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Abstract: This work provides an extended description of the tools developed in the Wolfram Mathe-
matica environment to characterize proton exchange membrane (PEM) fuel cells. These tools, with
their user-friendly interface, facilitate the calculation of the main parameters required to obtain the
PEM fuel cell polarization curve, offering a seamless and intuitive experience. Various mathematical
models and algorithms are coded to accurately calculate the parameters needed for the polarization
curve analysis. This study presents the development and validation of a computational tool designed
to simulate the performance of proton exchange membrane (PEM) fuel cells. The tool integrates
thermodynamic and electrochemical equations to predict key operational parameters, and was val-
idated using experimental data from a commercial Ballard® PEM fuel cell to ensure its accuracy.
The validation process involved comparing the numerical predictions with empirical measurements
under various operating conditions. The results demonstrate that the computational tool accurately
replicates the performance characteristics observed in the experimental data, confirming its reliability
and instilling confidence in its use for simulating PEM fuel cell behavior. This tool offers a valuable
resource for optimizing fuel cell design and operation, providing insights into the efficiency, output,
and potential areas for improvement. Future work will expand the tool’s capabilities to include
degradation mechanisms and long-term performance predictions. This advancement underscores
the tool’s potential as a comprehensive solution for academic research and industrial applications in
fuel cell technology.

Keywords: hydrogen fuel; fuel cell; flight electrification; green aviation; fuel cell for aviation; Wolfram
Mathematica; polarization curve; fuel cell loss; open circuit voltage; activation loss; concentration
loss; Nerst equation

1. Introduction

In this section, the crucial role of accurate and efficient models in the formulation
and numerical implementation of proton exchange membrane (PEM) fuel cell models
is underscored. PEM fuel cells are a promising, clean, and efficient energy generation
technology that find significant application in the aerospace industry. The development of
these models is not just important but essential for understanding the behavior of PEM
fuel cells and optimizing their design and operation in this specific context.

The numerical implementation of PEM fuel cell models necessitates the development
of sophisticated software tools. These advanced tools, with their high computational power
and versatility, are capable of simulating fuel cell performance under a wide range of
operating conditions and design parameters. They provide comprehensive information on
species concentration distribution, current density, and losses throughout the cell, thereby
enabling a detailed and comprehensive analysis of the fuel cell’s performance.

The steady-state operation of the PEM fuel cell can be predicted by estimating the
voltage of the individual cell, which depends on various operating conditions such as gas
concentration, pressures, operating temperatures, and current consumption.
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A suite of tools has been developed in the Wolfram Mathematica environment to
characterize PEM-FC under different power classes and operating conditions. Wolfram
Mathematica was chosen because it offers an integrated platform for symbolic computation
within a unified work environment, allowing for the intuitive manipulation of symbols, for-
mulas, and functions. A combination of empirical and experimental loss models provides
a good estimate of performance in a short time. Estimating the power output from the
fuel cell depends on the cell voltage, which is a function of various parameters such as the
partial pressures of oxygen and hydrogen, stack temperature, flow rate, and current output.
In the implemented models, another important parameter influencing the assessment of
the available power of fuel cells at various pressures and temperatures is the stack voltage,
which is a function of activation, ohmic, and concentration losses.

In particular, the suite of tools estimates the major voltage losses through mathematical
models of the anode, cathode, and membrane to determine the stack voltage, power, and
the required mass flow rate of fuel. Finally, the suite of tools defines the polarization curve
(V, I) as a function of current.

In conclusion, the formulation and numerical implementation of PEM fuel cell models
are essential and enable simulations, sensitivity analyses, and optimization studies to
improve the performance of PEM fuel cells in various applications. The models have
been validated through numerous test cases on various types of PEM cells for aerospace
applications, such as [1,2].

Several computational models have been developed to simulate PEM fuel cell perfor-
mance, providing insights into optimization and design improvements.

In this study, the development and validation are presented of a new computational
tool using Wolfram Mathematica to simulate the performance of PEM fuel cells. The tool
integrates fundamental thermodynamic and electrochemical equations, providing detailed
predictions of operational parameters. To ensure accuracy, the tool was validated with
experimental data from a 19 kW commercial Ballard® PEM fuel cell (Ballard Power systems
Inc., 9000 Glenlyon Parkway Burnaby, BC V5J5J8 Canada). The validation demonstrated a
high correlation between the numerical predictions and the manufacturer’s catalogue data,
strengthening the reliability and repeatability of the tools.

