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ABSTRACT 

A parametric model predicting the performance of a solid polymer electrolyte, proton exchange membrane (PEM) fuel 
cell has been developed using a combination of mechanistic and empirical modeling techniques. This paper details the 
empirical analysis which yielded the parametric coefficients employed in the model. A 28 run experiment covering a range 
of operating currents (50 to 300 ASF), temperatures (328 to 358 K), oxygen partial pressures (0.6 to 3.1 atm abs.) and 
hydrogen partial pressures (2.0 to 3.1 aim abs.) was conducted. Parametric equations for the activation overvoltage and the 
internal resistance of the fuel cell were obtained from linear regression. The factors to be employed in the linear regression 
had been previously determined through a mechanistic analysis of fuel cell processes. Activation overvoltage was modeled 
as a function of the operating temperature, the product of operating temperature, and the logarithm of the operating 
current, and the product of operating temperature and the logarithm of the oxygen concentration at the catalyst reaction 
sites. The internal resistance of the fuel cell was modeled as a function of the operating temperature and the current. 
Correlation of the empirical model to experimental data was very good. It is anticipated that the mechanistic validity 
yielded by the coupling of mechanistic and empirical modeling techniques will also allow for accurate predictive capabil- 
ities outside of the experimental range. 

A mechanistic model defining the factors most likely to 
influence fuel cell performance has been described previ- 
ously. I'2 The performance of a fuel cell (output voltage) was 
defined as a function of the thermodynamic potential, the 
activation overvoltage, and the ohmic overvoltage, with 
mass transport losses being incorporated in each of the 
three terms 

V = E + ~ot + ~lohm~ [1] 

The t h e r m o d y n a m i c  po ten t ia l  E was def ined via a Nerns t  
equa t ion  as 

E = 1.229 - 0.35 �9 10 -3 (T - 298.15) 

+ 4 .3085 .10-~ .  T.  [ ln (p~*)+ l ln (P*2)I [2] 

The ac t iva t ion  overvol tage  was def ined as 

( -AFt)  (-AF~r 
~ot- ~onF + 2 ~  

+ R 
[ ~  in (nFAk~176 ~ in (4FAk~ . [T] 

[ R ( ~  - ~) 

�9 [ T l n ( c f f ~ ) l - [ o ~ F - ~ ] . [ T l n ( i ) ]  [3] 

which  was rendered  to pa rame t r i c  form as 

n~ot = ~ + [2T + ~3T[ln (c~)] + ~ T [ l n  (i)] [4] 

where  the  ~s represent  cons tant  pa rame t r i c  coefficients 
tha t  are  eva lua ted  f rom exper imen ta l  data.  Fuel  composi -  
t ion changes (changes in the hydrogen  concen t ra t ion  via  
d i lu t ion wi th  CO2) were  expec ted  to have  a negl ig ible  effect 
on fuel  cell  k inet ics  over  the  expe r imen ta l  range  (i.e., hy-  
drogen mole  f rac t ions  >60%) and were  not  inc luded  in the 
ac t iva t ion  model.  

Finally, the  in te rna l  res is tance was def ined s imply to be 
an u n k n o w n  func t ion  of current  and tempera ture ,  where  

the ohmic  overvol tage  was def ined by an Ohm's l aw 
express ion 

~l]ohrai c ---- - - ( i  " R internal) [ 5 ]  

Equa t ions  2 th rough  5 ful ly  def ine  the ou tpu t  vol tage of 
the  fuel  cell, assuming tha t  f looding or  dehydra t ion  effects 
in the fuel  cell  m e m b r a n e  and electrodes are negligible.  

Experimental 
Goal of the experimental study.-- The goal  of the  exper i -  

men ta l  s tudy was to genera te  sufficient  da ta  to: 
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Table I. Variable settings for experimental design. 

Low 32g 2.72 0.6 2.0 
Medium 343 6.66 1.4 2.5 

High 358 16.33 3.1 3.1 
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Fig. 2. Ballard Mark IV single fuel cell (R.M.C. cell No. 6). 

1. Calculate the thermodynamic equil ibrium potential 
for each run via Eq. 2. 

2. Develop an empirical model for activation overvoltage 
based on the variables proposed in Eq. 3. 

3. Develop an empirical model for the internal  resistance 
of the fuel cell as a function of current and temperature. 

4. Statistically evaluate the resulting parametric models. 

Experimental apparatus.--A schematic diagram of the 
apparatus employed in this experiment is shown in Fig. 1. 
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Fig. 3. Pressure-regulated gas flow mixing system. 

