , Eq. (17) is still satisfied. Usually, 1T  is lower than T  so 143 

that the heat exchange process can be finished in the given finite time. In the following discussion, 51 TT  144 

is assumed. 145 

When the heat 1q  is absorbed by syngas, whose temperature rises from 
1T  to 2T , one obtains

 
 146 

 
k

T

T
mkk dtCxnq )(

2

1
,1 .                                                                 (18) 147 

It can be found from Eqs. (3), (5), (6), and (18) that 2T  is independent of n , but it is a function of 
1T , T , and 148 

SRT . 2T
 

is still lower than SRT . Syngas through the HE1 is heated
 
to SRT

 
and absorbs the heat in the SR 149 

reaction.
 
The heats what syngas needs in such two processes comes from the combustion of residual hydrogen, 150 

which will be further discussed in next section.  151 

 
 152 

4. The SR and preheating of syngas by means of combustion 153 

It is assumed that the air entering a burner is just used up. The total enthalpy of gases flowing into the burner 154 

is 155 

 )()()()2()()1)(4[(
2242422224 COCOCOCHOHCOCHOHHHHCOCH ThxxxThxxxThuxxxnHin

  156 
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)](762.3)()[1)(4(5.0)](
2222422 NOHHCOCHNN OO ThThuxxxnThx  .                           (19) 157 

The component of combustion product is determined according to combustion reactions and the enthalpy is 158 

 )(])4(2[ OHHCOHCHHOHCH 2224224 Cout ThuxxxxxxnH  )()(
224 COCOCOCH CThxxxn  159 

)(])1)(4(881.1[
22224 NNHHCOCH CThxuxxxn  .                                               (20) 160 

If there is no heat leakage in the burner, 161 

outin HH   .                                                                              (21) 162 

It is seen from Eqs. (19) - (21) that CT  is a function of 
2Hu and T . If the high-temperature heat in combustion 163 

product is absorbed by syngas in SR reaction and preheating, one can obtain the following relations 164 

))()()(3)(( SROHSRCHSRHSRCOCH 2424
ThThThThx   

C
T

C
T

dtCxxx
' m,COCOCOCH 224

)(
 

165 


C

T

C
T

dtCuxxxxxx
' mO,HHCOHCHHOHCH 2224224

])4(2[ 
C

T

C
T

dtCxuxxx
' m,NNHHCOCH 22224

])1)(4(881.1[ (22)
 

166 

and 167 

)(
SR

2
, 

k

T

T
mkk dtCx  

'

'' mO,HHCOHCHHOHCH 2224224
])4(2[

C
T

C
T

dtCuxxxxxx
 

168 


'

'' m,COCOCOCH 224
)(

C
T

C
T

dtCxxx 
'

'' m,NNHHCOCH 22224
])1)(4(881.1[

C
T

C
T

dtCxuxxx .               (23) 169 

By using Eqs. (18) - (23), the curves of 
CT , '

CT , ''
CT , and 

2T  varying with T  under a given 
SRT  are 170 

illustrated in Fig. 4. It is clearly obtained from Fig. 4 that  171 

SRC TT '
                                                                               (24)

 

172 

and 173 

2

'' TTC  .                                                                               (25)

 

174 

According to Eqs. (22) - (25), if a self-supporting SR reaction and preheating of syngas are both guaranteed, 175 

the maximum hydrogen utilization ratio is 0.75 when 340.15<T<368.15K and TSR=873.15K. When TSR increases 176 

to 1023.15K, the maximum available hydrogen utilization ratio will decrease to 0.66.  177 