A key feature of this work is the detailed graphical representation of ohmic losses, con-
centration, and activation losses in a real-world scenario. This allows for a comprehensive
analysis of the factors affecting cell performance. Additionally, this study compares semi-
empirical equations from the literature used to estimate these losses, critically evaluating
their applicability and accuracy.

The current state of the art in PEM fuel cell modelling involves various approaches, in-
cluding detailed mechanistic and simplified empirical or semi-empirical models. Bernardi
et al. [3] were the first to develop a one-dimensional mechanistic model of PEMFC. Pukrush-
pan et al. [4] offered detailed insights but these can be computationally intensive. A recent
work is that of Wang et al. 2024 [5], which delved into mechanistic models. In contrast,
semi-empirical models, like those by Springer et al. [6], Amphlett et al. [7], Kim et al. [8],
and Wang et al. 2003 [9], provide a balance between accuracy and computational efficiency,
making them suitable for practical applications and real-time simulations.

More recent works concern the applications of PEM fuel cells for automotive use [10–13],
which address the estimation of the minimum consumption and operating cycles of the
propulsion system in which the fuel cell is coupled with lithium-ion batteries.

Another line of research concerns applications in the propulsion aeronautical field [14],
in which the semi-empirical models for calculating the performance of PEM fuel cells
are reviewed with a view to aviation applications. Meanwhile, [15] delved into dynamic
characterization models for marine propulsion applications. The authors of [16] addressed
the fluid dynamic effects on the performance of fuel cells by carrying out CFD simulations
and comparing such data with those of engineering models, while others, such as [17],
addressed in detail the problems relating to the management of the supply air.
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This study contributes to the state of the art by offering a validated computational
tool that provides accurate simulations and facilitates the comparison of different loss
estimation methods. This tool is poised to be a valuable resource for researchers aiming to
optimize PEM fuel cell design and operation.

2. Software Implementation

The suite of tools was implemented in the Wolfram Mathematica 12.3 environment.
Wolfram Mathematica comprises two primary components: the front end and the kernel.
The front end manages input, output, and text formatting, while the kernel, operating as a
separate application, handles calculations. Initially, a slight delay might be observed due to
the kernel activation, but subsequent response times are contingent upon the complexity of
calculations processed by the kernel.

Typically, the instructions to be executed are included in a file called Notebook, which
can be opened in the front end; the execution of Notebook occurs by using the evaluate
menu, which is connected to the kernel.

It consists of three independent codes launched in the same work area. In fact, to run
a test case on a fuel cell, the suite’s tools must be uploaded and executed in the following
order: first, the tool for assigning input variables, and second, the tool called “Gibbs
Standard Nernst Potential Conditions” for computing the Gibbs free energy to determine
the standard Nernst potential conditions.

The third tool, called the “Characterization PEM Model”, estimates primary voltage
losses, determining stack voltage, power, and the required mass flow rate. The suite
plots both the polarization curve and the power curve as a function of the stack current;
furthermore, the mass flow rates of hydrogen, oxygen, and produced water are also
determined. Finally, the “Characterization PEM Model” generates an output file in txt
format, in which all the results are reported. In summary, Figure 1 shows a block diagram
and the tool’s operation.
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Figure 1. Schematic block diagram tool.

2.1. Input Data

Before starting the simulation, Table 1 shows the initial variables to be assigned to the
tool as input.
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Table 1. Input data tool.

Variable Description Unit

T Temperature K
pan Anode inlet pressure Pa
pca Cathode inlet pressure Pa
pH2 Hydrogen partial pressure Pa
pO2 Oxygen partial pressure Pa
psat Saturation pressure Pa
ist Stack current A

nFC Number of cells -
λ Number of water molecules in the structure of the membrane -

tm Thickness of electrolyte membrane cm
Am Membrane Area cm2

L Length of Fuel cell cm
W Width of Fuel cell cm
H Height of Fuel cell cm

2.2. Gibbs Free Energy

In this section, the second tool is described, which calculates the Gibbs free energy for
liquid water, which is necessary to determine the Nernst standard potential conditions.