The fuel cell employed for the experiment was a Ballard 
Mark IV single cell (R.M.C. cell no. 6) as shown in Fig. 2. 
The Mark IV employs a Nation membrane (0.18 mm in 
thickness), with an active surface area of 50.56 cm ~, heat- 
bonded to two catalyst-coated carbon fiber-paper elec- 
trodes. This membrane electrode assembly (MEA) is sand- 
wiched between two graphite current collector plates. The 
resulting cell is then connected to a humidifying section, 
compressed pneumatically, and finally sandwiched be- 
tween two stainless steel end caps. 

The gases employed in this experiment were Linde Ex- 
tra-Dry grade compressed gases (CQ is Bone-Dry grade). 
During the experiment, a pressure-regulated gas flow mix- 
ing system, as shown in Fig. 3, was employed. Calibration 
via a soap film meter indicated that all of the flowmeters 
and controllers operated within _+2% of full scale. The 
pressure for all of the inlet gas streams was regulated via 
Matheson pressure regulators on the gas cylinders. 

The current of the fuel cell system was monitored across 
a 50 A, 50 MV shunt with a Fluke 8840 multimeter. Cur- 
rents were adjusted by moving contact clips on a copper 
resistance coil to adjust the resistance of the external load. 
Using this method, the current could be maintained within 
_+0.02 A of the desired setting. Fuel cell voltage was moni- 
tored across the bus plates with a Fluke 8840 multimeter. 
The combined resistance of the fuel cell in parallel with the 
external load was measured via a Hewlett Packard 4328A 
milliohmeter connected across the bus plates. A mathemat-  
ical calculation was used to derive the internal  resistance 
from this combined value. 

Fuel cell temperature was measured via an ice-water- 
referenced J-type thermocouple probe, mounted in the ex- 
haust humidification water stream, and monitored through 
a Fluke 8840 multimeter. The humidification water tem- 
perature was controlled via a heating sock, activated by a 
computer controlled on/off relay switch. 

Data acquisition and analysis were provided by a 
Hewlett Packard Type 86B PC linked via a Data I/O bus to 
the Fluke 8840 multimeters. 

Experimental Design 
With the experimental apparatus configured to monitor 

all of the necessary variables, a three-level experimental 
design using 28 runs was employed to generate the data 
required for the linear regression analysis. The independ- 
ent variables (factors) controlled in the experiment were 
the fuel cell temperature, the operating current, and the 
inlet partial  pressures of hydrogen and oxygen (total dry 
gas pressure was kept constant). The dependent variables 
monitored included the output  voltage (V) and the total 
resistance (internal and load resistance in parallel). Given 
the acquired data, separation of the monitored resistance 
into internal  and load components allowed for determina- 
tion of the actual ohmic overvoltage via Eq. 5. Equation 2 
allowed for the calculation of the E value. Finally the acti- 
vation overvoltage was determined via Eq. 1. 

The various factor settings are shown in Table I. The 
temperature range chosen (328 to 358 K) is fairly standard 
for operation of PEM fuel cells. Operation at lower temper- 
atures is possible but  is not considered worthwhile as the 
output voltage is substantially reduced. The partial pres- 
sure settings were achieved by maintaining the total dry 
gas pressure at both the anode and the cathode constant at 
3.06 atm abs. (45 psia, a fairly standard setting for the Mark 
IV cell3'4), and varying the oxygen and hydrogen mole frac- 
tions in the dry oxidant and fuel feeds. Dry-basis mole 
fraction settings were 0.21, 0.46, and 1.00 for oxygen, and 
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0.65, 0.81, and 1.00 for hydrogen. In this way the full range 
of probable oxidant and fuel feeds was covered, from air to 
pure oxygen and from a simulated reformed hydrocarbon 
to pure hydrogen. 

The experimental  current range was limited by the max-  
imum control capacity of the oxidant f low-mixing appara-  
tus (250 cma/min) which restricted the experimental  range 
to currents less than 17 A (although verification of the 
model at currents outside of the experimental  range could 
be achieved using pure oxygen or premixed air feeds). The 
fuel cell itself was limited to currents of less than 28 A due 
to resistances within the wires connecting the shunt and 
the bus plates. 