 178 



 11 

5. The efficiency of a PEMFC 179 

The components 
4CH , CO , and 

2H  in syngas are combustible, so the efficiency of the system is  180 

)(
2244 HHCOCOCHCH qxqxqxn

P


  181 

2244

222224

HHCOCOCHCH

OHOHHHCOCH )]()()(5.0)([)4(

qxqxqx

VVVFnTgTgTguxxx conohmacte




 ,                 (26) 182 

where kq  is the lower heating value of component k. According to (26), Fig. 5 gives the three-dimensional 183 

graph of the efficiency   varying with n
* 
and 

2Hu
 

and shows that   is a monotonically decreasing function 184 

of n
* 
but a monotonic function of

 2Hu . The curve shape of   varying with 
2Hu

 
is the same as that of 

*P  185 

varying with 
2Hu

 
because the difference between 

 
and 

*P  is only a proportional constant for the given 186 

values of n
*
. 187 

  
188 

6. Results and discussion 189 

In order to obtain both the power density and the efficiency as large as possible, it is necessary to reasonably 190 

select both 
*n  and 

2Hu . From Figs. 3 and 5, we can determine that the optimum range of 
*n  is 191 

**

Pnn                                                                                 (27) 192 

and the optimum value of 
2Hu is 193 

2 2H H ,Pu u
,                                                                            (28) 194 

where 
*

Pn  and Pu ,H2
 are the corresponding values of 

*n  and 
2Hu  at the maximum power density 

*

maxP , 195 

respectively. It can be proved from Eqs. (9) and (26) that using extremum conditions 0/
2H

*  uP  and 196 

0/
2H  u , one can get Eq. (28). 197 

Using Eqs. (9), (26), and (28), one can further generate the power density versus the efficiency curve, as 198 

illustrated in Fig. 6, where P  is the efficiency at 
*

maxP . It can be observed from Fig. 6 that when P  , 199 



 12 

*P  increases with the increase of  . Thus, the efficiency should be in the range of  200 

P  .                                                                                (29) 201 

In such a range, 
*P  decreases with the increase of  , and consequently, both the efficiency and the power 202 

density should be considered at the same time.  203 

The curves in Fig. 6 also indicate that both 
*

maxP  and 
P are monotonically decreasing functions of the 204 

working temperature of a PEMFC. In the range of 340.15~368.15 K, the curves of 
*

maxP  and P varying with 205 

T  are illustrated in Fig. 7(a), which shows that the lower the temperature of a PEMFC is, the larger the 206 

maximum power density and corresponding efficiency. Thus, one should try to keep the working temperature T  207 

as low as possible in the operation of a PEMFC. Fig.7(b) further shows the curves of 
*

Pn  and Pu ,H2
 varying 208 

with T . Although 
*

Pn  and Pu ,H2
 are not monotonic functions of T  in the range of 340.15~368.15 K, the 209 

variation ranges of 
*

Pn and Pu ,H2
 are very small and less than 3×10

-7
 (mol s

-1
cm

-2
)

 
and 0.005, respectively.  210 

According to Eqs. (27) and (28) and Fig.7(b), one can reasonably select the values of 
*n  and 

2Hu so that the 211 

PEMFC is operated in the optimal states. 212 

  213 

7. Conclusions 214 

A self-supporting model of the PEMFC based on syngas has been established. The waste heat from the 215 

electrochemical and WGS reactions is utilized for the preheating of fuel and a part of the combustion heat of 216 

residual fuel is used in the process of the SR reaction so that no additional external heat input is required. The 217 

whole performance of the PEMFC is evaluated and key parameters are optimized. In the range of 218 

340.15~368.15K, the maximum power density and corresponding efficiency are monotonically decreasing 219 

functions of the working temperature of the fuel cell, while the hydrogen utilization ratio and molar flow rate of 220 

syngas at the maximum power density have only slight changes and may be approximated as constant. The 221 
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PEMFC should be controlled to be operated at low temperatures. For example, at the working temperature of 222 

340.15 K, the maximum power density and the efficiency, hydrogen utilization ratio, and molar flow rate of 223 

syngas at the maximum power density can attain 0.67 (J s
-1

cm
-2

), 0.207, 0.674, and 3.83×10
-5

 (mol s
-1

cm
-2

), 224 

respectively. These results may provide some theoretical guidance for the optimal design and best operation of 225 

practical PEMFCs.  226 
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Table captions: 326 