The Faraday constant and the perfect gas constant are defined in detail. Furthermore,
the experimental constants necessary for calculating the enthalpy and entropy variation
are defined in [5] and reported in Table 2.

Table 2. Experimental constants.

a [J/mol·K] b [J/mol·K] c [J/mol·K]

H2O 30.3794 9.3213 × 10−3 11.8486 × 10−7

H2 29.0832 −0.8369 × 10−3 20.1301 × 10−7

O2 25.7404 12.9875 × 10−7 −38.6442 × 10−7

The enthalpy variation [18] is as follows:

∆H = ∆H0 + ∆a (T − 298.15) + 0.5 ∆b
(

T2 − 298.152
)
+ 0.33 ∆c

(
T3 − 298.153

)
(1)

where T represents the fuel cell temperature.
The entropy variation is as follows:

∆S = ∆S0 + ∆alog
T

298.15
+ ∆b(T − 298.15) + ∆c

(
T2 − 298.152

)
(2)

The quantities ∆H0 and ∆S0 [18] represent the enthalpy and entropy under standard
conditions:

∆H0 = HH2O −
(

HH2 +
1
2

HO2

)
(3)

∆S0 = SH2O −
(

SH2 +
1
2

SO2

)
(4)

where the quantities ∆a, ∆b, and ∆c [18] represent the difference between the values of the
products and the reactants, calculated as follows:

∆a = aH2O −
(

aH2 +
1
2

aO2

)
(5)

∆b = bH2O −
(

bH2 +
1
2

bO2

)
(6)
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∆c = cH2O −
(

cH2 +
1
2

cO2

)
(7)

The next step is to calculate the Gibbs free energy [18]:

∆G = ∆H − T ∆S (8)

The Nernst standard potential condition E0 is as follows:

E0 = −∆G
n F

(9)

where n = 2 is the number of transferred electrons in the electrochemical reaction and F is
the Faraday constant.

The Gibbs free energy calculated by the tool at a temperature of 333.15 K is equal to
227.114 kJ/mol.

2.3. Reversible and Irreversible Potential Estimation

In this section, the analytical models implemented in the third code of the suite
are presented.

2.3.1. Nerst Equation

The first step consists of calculating the open circuit voltage [19].
The reversible cell voltage refers to the highest voltage achievable by a cell without

any overpotentials or irreversibility and the Nernst equation determines it as follows:

ENernst = E0 −
(

0.85 × 10−3(T − 298.15)
)
+

(
4.3085 × 10−5 T

(
ln pH2 + 0.5ln pO2

))
(10)

The temperature is expressed in Kelvin, and the partial pressures are expressed in atm.
The reactant hydrogen and oxygen partial pressures [20] are obtained as follows:

pH2 = 0.5psat
pH2O

exp−
1.63 ist

Am

T1.334
pa

psat
pH2O

− 1 (11)

pO2 = psat
pH2O

exp−
4.192 ist

Am

T1.334
pc

psat
pH2O

− 1 (12)

where pa and pc represent the anode and cathode pressure; ist is the stack current; Am is the
membrane area; and psat

pH2O
is the saturation pressure of water.

The saturation pressure of water is as follows:

log10 psat
pH2O

=−2.18 + 2.95·10−2Tc − 9.18·10−5T2
c + 1.44·10−7T3

c (13)

where Tc = T − 273.15 [K].

2.3.2. Activation Losses

Activation loss in a proton exchange membrane fuel cell (PEM) refers to the decrease
in efficiency in the electro-oxidation of fuel at the anode or the electro-reduction of oxygen
at the cathode. This loss is caused by the need to overcome an energy barrier to initiate the
electrochemical reactions.

PEM activation loss depends on various factors, including operating temperature,
partial pressure of reactants, fuel composition, and the presence of contaminants. To
reduce activation loss, efficient catalysts, high-conductivity membrane materials, and cell
operating conditions can be optimized.

Two different activation models were implemented by applying the Amphlett and
Mann equation [20] and the Tafel equation, respectively. It was considered simpler to
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generate two versions of the third code of the suite, each characterized by one of the
two models.