The choice of which variables to control in the experi-  
ment was made early in the development process of the 
model, before many of the insights provided by mechanistic 
modeling were incorporated. At the time the experiment 
was conducted, it was considered that a linear regression of 
output voltage onto the various effects of the variables T, In 
(i), In inlet inlet (Po~), and in ( p ~ ) ,  could yield a sufficiently accu- 
rate model. This assumption was based, in part, upon pre- 
vious empirical modeling efforts found in the l i teratureJ  7 
As mechanistic analysis proceeded, however, it became ap- 
parent that the independent variables directly involved in 
the mechanisms of fuel cell operation were different from 
those controlled in the experiment. However, while the ex- 
perimental  design carried out did not exactly reflect the 
final models chosen, the information generated was still 
sufficient to model the desired relationships. In order to 
reflect the activation overvoltage model suggested by Eq. 4, 
a three-factor regression model using temperature, the 
product of temperature and the logarithm of current, and 
the product of temperature and the logarithm of the effec- 
tive concentration of oxygen should be used. As the surface 
concentration can be calculated from the inlet partial  pres- 
sure, all of these factors could be determined from the orig- 
inal experimental  data. 

During all runs, stoichiometries of the inlet flows were 
kept constant at 8.33 cm 3 (STP) of oxidant (cathode gas) per 
em 3 of oxygen consumed and 1.73 cm 3 (STP) of fuel (anode 
gas) for each cm 3 of hydrogen consumed. Previous experi- 
mental data had indicated that  this ratio of inlet flow to 
consumption would provide for stable operation in a MkIV 
cell. 3'4 While the effect of changing flow rates is not as- 
sessed directly in the model, it is indirectly monitored in 
terms of its effect on partial pressures. The main effect of a 
flow rate change would be a shift in the stoichiometry in 
terms of inlet cm 3 of oxidant or fuel per cm 3 of oxidant or 
fuel consumed. As a result, the outlet composition of the 
fuel and oxidant feeds would change, altering the effective 
reactant composition at the catalyst sites. Thus the effect of 
the flow rates is incorporated in the model via the reactant 
concentration terms. Other effects of changing flow rates, 
such as flooding of the fuel cell if flow :rates are too low to 
adequately remove product water, are not considered in 
this model. 

Experimental Method 
Each experimental  run was begun with the fuel cell at 

room temperature and open circuit (i.e., zero current), with 
a flow of 300 cm3/min (STP) of humidified oxygen on the 
cathode side and 50 cm3/min (STP) of humidified hydrogen 
on the anode side. The humidification and heating water  
was heated to slowly bring the fuel ceil to 328 K (55~ This 
initialization took between 20 and 25 min to complete. 
When a temperature of 328 K was achieved, the inlet fuel 
and oxidant feeds were set to their desired compositions 
and flow settings, and the operating temperature was 
brought to the desired level. When the operating tempera- 
ture was achieved, the external load was connected and 
adjusted for achieving the desired current. The fuel cell was 
then allowed to run in this condition, with required adjust- 
ment of the load to maintain a stable current setting, until  
such time as the range in the output voltage over a span of 
10 min was observed to be less than 1 mV (the output 
voltages range from 662 to 910 mV). This definition of 

steady state was achieved within 60 to 120 min of the appli- 
cation of the load. The output voltage reading and corre- 
sponding internal resistance at the end of the 10 min period 
were recorded. After each run, the external load was dis- 
connected, and the flows were returned to the 300 cm3/min 
oxygen and 50 em3/min hydrogen condition. The fuel cell 
was then allowed to cool at open circuit to 308 K (35~ at 
which point the flows were stopped entirely, and the fuel 
cell was allowed to return to room temperature. 

Experimental Results and Discussion 
Determination of the thermodynamic potential and the 

overvoltages.--The variable settings used in the 28 experi- 
mental runs, along with measured and calculated results, 
are shown in Table II. The first component of the model to 
be determined in the analysis of the experimental  data is 
the thermodynamic equilibrium potential, calculated via 
Eq. 2. Before making this calculation, the effective surface 
partial  pressures p* must be determined. The mathematics 
employed in this determination are detailed elsewhere, l'z 
Results are shown in Table III. There is little variat ion in 
the equilibrium potential  between runs, with an overall 
range of less than 0.03 V. 

With the voltage, current, internal resistance, and ther- 
modynamic equilibrium potential  known, the experimen- 
tal values of the ohmic and activation overvoltages can be 
calculated via Eq. 4, 5, and 1. These values are also shown 
in Table III. Activation losses, ranging from 0.272 to 0.445 
V, are significantly larger than resistance-related losses, 
which range from 0.105 to 0.011 V over the experimental  
range studied. Observation of the data shows, however, 
that  the slope of the ohmic overvoltage response is steeper 
than that of the activation overvoltage, such that the ohmic 
overvoltage plays an increasingly significant role as cur- 
rents rise. 