Table 1. The composition of syngas [17]. 327 

Table 2. Thermodynamic parameters of chemical components [17, 35], where (g) and (l) refer to gas and liquid 328 

phases, respectively. 329 

Table 3. Parameters used in a PEMFC [34-39].  330 

331 
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Table 1 332 

Component k  2H  4CH  CO  2CO  OH2  2N  

Mole fraction kx  0.13 0.01 0.16 0.05 0.36 0.29 

 333 

Table 2 334 

Component 

k  

0
kh  

(J mol
-1

) 

0
ks  

(J mol
-1 

K
-1

) 

mO,H2
L  

(J mol
-1

) 

Molar heat capacity mk,C  

(J mol
-1

 K
-1

) 

N2 0 － － 29.12 

O2 0 205.138 － 25.8911+0.0129874t-0.0000038644t
2
 

CH4 -75000 － － 14.1555+0.0755466t-0.0000180032t
2 

CO2 -393800 － － 26.0167+0.0435259t-0.0000148422t
2 

CO -110500 － － 26.8742+0.006971t-0.0000008206t
2 

H2 0 130.695 － 29.0856-0.0008373t+0.0000020138t
2
 

H2O (g) -241800 － － 30+0.01071t+33000/t
2
 

H2O (l) -285800 69.940 40700 75.44 

335 
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Table 3 336 

Parameter and its symbol Value 

Number of electrons: en    2 

Faraday constant: F (C mol
-1

)  96485 

Universal gas constant: R (J mol
-1

 K
-1

) 8.314 

Partial pressure of hydrogen: 
2Hp  (atm) )]

1
1(

2
1/[)1(




a

aa

a

s
a

x

p

p
p





 

[34] 

Partial pressure of oxygen: 
2Op  (atm) )]

1
1(

2
1/[)1(




c

cc

c

s
c

x

p

p
p




 [34] 

Pressure at anode: ap  (atm) 5 

Pressure at cathode: cp  (atm) 5 

Saturation pressure of water: sp
 

(atm) 25 )15.273(101837.9)15.273(02953.01794.210   TT
 

37 )15.273(104454.110  

 T [35] 

Dry gas molar ratio at anode: ax  )4/()(
42422 CHCOHCOCHCON xxxxxxx   

Dry gas molar ratio at cathode: cx  3.762 (air) 

Stoichiometry coefficients: a  and c  1.5 and 3 [36] 

Charge transfer coefficient at the anode: a  1 

Charge transfer coefficient at the cathode: c  1 

Exchange current density: 0i  (A cm
-2

) )06.2exp(1027.1
2O

8 p  [37] 

Membrane thickness: mem  (cm) 1.6×10
-2

  

mem  (Ω
-1

cm
-1

) )]
1

303

1
(1268exp[)003260.0005139.0(

T
mem  [36] 

mem  14 [36] 

1  )1173.0/)(068.01066.8(
2O

5
sppT  
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337 

54.0106.1 4   T  [38] 

Constant: 2  2 [39] 

Limiting current density: Li  (A cm
-2

) 2 [39] 

kq  (J mol
-1

): k=H2; CO; CH4 241900; 283200; 803700 
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Figure captions: 338 

Fig. 1. The schematic diagram of a PEMFC. 339 

Fig. 2. The curves of *
1q  and *

2q  varying with *n . 340 

Fig. 3. The three-dimensional graph of the power density *P  varying with *n and 
2Hu . 341 

Fig. 4. The curves of CT , '
CT , ''

CT , and 2T  varying with T , respectively, where 
2Hu =0.75.   342 

Fig. 5. The three-dimensional graph of the efficiency   varying with n
* 
and 

2Hu .  343 

Fig. 6. The curves of the power density *P varying with efficiency   for the given values of T and 344 

Puu ,HH 22
 .  345 

Fig. 7. The curves of (a) 
*

maxP  and P  and (b) 
*

Pn  and Pu ,H2
 varying with T . 346 

347 
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Fig. 2 352 
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Fig. 3. 355 
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Fig. 4. 358 
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Fig. 5.  360 
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Fig. 6.  363 
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Fig. 7.  367 