2.3.3. Amphlett and Mann Equation

If the power value is less than 20 kW, then the Amphlett et al. and Mann et al. [20]
equations are used to calculate the activation loss, as follows:

Vact,1 = ζ1 + ζ2 T + ζ3 T ln CO2 + ζ4T lni (14)

where T is the stack temperature in Kelvin (K), which is nearly equal to cell temperature;
i is the drawn current in ampere (A); (C O2

) is the concentration of oxygen at the catalyst
interface (mol/cm3); and ζn represents the empirical parametric coefficients based on
the experimental data, which may vary from one stack to another, or one cell to another,
depending on the geometrical design and the materials used in the construction of a PEM
fuel cell.

The value of the concentration of oxygen at the catalyst interface ( CO2

)
can be deter-

mined based on Henry’s Law:

CO2 =
PO2

5.08·106 exp
(
−498

T

) [
mol
cm2

]
(15)

The values of ζn are determined from the experimental data table developed by
Amphlett et al. and Mann [20]:

ζ1 = −0.948 [V]
ζ2 = 0.00286 + 0.0002 ln Am + 4.3 × 10−5 ln CH2 [V/K]
ζ3 = 7.6 × 10−5 [V/K]
ζ4 = −1.93 × 10−4 [V/K]

(16)

The cathode hydrogen concentration is equal to:

CH2 =
PH2

R T

[
mol
cm2

]
(17)

where R is the ideal gas constant.

2.3.4. Tafel’s Equation

In the case of power up to 40 kW, Tafel’s [6] equation has been implemented to calculate
the activation loss:

Vact,2 =
R T

2 α F
ln
(

i + in

i0

)
(18)

where the charge transfer coefficient α is set equal to 0.5; the internal current density in = 3
[mA/cm2]; and the exchange current density i0 = 0.1 [mA/cm2]. The quantity i represents
the current density:

i =
ist

Am

[
mA/cm2

]
(19)

where ist is the stack current and Am is the membrane active area.

2.3.5. Ohmic Loss

Ohmic losses in a proton exchange membrane (PEM) cell refer to the voltage drop
that occurs when an electric current flows through the materials that make up the PEM
cell, such as the conductors and the membrane. Ohmic losses are due to the material’s
resistance, which increases with the increase in electric current. In PEM, ohmic losses can
significantly affect the total cell voltage drop and overall cell efficiency. Ohmic losses can
be reduced using low-resistance materials and optimizing the PEM cell geometry.
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The ohmic loss [21] is a function of membrane proton conductivity defined as:

σ = (0.005139λ − 0.00326)exp
(

1268
(

1
298

− 1
T

))
(20)

The value of the number of water molecules in the structure of the membrane λ is
influenced by the membrane fabrication processes, operation time (i.e., time in service), cell
relative humidity, and the stoichiometric ratio of the supplied gases. Values of λ are equal
to zero for a dry membrane, 14 for a saturated membrane, and 23 for a supersaturated
membrane.

The membrane ohmic resistance can be expressed:

Rm =
tm

σ
(21)

where tm is the membrane thickness. Finally, the ohmic loss is as follows:

Vohm = iRm (22)

2.3.6. Concentration Loss

The next step of the tool concerns the calculation of the concentration loss.
PEM concentration loss refers to the situation where protons, instead of crossing the

PEM membrane, can diffuse through alternative pathways or be lost due to phenomena
such as recombination with electrons or proton loss from the electrolyte. This leads to a
decrease in proton concentration in the anodic region, reducing the efficiency of the fuel
cell and decreasing energy production.

Various factors, including membrane porosity or wear, defects or structural dam-
age, electrolyte contamination, or inadequate fuel cell humidification, can cause PEM
concentration loss.

In this case, the expression used for the concentration loss calculation [22] is as follows:

Vconc = −m × eni (23)

The value of n is about 8 × 10−3 [cm2/mA].
The diffusion overpotential is directly influenced by the decrease in the concentration

of reactant gases and, therefore, is inversely related to the growth rate (n) of by-products
generated during the electrochemical reaction in the catalyst layers, flow fields, and across
the electrode. Although the specific physical interpretation of the parameters m and n was
not provided, Berning et al. [22] discovered in their study that m correlates with electrolyte
conductivity, while n relates to the porosity of the gas diffusion layer. Both m and n are
associated with water management challenges. When the electrolyte membrane becomes
partially dehydrated, its conductivity decreases, which can be represented by the parameter
m. Conversely, an excess of liquid water reduces the porosity of the gas diffusion layer,
leading to an early onset of mass transport limitations, which can be captured by the
parameter n.