Development and evaluation of the activation over- 
voltage modeL--The dependent and independent variables 
involved in determining the empirical model for activation 
overvoltage are the temperature, the current, and the effec- 
tive concentration of oxygen at the cathode catalyst sites, 
c3~. Means for calculation of the latter value are discussed 
elsewhere, 1'2 and the resulting values are included in 
Table IV. The parametric expression resulting from a linear 

Table II. Experimental settings and results. 

unit II 
E~or 
(+/-) 0.5 

Run No 1 

1 358 
2 328 
3 343 
4 358 
5 343 
6 343 
7 328 
8 343 
9 343 
10 343 
II 328 
I2 328 
13 343 
14 358 
15 358 
16 358 
17 343 
18 343 
19 343 
20 343 
2l 358 
22 343 
23 343 
24 343 
25 343 
26 343 
27 328 
28 343 

Measured Calculated 
Experimental Settings Results Results 

r I ' I o;: I ,Z= I v [ R "  R'~ 
I mps l a "6'la'="bsl voiL, I "O O I 

[oo, o, l o ,  o ,1o , oo, 

2,72 1.4 2.5 0.910 3.88 0.335 3.93 
6.66 0.6 2.5 0.773 4.89 0.116 5.10 
6.66 1.4 2,5 0.820 4.55 0.123 4.73 
6.66 3.1 2.5 0.867 4.10 0.130 4.23 
6.66 3,1 3.1 0.851 4.53 0.128 4.70 
6.66 0.6 2.0 0.781 4.55 0.117 4.73 
6,66 1.4 2.0 0.802 4.89 0.120 5.10 
2.72 0.6 2.5 0.863 4.20 0.317 4.26 
6.66 1.4 2.5 0.824 4.46 0.124 4.63 
6.66 1.4 2.5 0.827 4.41 0.124 4.57 
2.72 1.4 2.5 0.888 4.95 0.326 5.03 
6.66 3,l 2.5 0.835 5.05 0.125 5.26 
6.66 1,4 2,5 0.826 4.37 0,124 4.53 
6.66 0.6 2.5 0.809 4.06 0.121 4.20 
6.66 1.4 3.1 0.846 3.93 0.127 4.06 
6.66 1.4 2.0 0.836 3.99 0.125 4.12 
16.33 1.4 3.1 0,715 4.77 0.044 5.35 
16.33 3.1 2.5 0.730 4.93 0.045 5.54 
6.66 1.4 2.5 0.823 4.56 0.124 4.74 
6.66 0.6 3.1 0.792 4.41 0.119 4.58 
16.33 1.4 2.5 0.729 4.42 0.045 4.90 
2,72 1,4 3,1 0,901 4.28 0.331 4,34 
6.66 3.1 2.0 0.847 4.44 0.127 4.60 
2.72 1.4 2.0 0.898 4.28 0.330 4.34 
16.33 0.6 2.5 0.662 4.77 0.041 5.40 
6.66 1.4 2,5 0.822 4.56 0.123 4.74 
6.66 1.4 3.1 0.807 5.02 0.121 5.24 
16.33 1.4 2.0 0.700 4.90 0.043 5.53 
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Table III. Surface partial pressures, thermodynamic equilibrium 
potentials, and calculated overvoltages. 
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Table IV. Effective surface oxygen concentrations and 
predicted and residual values for activation overvoltage. 

Error 
(+/-) 0.1 0.5 0.004 0,0002 0.005 

Run No. 

1 1,3 2.3 1.193 0.0107 -0.2717 
2 0.4 2.1 1.208 -0.0340 -0.4017 
3 1.3 2.2 1.204 -0.0315 -0.3522 
4 3.0 2,3 1.199 -0,0282 -0.3038 
5 3,0 3.2 1.216 -0.0313 -0.3341 
6 0.4 1.3 1.189 0,0315 -0.3756 
7 1,3 1.3 1.209 -0.0340 -0.3727 
8 0.4 2.2 1.196 -0.0116 -0.3220 
9 1.3 2.2 1.204 -0.0309 -0.3492 
10 1.3 2.2 1.204 -0.0305 -0.3472 
i1 1.3 2.1 1.216 -0.0137 -0.3141 
12 3.0 2.1 1.222 -0.0351 -0.3520 
13 1.3 2.2 1.204 -0.0302 -0.3482 
14 0.4 2.3 1.184 -0,0280 -0.3473 
15 1,3 3.4 1,199 0.027l -0.3250 
16 1.3 1.4 1.185 -0.0275 -0.3218 
17 1.3 3.2 1.209 -0.0874 -0.4075 
18 3,0 2,2 1.210 -0.0905 -0.3902 
19 1.3 2,2 1.204 -0.0316 -0.3492 
20 0.4 3.2 1.202 -0.0305 -0.3788 
21 1.3 2.3 1.192 -0.0800 -0.3834 
22 1.3 3.2 1.210 -0.0118 -0.2969 
23 3.0 1.3 1.203 -0.0307 -0.3249 
24 1.3 1.3 1.197 -0.0118 -0.2868 
25 0.4 2.2 1.195 -0.0882 -0.4453 
26 1.3 2, 2 1.204 -0.0316 -0.3502 
27 1.3 3.1 1..221 -0.0349 -0.3793 
28 1.2 1.3 1.196 -0.0903 -0.4062 

