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1. Introduction

The technological development of fuel cells still faces
significant challenges related to improving their efficiency 
and durability. Numerical calculations are a very valuable 
engineering tool which allow to guide the development and 
optimal control of these devices. They also allow the oper-
ating conditions and degradation mechanisms to be studied 
in a cost effective way. Developing a robust electrochemical 
model and the correct characterization of the parameters 
involved is one of the most critical challenges of the simula-
tion process, as its predictive potential depends on it. 

As discussed in Losantos et al. [1], there are numerous 
attempts to characterize these parameters, but the compu-
tational cost of combining CFD simulation models with opti-
mization algorithms is a strong limiting factor. Most re-
searchers use equivalent circuit models, or 2D simulations 
of small domains such as Goshtasbi et al. [2] and Dobson et 
al. [3] 

Heat management is also a challenge in non-isotermal 
simulations of real devices of a certain size as it increases 
model complexity and therefore the computational cost. 
Temperature has a great influence on the efficiency of elec-
trochemical reactions, Appleby et al. [4], as well as on deg-
radation processes Harikishan et al. [5]. Therefore, 
knowledge of the temperature distribution is essential in or-
der to analyze the local behavior of the device. 

This study deals with the development of a methodol-
ogy capable of characterizing the fundamental electrochem-
ical parameters of the catalytic layers for a non-isothermal 
3D computational simulation model of a 40-cell stack, using 
easily measurable data: the input flow rates, voltage, cur-
rent and external temperature of the stack. 

2. Experimental

2.1 Numerical model 

Any mathematical model of a physical phenomena has 
to strike a balance between the level of complexity and the 
computational effort needed. The proposed model is a 3D 
steady state, non-isothermal, incompressible flow model 
with some further assumptions: infinitely thin catalyst lay-
ers, single-phase gas flow and constant electrical potential 
along the electrodes. The equations governing the opera-
tion of the fuel cell under the previous assumptions include 
those of conservation of mass and momentum (Navier 
Stokes), species transport, electrochemical phenomena in 
the catalyst layers, the thermodynamic convection and con-

duction equations and transport of protons across the mem-
brane. The implemented electrochemical processes are de-
scribed by the Butler Volmer model at the anode, and by the 
agglomerated model at the cathode. More details on the nu-
merical models implemented can be found in Losantos et al. 
[1] for the physical and electrochemical processes, Sousa et
al. [6] regarding the thermodynamic equations and Li et al.
[7] for the behavior of the proton conductivity in the mem-
brane.

The external heat boundary conditions have been estab-
lished assuming a convective model with an ambient tem-
perature of 25 °C and estimating a variable value of the con-
vective heat transfer coefficient. This is consistent with the 
operating conditions, since the stack was cooled by fans. 

2.2 Method 

In order to find the values of the unknown relevant elec-
trochemical parameters of the catalytic layers we make use 
of a genetic algorithm optimization strategy. More details 
on the genetic algorithm (G. A.) implemented can be found 
in Losantos et al. [1].  The aim is to obtain the best fit to the 
experimental polarization curve and temperature map. The 
main constraint with implementing evolutionary algorithm 
with 3D models is the unaffordable computational cost of 
performing a numerical simulation for each “individual” 
(that is the encoding of a potential solution) evaluated, es-
pecially when the domain under analysis is large and the 
number of parameters to be characterised is high. 

To overcome this limitation, the iterative methodology 
illustrated in Fig. 1 has been developed. The 3D simulation 
has been separated into two stages: fluid flow including heat 
transfer (phase B in Fig 1 – at stack level), electrochemistry 
(phase C in Fig. 1 – at cell level) each assigned to the corre-
sponding computational domain. The idea is that once the 
fluid dynamics is frozen the voltage V would only depend on 
the electrochemical parameters [1]. Consequently, the ge-
netic algorithm only needs to solve the electrochemical 
equations when evaluating each individual, that is computa-
tionally very efficient. 

Fig. 1. Outline of the characterization methodology. 

The stack domain simulation includes the parts de-
scribed in Fig. 2, on which the flow in the channels and the 
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thermodynamic equations are solved. The temperature and 
cell inlet flows obtained are used to perform a 3D isothermal 
simulation in each cell on the domain shown in Fig. 3, where 
the fluid and electrochemical equations are solved. This pro-
cedure is explained in more detail below. 

Experimental stack data: Steady-state operating condi-
tions must be experimentally available for each point on the 
polarization curve. That is to say, voltage, intensity, input 
flows and a thermal map (e.g. photo) of the external surface 
of the stack. (phase A), Fig. 1. 

 

Fig. 3. Stack simulation domain parts and example of obtainded 
thermal distribution.  

 

3D Stack simulation: The purpose of this characteriza-
tion step is to obtain the spatial temperature distribution as 
well as the inlet flow conditions for each of the cells in the 
stack Fig. 3. To achieve this, a simulation is carried out at 
each point of the polarization curve using the operating con-
ditions of the experiments (phase A), as a reference. For the 
first step when no information about the electrochemistry 
is available, a uniformly distributed current and an equal 
voltage in all cells of the stack is assumed. The thermo-fluid 
and scalar transport equations are then solved. The convec-
tive coefficients of the walls are adjusted so that simulation 
matches the experimentally provided temperature map, Fig. 
5. For subsequent iterations the current and voltage distri-
bution are provided by phase C (Fig. 1). 