The mass transfer coefficient m decreases linearly with cell temperature but it has two
dramatically different slopes, as shown by the following expressions:

m = 1.1 × 10−4 − 1.2 × 10−6(T − 273.15) f or T ≥ 312.15 [K] (24)

m = 3.3 × 10−3 − 8.2 × 10−5(T − 273.15) f or T < 312.15 [K] (25)

2.4. Polarization Curve

After calculating the open circuit voltage and the activation, ohmic and concentration
losses, the tool determines the effective stack voltage [10], as follows:

VST = nFC (ENernst + Vact + Vohm + Vcon) [V] (26)
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where nFC represents the number of cells.
The tool plots the polarization curve as a stack current function, as shown in Figure 2.
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Finally, the tool estimates the power as a function of stack current and stack voltage,
as follows:

PST = iSTVST [W] (27)

Similarly to the polarization curve, the tool plots the power curve as a function of
stack current, Figure 3.
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Figure 3. Power curve obtained from the tool.

2.5. Mass Flow Rate

The tool for estimating the mass flow rates of hydrogen, oxygen, and water transport
in a proton exchange membrane (PEM) fuel cell considers several factors such as molecular
weight, number of cells, and stack current.

The expressions of the flow rates expressed in kilograms are the following:

.
mH2 = WH2

nFCist

2 F
Hydrogen (28)

.
mO2 = WO2

nFCist

4 F
Oxygen (29)

.
mH2O = WH2O

nFCist

4 F
Water transport (30)
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.
mw,m =

WH2O nFC ist

(
0.029 λ2 + 0.5 λ − 3.4 × 10−19

)
F

Water flow across the membrane (31)

The value for molecular weights is reported in Table 3.

Table 3. Molecular weight.

Hydrogen H2 Oxygen O2 Water H2O

WH2 = 2.016 × 10−3
[

kg
mol

]
WO2 = 32 × 10−3

[
kg

mol

]
WH20 = 18 × 10−3

[
kg

mol

]
2.6. Output Data

The third code of the suite generates a text file with the following outputs, as shown
in Table 4:

Table 4. Output data.

Variable Description Unit

∆H Enthalpy Variation J/mol
∆S Entropy Variation J/mol·K
∆G Gibbs Free Energy variation J/mol
E0 Nernst Standard Potential Conditions V

pan, partial Anode Partial Pressure bar
pca, partial Cathode Partial Pressure bar

ENerst Open Circuit Voltage V
Vact Activation Loss V

Vohm Ohmic Loss V
Vcon Concentration Loss V
VSt Stack Voltage V
PW Power W
.

mH2 Hydrogen Mass Flow rate kg/s
.

mO2 Oxygen Mass Flow Rate kg/s
.

mw Water Mass Flow Rate kg/s
.

mw,m Membrane Mass Flow Rate kg/s

3. Validation and Results

In this section, the test cases to validate the suite of tools for characterizing PEM cells
will be reported.

3.1. Ballard 19 kW Validation

Ballard [1] is a renowned global provider of clean energy fuel cell solutions that excel in
performance while offering reduced operating costs. They specialize in delivering reliable
and cost-effective fuel cell power products, which include motive modules, fuel cell stacks,
and backup power systems.

The datasheet fuel cell Ballard 19.4 kW [23] is shown in Table 5.

Table 5. Ballard 19 kW datasheet.

Variable Range Value Unit

Power value—Datasheet 1.3–2.5–4.9–9.2–16.5–19.4 kW
Inlet Hydrogen Pressure 2.2 bar

Inlet Oxygen Pressure 2 bar
Number of cells 110 -

Temperature 333.15 K
Current FC 300 A

Range Current 15–30–60–120–240–300 A
Stack Voltage—Datasheet 89.2–84.59–81.4–76.23–68.97–64.68 V

Length FC 31.5 cm
Width FC 76.0 cm
Height FC 6.0 cm

Membrane Active Area 456 cm2



Fuels 2024, 5 542

3.1.1. Losses

This section presents curves representing different types of losses. These include
activation, ohmic, and concentration losses, all of which are calculated for the entire stack.
Activation losses are calculated using the Amphlett and Mann equation and are represented
in Figure 4.
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Figure 4. Ballard 19 kW—activation stack losses diagram.