Term c ~  Predicted I1,~, Residual 

Unit mol/cm 3 volts volts 

Run No. 

1 
2 
3 
4 

5 
6 
7 
8 
9 

10 
11 
12 

13 
14 
15 

16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 

1.0e-06 

3.8e-07 
1.1 e-06 
2.4e-06 
2.5e-06 
3.6e-07 
1. le-06 
3.8e-07 
l . l e -06  

l . le-06 
1.2e-06 
2.7e-06 
1.1e-06 

3.4e-07 
l.Oe-06 
l.Oe-06 
l.Oe-06 

2.4e-06 
l . l e -06  
3.6e-07 
9.9e-07 
1. le-06 
2.5e-06 
1. le-06 

3.2e-07 
1.1e-06 
1.1e-06 

1.0e-06 

-0.2647 

-0.4014 
-0.3500 
0.3025 

-0.3283 
-0.3775 
-0.3747 
-0.3188 
-0.3500 

-0.3500 

-0.3193 
-0.3541 
-0.3500 

-0.3537 
-0.3252 
-0.3252 
-0.4083 

-0.3868 
-0.3500 
-0.3775 

-0.3860 
-0.2920 
-0.3283 

-0.2920 
-0.4379 
-0.3500 

-0.3747 
-0.4083 

-0.0070 

-0.0003 
-0.0023 
-0.0012 
-0.0059 
0.0019 
0.0020 
-0.0032 
0.0008 

0.0028 

0.0052 
0.0021 

0.0018 
0.0064 
0.0002 
0.0035 
0.0008 
-0.0034 
0.0008 
-0.0013 
0.0026 
-0.0049 
0.0033 
0.0053 
-0.0074 
-0.0002 

-0.0046 
0.0021 

regression of the three factor model onto the activation 
overvoltage data from Table III is 

~q~ot = - 0 . 9 5 1 4  + 0.00312T 

+ 7.4 �9 10-~T[ln (c~2)] - 0 .000187T[ ln  (i)] [6] 

As intuitively expected, increases in temperature and oxy- 
gen concentration, with their positive effect on kinetic re- 
action rates, will both tend to decrease the activation over- 
voltage, while an increase in the current will have the 
oppos i t e  effect. The  a c t i v a t i o n  overvo l t ages  p r e d i c t e d  b y  
Eq. 6 are  p l o t t e d  in  Fig. 4 in  a p a r i t y  p lo t  w i t h  t he  expe r i -  
m e n t a l  d a t a  f rom Table  III. These  va lues  a re  t a b u l a t e d  in 
Table  IV, a l o n g  w i t h  t he  r e s u l t a n t  res idua ls .  S c a t t e r p l o t s  of 
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Fig. 4. Parity plot of the model prediction and the experimental 
data for the fuel cell activation overvoltage. 

the residuals vs. the experimental factors showed no signif- 
icant trends or outliers. 

ANOVA analysis of the model, as shown in Table V, re- 
veals very favorable statistical diagnostics. A very good fit 
is indicated by the coefficient of determination (R 2) near I, 
the very small standard error, and the highly significant 
F statistic. The standard deviations of the parameter 
estimates and 95% confidence intervals of the parameters 
are shown in Table VI. Since none of the confidence inter- 
vals enclose zero, all of the parameters are statistically 
significant. 

Given the results of the statistical analysis presented, the 
model of Eq. 6 is concluded to provide valid and accurate 
estimates of the overvo]tage due to activation over the ex- 
perimental range observed. 