Cell 3D simulation: An isothermal simulation is per-
formed in all the cells of the stack using the temperature dis-
tribution and the input flow rates to each cell calculated in 
the stack simulation (phase B), as well as the parameters 
characterized by the genetic algorithm (phase E). The results 
of this simulation have three purposes within the optimiza-
tion process. 

1. Evaluate the agreement between simulated and 
experimental voltage values. 

2. Calculate the intensity distribution and species con-
centration in the catalytic layers, (phase D), for the 

genetic algorithm to perform a new optimization of 
the electrochemical parameters. 

3. Use the voltage and intensity distribution obtained 
in the different cells, (phase C), to calculate the 
heat sources and the boundary conditions set in 
the 3D simulation of the stack. 

Fig. 4. Cell simulation domain parts, and representation of an ex-
ample of the locations selected for the G. A. 

 

G.A. Optimization: From the solution provided by the 3D 
simulation for each selected point of the polarization curve, 
the genetic algorithm selects several locations representa-
tive of the operating conditions along the catalytic layer for 
all cells in the stack, see Figure 3. Using the values of the 
species concentrations, current densities and temperature, 
at these locations (phase D), the electrochemical equations 
are solved with different combinations of parameters until 
the one that best fits the experimentally measured voltage 
values is found. Once these parameter values are obtained, 
the fluid dynamics and temperature distribution are up-
dated by a new full 3D analysis (phases B and C). 

The iterative process ends when the global voltage val-
ues obtained from the 3D simulation of the stack converge 
with the required accuracy to the experimental ones.  

3. Results 

3.1 Experimental data  

The steady-state operating conditions for the three rep-
resentative points of the polarization curve used in charac-
terization are listed in Table 1. Thermal map of the third of 
this points is shown at the top left of Fig. 5.  

Table 1. Stack steady-state operating condition data and simu-
lated voltage in the last parameter characterization. 

Current 

(A ) 

Voltage 

 (V) 

Q of H2 

(NL/min) 

Q of O2 

(NL/min) 

Simulated 

Voltage (V) 

16.35 28.95 7.34 15.3 28.9 

32.7 28.91 14.68 15.3 28.89 

125 21.91 65 42 21.98 
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3.2 Stack Simulation  

Fig. 5 illustrates the result for the case of the third point 
of the polarization curve used. It shows a comparison be-
tween the temperature map obtained experimentally, up-
per left, and its counterpart in the simulation, upper right. 
In addition, the lower graph of the image shows the refer-
ence line used to consider the temperature convergence be-
tween the experimental and simulated values as achieved. 
A more complete representation of the stack temperature 
distribution result for the third operating point is illustrated 
in Fig. 2. 

 

Fig. 5. Outside stack temperature comparison between simulated 

and experimental data.  

 

3.3 Cell Simulation and G. A. optimization  

By applying the methodology described above, the val-
ues of the parameters shown in Table 2 are calculated for 
each of the iterations carried out until convergence is 
reached. It also contains the search ranges and units of each 
parameter. The lower part of the table includes the average 
deviation between simulated and experimental voltage val-
ues for each iteration. 

Table 2. Restults of parameters values and mean deviations in each 

iteration step of the characterization process.  

Variable Range Units 1° Iter. 2° Iter. 3° Iter. 

ja,0 3 000-70 000 A m-2 3 537 20 174 28 529 

Jc,0 600-6 000 A m-3 2 110 5 480 5 471 

αa 0-1 - 0.873 0.589 0.393 

αc 0-1 - 0.506 0.441 0.436 

ragg 100-1 000 nm 879.1 864.2 798.2 

δi 10-100 nm 86.53 85.42 84.47 

Ec 55-75 kJ mol-1 71 391 62 293 61 596 

tcl 10-20 μm 10.86 11.42 10.81 

Li 0.2-0.5 - 0.296 0.3646 0.397 

DL 2-10 % H3PO4 2.12 2.01 1.78 

Mean deviation  % 0.45 0.31 0.19 

Among the parameters that constitute the implemented 
models analyzed, those that are very difficult to quantify 
due to their nature have been included in order to charac-
terize them. These are, the reference exchange current den-
sities at 298 K, jc,0 and ja,0. The anode and cathode charge 
transfer coefficients, αa and αc, the radius an of the agglom-
erates, ragg, the thickness of the ionomer film over the ag-
glomerates δi, the volume fraction of ionomer in the catalyst 
layer Li, the activation energy of the cathode, Ec, the thick-
ness of the catalytic layer, tcl, and the phosphoric acid dop-
ing level in the membrane DL. 

4. Discussion 

The values obtained for the different parameters, as de-
picted in Table 2, show that the described methodology al-
lows to obtain a valid set of realistic electrochemical param-
eters with a reasonable computational cost (less than a day 
on a workstation). 

5. Conclusions 

With the study carried out with a 40-cell stack, the meth-
odology described in this article has been validated as a tool 
capable of, by combining 3D simulation and genetic algo-
rithms with easily measurable experimental data, character-
izing the electrochemical parameters of the catalytic layers. 
This allows a precise analysis of the internal behavior of the 
stack as well as possible degradation mechanisms on a local-
ized basis. 
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