The activation curve diagram shows that the largest voltage drop, which is 36.84 V,
occurs at a current of 15 A. However, for higher current values, the voltage drop continues
to increase progressively. For example, at a current of 30 A, the voltage drops amounts to
41.82 V; at 60 A, it reaches 46.79 V; at 120 A, it rises to 51.78 V; at 240 A, it goes up to 56.76 V;
and finally, at a current of 300 A, the voltage drop is 58.37 V, as reported in Table 6.

Table 6. Ballard 19 kW—power and stack voltage percentage error.

Stack Current
[A]

Power—
Datasheet [kW]

Power—Tool
[kW]

Percentage
Error—%

Stack Voltage—
Datasheet [V]

Stack
Voltage—tool [V]

Percentage
Error—%V

15 1.338 1.329 0.61 89.21 88.66 0.61
30 2.538 2.506 1.26 84.59 83.52 1.26
60 4.884 4.693 3.9 81.40 78.22 3.9

120 9.148 8.710 4.77 76.23 72.90 4.77
240 16.553 15.909 3.89 68.97 66.28 3.89
300 19.404 19.204 1.03 64.68 64.01 1.03

Table 6 shows the power and stack errors obtained to vary the stack current.
The results are summarized in Table 7.

Table 7. Results from the suite of tools on the Ballard 19 kW.

Stack Current
[A]

Power—Tool
[kW]

Stack Voltage
[V]

Stack
Efficiency

Stack Activation
Loss [V]

Stack Ohmic
Loss [V]

Stack Concentration
Loss [V]

15 1.33 88.66 0.70 36.84 0.16 0.0039
30 2.506 83.5 0.66 41.82 0.33 0.0044
60 4.693 78.2 0.62 46.79 0.65 0.0057

120 8.71 72.6 0.58 51.78 1.29 0.0092
240 15.909 66.28 0.53 56.76 2.59 0.024
300 19.204 64.01 0.51 58.37 3.23 0.039

In Figure 5, it can be seen that the ohmic losses increase linearly with the increase in
the supplied current stack. The values are reported in Table 6.
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Figure 5. Ballard 19 kW—ohmic stack losses diagram.

Therefore, the concentration losses in Figure 6, having less than a 1% influence, are
negligible. The values are shown in Table 6.
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Figure 6. Ballard 19 kW—concentration stack losses diagram.

In a proton exchange membrane (PEM) fuel cell, the open circuit voltage (OCV)
represents the theoretical maximum potential that the cell can provide when no load is
applied, meaning when it is not delivering any current. However, in practice, the actual
measured voltage is always lower than the ideal theoretical voltage due to various internal
losses within the cell, known as activation losses, ohmic losses, and concentration losses.

Figure 7 illustrates the calculated values of individual losses using the PEM tool. By
comparing these values, it becomes apparent how each of these losses affects the open
circuit voltage, as illustrated in the same graph.

The tool calculated the open circuit voltage and the activation, ohmic, and concentra-
tion losses for six different current values. As shown in the figure, the open circuit voltage
remains constant with varying currents, with a calculated value of approximately 125.67 V.
The largest contribution in terms of losses is from the activation loss, which has a minimum
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value of 36.84 V at a current of 15 A and steadily increases by about 5 V as the current
increases, reaching 56.76 V at 240 A. At the maximum current of 300 A, the increase in
activation loss is halved, with a value of 58.37 V. The contribution of ohmic loss compared
to activation loss is almost negligible; at 15 A, it has a value of 0.16 V and a maximum value
of 3.23 V at 300 A. Finally, the concentration loss, as shown in Figure 6, is overlaid on the
x-axis and has very small values as the current varies; therefore, its influence on the OCV
is negligible.
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Figure 7. Ballard 19.4kW—stack losses and open circuit voltage diagram.

3.1.2. Polarization Curve and Power Comparison

In the diagram below, Figure 8, the polarization curves are shown as a comparison.
Fuels 2024, 5, FOR PEER REVIEW  14 
 

 

 

Figure 8. Ballard 19 kW—polarization curve comparison. 