Development and evaluation of the internal resistance 
modeL--Initial m e c h a n i s t i c  ana lys i s  sugges t ed  t h a t  the  
mode l  for  t he  fuel  cell 's i n t e r n a l  r e s i s t ance  s h o u l d  be  in 
some way  d e p e n d e n t  u p o n  the  o p e r a t i n g  c u r r e n t  a n d  the  
o p e r a t i n g  t e m p e r a t u r e .  1'2 As m e c h a n i s t i c  m o d e l i n g  d id  no t  
y ie ld  the  expl ic i t  f o rm  w h i c h  th i s  d e p e n d e n c e  s h o u l d  take ,  
s t a t i s t i ca l  d i agnos t i c s  were  u sed  to d e t e r m i n e  w h i c h  i nde -  
p e n d e n t  v a r i a b l e s  were  co r r e l a t ed  to the  i n t e r n a l  res i s -  
tance .  The  two  s t a t i s t i ca l  d i agnos t i c s  used  for  th i s  p u r p o s e  
were  the  Pea r son ' s  r s ta t i s t ic ,  a n d  the  t s ta t i s t ic .  Tab le  VII 
shows  the  resu l t s  of these  analyses .  The  more  l i n e a r  the  
co r r e l a t i on  b e t w e e n  a d e p e n d e n t  a n d  a n  i n d e p e n d e n t  va r i -  
able ,  t he  c loser  t he  abso lu t e  va lue  of Pea r son ' s  r s t a t i s t i c  
wil l  be  to 1. For  t he  t s ta t i s t ic ,  t he  95% s ign i f i cance  va lue  
for  ou r  ana lys i s  was  2.052. Thus  the  Pea r son ' s  r- a n d  t -  

Table V. ANOVA table for the activation overvoltage model. 

Source of Degrees of Sum of Mean F p 
Variance Freedom Squares  Square 

Regression 3 0.043398 0.014470 943.7 < 0.005 

Error 24 0.000368 0 . ~ 1 5  

Lack of fit 18 0.000347 1.9x10 s 5.7 <0.05 

Pure Error 6 0.000020 3.4x10 ~ 

R2 Stand. 
Error 

0.992 0.00392 
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Table VI. 95% confidence intervals for parameters of the 
activation overvoltage model. 

95 % Confidence Interval 

-0.8951 < ~1 < -1.0076 

0.00331 < ~2 < 0.00292 

-0.000178 < F~3 < -0.000195 

8.1x10 s < ~ < 6.7x10 5 

statistic evaluations indicated that all variables, with the 
exception of [ln (i)][In (T)], have a linear relationship with 
the internal resistance. Thus the independent variables 
which were concluded to be most colinear with the internal 
resistance are the main, interaction, and quadratic effects 
of temperature and current (i.e., T, i, T(i), T 2, and i2). Linear 
regression of the five-factor model, however, revealed that 
the interaction and quadratic effects were negligible and 
the internal resistance could be modeled linearly on the 
temperature and the current. The resulting two factor 
model was 

R internal = 0.01605 - 3.5 �9 10-ST + 8.0 �9 10-~i [7] 

As expected, increases in current will  increase resistance, 
while increases in temperature will decrease it. The values 
predicted by Eq. 7 are shown in Fig. 5 in a parity plot 
against the experimental  data from Table II. Scatterplots of 
the residuals showed no significant trends or out]iers. 

Table VIII shows the ANOVA analysis of the internal 
resistance model. A highly significant F statistic can be 
observed, as well as a coefficient of determination close 
to 1, a low standard error, and a highly insignificant lack 
of fit F statistic. All of these diagnostics indicate a very 
good fit between the predicted resistance values and the 
actual data. 

The 95% confidence intervals for the parameters are 
given in Table IX. Since none of the confidence intervals 
enclose zero, all of the parameters are statistically signifi- 
cant. The results of the statistical analysis presented indi- 
cate that  Eq. 7 provides accurate estimates of the internal 
resistance of this fuel cell. 

Combined predict ion of the ou tpu t  vo l tage . - -Equa t ion  1 
indicates that the output voltage of a fuel cell can be stated 
as a function of the thermodynamic equilibrium potential, 
the activation overvoltage, and the ohmic overvoltage. 
Thus Eq. 2, 6, and 7 yield all of the information required to 
predict the output voltage for a given set of operating con- 
ditions. The experimental  and predicted output voltages 
are plotted as a parity plot in Fig. 6. The coefficient of 
determination (R 2) for the predicted voltage is 0.997, with 
a standard error of 0.004 V. Scatterplots of the residuals vs. 
actual output voltage and run number reveal no obvious 
trends or outliers. 

Comparisons of the predicted fuel cell voltage and actual 
fuel cell data can be seen in Fig. 7 through 10. Figure 7 
shows the effect of operating current on fuel cell output 
voltage, for one of the fuel cell operating conditions (oxi- 

Table VII. Correlation diagnostics. 

Independent T i Ti T 2 i 2 
Variable 

Pearson's 
-0,62 0.72 0.69 -0.64 0.72 r-slatistic 

t-stadstic 4.15 5.55 5.04 4.40 5.48 

Independent In(T) ln(i) [In(i)][ln(T)] ['Yl[In(i)] Ill[In(T)] 
Variable 

Pearson's 
-0.40 0.67 0.31 0.61 0.72 r-statistic 

t-statistic 2.31 4.82 1.697 4.05 5.46 
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Fig. 5. Parity plot of the model prediction and the experimental 
data for the fuel cell internal resistance. 

dant = air, fuel = pure hydrogen, temperature = 343 K, dry 
gas pressure = 45 psia). The model is shown to accurately 
correlate fuel cell voltage over the experimental range of 
current densities and to predict voltages accurately for cur- 
rent densities as high as 470 ASF (170 ASF beyond the 
experimental range used to evaluate the coefficients), the 
highest current density achievable with the current fuel 
cell apparatus. It was observed over the course of the ex- 
periment, however, that the open-circuit voltage was sig- 
nificantly lower, at approximately 1.02 to 1.08 V, then the 
predicted values (1.18 to 1.21 V). An explanation for this 
discrepancy is that a mixed potential may exist at open 
circuit, due to the production and decomposition of hydro- 
gen peroxide, s As soon as any net current flow exists, the 
oxygen reduction reaction would take precedence and the 
thermodynamic equilibrium potential predicted by Eq. 2 
would apply. This would explain the very good agreement 
of predicted and experimental output voltage values at all 
points other than the open-circuit condition. 

Figure 8 shows the effect of temperature on the output 
voltage of the fuel cell. As the temperature increases, so 
does the output voltage, rising by approximately 0.002 V/K 
at a current density of 300 ASF (for the flow compositions 
indicated). According to the model this increase is at- 
tributable to the increase in the rate of reaction, the in- 
creased diffusivity of protons and the increased water con- 
tent in the anode stream at higher temperatures. There is a 
slight decrease in the thermodynamic equilibrium poten- 
tial as temperature increases, but this drop is relatively 
small as compared to the decline in the overvoltages. The 
good agreement between predicted and experimental val- 
ues clearly indicates that the model accurately depicts the 
effect of temperature on output voltage. 

Figure 9 shows the effect of changing oxidant composi- 
tion on the output voltage. As the oxygen concentration in 
the dry oxidant is increased from 21 to 100%, there is a 

Table VIII. ANOVA table for the two-factor model 
of internal resistance. 

Source Degrees Sum 
Mean 

of of Of Square F p 
Variance Freedom Squares 

Regression 2 5.67e-06 2.84e-06 400.3 < 0.001 

Error 25 1.77e-07 7.09e-09 

Lack of Fit 5 3.66e-08 7.31e-09 1,0 >0.25 

Pure Error 20 1.41e-07 7.04e-09 

R; Standard 
Error 

0.969 8.4"102 
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Table IX. 95% confidence intervals for the parameters 
of the resistance model. 

95 % Confidence Interval 

0.01485 < 7~ < 0.01725 

-3.8xlO'S < 72 < -3.1x10-5 

7-1x10"5 < T3 < 8-6x105 

subsequent increase in output voltage of approximately 
0.0009 V/%O2 at a current density of 300 ASF (for the flow 
compositions indicated). According to the model, this in- 
crease is at tr ibutable to both thermodynamic and kinetic 
effects, as an increased oxygen concentration increases the 
thermodynamic equilibrium potential while decreasing the 
kinetically controlled activation overvoltage. Once again, 
good agreement is achieved between model and experi- 
mental  values, indicating an accurate depiction of the ef- 
fect of oxidant composition over the experimental range. 

Figure 10 shows the effect of changing the fuel composi- 
tion on the output voltage. As the hydrogen mole fraction in 
the dry fuel is varied from 65 to 100%, there is a corre- 
sponding change in output voltage of 0.0004 V/% H2 at a 
current density of 300 ASF (for the flow compositions indi- 
cated). This change is not as significant as the change ob- 
served for shifts in oxidant composition and is attributed in 
the mode] solely to the change in thermodynamic equi- 
l ibrium potential. The agreement between experimental 
and model values in this curve is not as good as for the other 
variables, possibly due to an unmodeled kinetic contribu- 
tion. Nonetheless, the absolute error between the model 
and the data is negligible for practical purposes. 