The  last diagram  in Figure 9 shows  the comparison between  the obtained power, 

indicated  in green, and  the declared power,  indicated  in yellow,  for  increasing current 

values.  In  this case,  the obtained curve converges with  the datasheet values. A similar 

behavior described for the polarization curve occurs for the power curve. The maximum 

percentage error occurs at a current of 120 A. The detailed values are shown in Table 6. 

 

Figure 9. Ballard 19 kW—power diagram comparison. 

3.1.3. Mass Flow Rate 

In this section, the calculated values are reported of the mass flow rates of hydrogen 

and oxygen, the water flow generated, and finally, the total flow that crosses the mem-

brane for Ballard at 19.4 kW. In Figure 10, the mass flow rate trends through the various 

areas of interest of the fuel cell, which are highlighted with different colors.   

0

10

20

30

40

50

60

70

80

90

100

0 50 100 150 200 250 300 350

St
ac
k 
V
o
lt
ag
e 
[V
]

Current [A]
Vst Vst_Ballard19

0

5

10

15

20

25

0 50 100 150 200 250 300 350

P
o
w
er
 [
kW

]

Current [A]
Power Power_data

Figure 8. Ballard 19 kW—polarization curve comparison.

The polarization curve obtained with the tool, indicated in green, has a trend similar
to the yellow curve, which indicates the reference values of Ballard 19.4 kW fuel cell. In
this case, there are no significant differences. The maximum percentage error of the stack
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voltage occurs at a stack current of 120 A. Beyond this point, the percentage error decreases
as the current increases. The detailed values are shown in Table 6.

The last diagram in Figure 9 shows the comparison between the obtained power,
indicated in green, and the declared power, indicated in yellow, for increasing current
values. In this case, the obtained curve converges with the datasheet values. A similar
behavior described for the polarization curve occurs for the power curve. The maximum
percentage error occurs at a current of 120 A. The detailed values are shown in Table 6.
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Figure 9. Ballard 19 kW—power diagram comparison.

3.1.3. Mass Flow Rate

In this section, the calculated values are reported of the mass flow rates of hydrogen
and oxygen, the water flow generated, and finally, the total flow that crosses the membrane
for Ballard at 19.4 kW. In Figure 10, the mass flow rate trends through the various areas of
interest of the fuel cell, which are highlighted with different colors.

Fuels 2024, 5, FOR PEER REVIEW  15 
 

 

 

Figure 10. Ballard 19 kW—mass flow rate diagram. 

4. Discussion and Conclusions 

In this study, a series of empirical models were meticulously implemented to effec-

tively capture the distinctive behaviors of the 19.4 kW Ballard fuel cell and thoroughly 

understand its complex performance dynamics. A crucial aspect of this investigation in-

volved estimating the Gibbs free energy by calculating the change  in enthalpy and en-

tropy, yielding a value of 227.114 kJ/mol from the tool, this value is also confirmed by the 

JANAF table [24]. This value is of fundamental importance for estimating the standard 

Nernst potential, as the standard value of 1.228 V reported in the literature was not appli-

cable in the case examined. Specifically, the calculated value obtained was 1.177 V, which 

enabled the correct estimation of the open circuit voltage. 

Additionally, activation, ohmic, and concentration losses were precisely evaluated as 

a  function of current  to construct  the polarization curve, whose values are reported  in 

Table 7. This curve was then compared with the one reported in the product’s technical 

datasheet. From Table 6, the percentage errors between the calculated stack voltage and 

the values reported in the datasheet, summarized in Table 5, can be deduced. It can be 

observed that the error is minimal at 15 A with a value of 0.61%, reaches a maximum at a 

current of 120 A with a value of 4.77%, and then decreases as the current increases, reach-

ing a value of 1.03% at the maximum current of 300 A. 

A rigorous comparison was also extended between the calculated power curve de-

rived from the empirical models and the power curve predicted in the technical datasheet. 

In this case, the trend in percentage error is also similar to that of the stack voltage. 

The stack efficiency was also estimated as the current varied, showing that the fuel 

cell performance is better for currents between 15 and 60 A, while the efficiency for these 

two values of the range is 70% and 62%, respectively, as reported in Table 7. 