A final indication of the success of the modeling exercise 
is afforded by comparison of the numeric and theoretical 
values of the parameter coefficients 63 and ~4. In the initial  
mechanistic model, ~'2 these coefficients were defined as 

R (1 - so) [8a] 

64 = \ cqnF 2F ] [8b] 

while the empirical model gives them the values 

.,,-, 

0 

r 

t~  > 
t- 
o 
._.9. 
"o 

f l _  

"o 
o 

0.95 

0.65 

0.75 
/ /  

I 

/ 
0.65 

0.65 0.75 

//" 
/ /  

/ /  

/, 
) l  

/ 

0.85 0.95 
Experimental Data Value (Volts) 

Fig. 6. Parity plot of the model prediction and the experimental 
data for the tota/output fuel cell voltage. 
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Fig. 7. Effect of operating current on fuel cell output voltage. 

63 = 7.4 . 10 -~ [ga] 

64 = -0.000187 [9b] 

The value of n, the number  of electrons involved in the 
rate-determining step of the cathode reaction mechanism, 
is likely 8 to be 1 or 2. If n = 2 is chosen then comparison of 
the 63 values yields a value for ~c of approximately 0.37, 
well within the range suggested for the oxygen electrode by 
Berger (0.2 to 0.45). ~ Substi tution of this value of ~c back 
into Eq. 8b yields a value for 64 of approximately -0.00016, 
very close to the value actually determined by the empirical 
analysis. Thus, along with providing good correlation with 
experimental data, the empirical model is also consistent 
with mechanistic expectations. The Tafel slope calculated 
from the empirically determined value of 64, 0.118 at 358 K, 
is also in agreement with Tafel slope values (b - 0.13) deter- 
mined elsewhere for Nation membranes. 9 

Conclusions 
The primary conclusion drawn from this study is that the 

performance of a solid polymer electrolyte fuel cell can be 
adequately modeled using a combination of mechanistic 
and empirical modeling techniques. It is further concluded 
that the activation overvoltage can be accurately modeled 
as a function of the temperature and the products [temper- 
ature] . [in (current)] and [temperature] - [in (effective oxy- 
gen concentration)]. It is also concluded that the internal  
resistance of the fuel cell can be accurately modeled as a 
function of temperature and current. If the thermodynamic 
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Fig. 8. Effect of temperature on fuel cell output voltage. 
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Fig. 9. Effect of changing oxidant composition on output voltage. 

equil ibr ium potent ia l  is calculated via the Nernst equation, 
as defined by Eq. 2, then a combinat ion of the calculated 
thermodynamic equil ibr ium potential ,  the predicted act i-  
vation overvoltage, and the predicted ohmic overvoltage 
(taken as the negative of the product  of operat ing current 
and predicted internal  resistance), can be used to accu- 
ra te ly  predict  the output  voltage of the fuel cell over a wide 
range of current  densities [0 < I < 470 ASF (and possibly 
higher)], temperatures  (328 K < T < 358 K) and oxidant  and 
fuel compositions (air to pure oxygen, 65% H2/25% CO2 to 
pure hydrogen). Kinetic effects at the cathode are con- 
cluded to be highly significant to overall performance, 
while kinetic effects at the anode appear to be relatively 
unimportant. Cathode kinetics are concluded to be highly 
dependent upon the oxidant feed composition, as well as 
the mass transport and temperature characteristics of the 
fuel cell. 

In summary, the modeling approach used is concluded to 
be effective, efficient, and easily applied using a small 
amount of data. It provides a flexible modeling alternative 
which may be of greater utility than the complex mechan- 
istic models previously proposed, I~ due to its greater ease 
of application. 
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Fig. 10. Effect of changing fuel composition on output voltage. 
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LIST OF SYMBOLS 
c~ concentrat ion of species i, mol/cm 3 
E thermodynamic equil ibr ium potential ,  V 
E ~ reference potential ,  V 
E3 s tandard  state reference potential ,  V 
F Faraday 's  constant, 96,487 C/equiv. 
I current density, A/cm 2 
i current, A 
io exchange current, A 
k o intrinsic rate  constant  
n number  of equivalents involved in a reaction 
P pressure, atm 
Pi par t ia l  pressure of component i, arm 
R gas constant, 8.3143 J/(mol)(K), or other appropr ia te  

units 
R ~  external  electrical  resistance, Ft 
R~nt internal  electrical  resistance, 
AS3 s tandard  state entropy change, kJ/mol 
T temperature,  in Kelvin unless otherwise stated 
xi mole fraction of species i 

Greek 
(~ transfer  coefficient 

overvo]tage, V 

Superscripts  and subscripts 
act act ivat ion 
CO2 carbon dioxide 
H2 hydrogen 
H20 water  
O2 oxygen 
N2 nitrogen 
* effective value 
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