The investigation highlighted a limitation in acquiring flow rate data for the Ballard 

fuel cell, which prevented an in-depth analysis of this specific parameter. However, the 

final results of this study validated the reliability of the empirical models used, as they 

closely aligned with the data presented in the technical datasheets. This alignment pro-

vided compelling evidence of the models’ intrinsic ability to provide a solid approxima-

tion of fuel cell performance. Consequently, this study’s findings underscored the effec-

tiveness of the developed models in accurately characterizing these high-power fuel cells 

and making comprehensive predictions about their complex behaviors at various current 

0

1

2

3

4

5

6

7

8

9

0 50 100 150 200 250 300 350

M
as
s 
Fl
o
w
 R
at
e 
[g
/s
]

Current [A]
Mass Flow Rate O2 Mass Flow Rate H2

Mass Flow Rate Water Mass Flow Rate Membrane

Figure 10. Ballard 19 kW—mass flow rate diagram.



Fuels 2024, 5 546

4. Discussion and Conclusions

In this study, a series of empirical models were meticulously implemented to effec-
tively capture the distinctive behaviors of the 19.4 kW Ballard fuel cell and thoroughly
understand its complex performance dynamics. A crucial aspect of this investigation in-
volved estimating the Gibbs free energy by calculating the change in enthalpy and entropy,
yielding a value of 227.114 kJ/mol from the tool, this value is also confirmed by the JANAF
table [24]. This value is of fundamental importance for estimating the standard Nernst
potential, as the standard value of 1.228 V reported in the literature was not applicable in
the case examined. Specifically, the calculated value obtained was 1.177 V, which enabled
the correct estimation of the open circuit voltage.

Additionally, activation, ohmic, and concentration losses were precisely evaluated as a
function of current to construct the polarization curve, whose values are reported in Table 7.
This curve was then compared with the one reported in the product’s technical datasheet.
From Table 6, the percentage errors between the calculated stack voltage and the values
reported in the datasheet, summarized in Table 5, can be deduced. It can be observed that
the error is minimal at 15 A with a value of 0.61%, reaches a maximum at a current of 120 A
with a value of 4.77%, and then decreases as the current increases, reaching a value of 1.03%
at the maximum current of 300 A.

A rigorous comparison was also extended between the calculated power curve derived
from the empirical models and the power curve predicted in the technical datasheet. In
this case, the trend in percentage error is also similar to that of the stack voltage.

The stack efficiency was also estimated as the current varied, showing that the fuel
cell performance is better for currents between 15 and 60 A, while the efficiency for these
two values of the range is 70% and 62%, respectively, as reported in Table 7.

The investigation highlighted a limitation in acquiring flow rate data for the Ballard
fuel cell, which prevented an in-depth analysis of this specific parameter. However, the
final results of this study validated the reliability of the empirical models used, as they
closely aligned with the data presented in the technical datasheets. This alignment provided
compelling evidence of the models’ intrinsic ability to provide a solid approximation of
fuel cell performance. Consequently, this study’s findings underscored the effectiveness
of the developed models in accurately characterizing these high-power fuel cells and
making comprehensive predictions about their complex behaviors at various current levels.
These further insights could lead to improved fuel cell performance and efficiency, thus
contributing to the advancement of sustainable energy technologies.

As regards the operating temperature range of the tool, we can say that it has been
tested with different fuel cells starting from 1 kW up to 40 kW with a temperature range
ranging from 300 K up to 370 K. We report only the test on the 19.4 kW Ballard for which
we have more data available for comparison, and above all the data are free to access.
In particular, as the temperature increases, the performance of the FC improves to the
detriment of the humidification of the membrane and, therefore, the reliability of the
system. As regards other data not explicitly defined in the manuscript, we summarize
some highlights here. The type of catalyst used in the electrodes is platinum. Regarding the
thickness of the gas diffusion layer, we know that increasing or decreasing this geometric
parameter changes the distance travelled by the reagents to reach the active zone. One of the
future developments on this tool, which we are currently working on, is the introduction of
a gas-diffusion-layer model. The typical thickness values of the gas diffusion layer for this
type of fuel cell are in the range of 150–300 µm. With these further developments, how this
parameter influences the performance and, therefore, the polarization curve of the PEM FC
will be highlighted.
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