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Abstract
This paper presents a static electrical model developed to analyze results from the Test Without Active Gases (TWAG)

procedure, which characterizes fuel cell behavior in the absence of electrochemically active gases. The model topology
is inspired by electric double-layer supercapacitor circuits and was derived from first principles using Lagrangian for-
malism. It was validated using five experimental test without active gases discharge curves recorded at temperatures
between 40°C and 120°C. Despite its simplicity and low computational cost, the model achieved satisfactory accu-
racy. The extracted parameters indicate potential for further refinement, such as introducing temperature-dependent
components. The approach provides insight into the intrinsic electrochemical properties of high-temperature proton
exchange membrane fuel cells in states without active gases and may serve as a foundation for broader diagnostic and
modeling applications. Future developments may include extending the RC circuit, incorporating nonlinear elements,
or applying the model to other fuel cell technologies. Testing on deliberately degraded cells could also help correlate

model parameters with cell health.
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1. Introduction

The global challenges related to the decarbonization
of the economy and energy transition involve maximizing
the efficiency of energy from renewable energy sources
such as hydrogen technologies. Fuel Cells (FCs), in par-
ticular, are seen as key components of future energy sys-
tems. Systems using fuel cells are characterized by good
efficiency and high gravimetric density of stored energy.
Fuel cells offer a low carbon footprint and the ability to in-
tegrate with renewable energy sources, making them an
attractive solution in sectors such as transport, energy and
industry [1-4].

Despite its many advantages, fuel cell technology
faces a number of challenges. These include, among
others, the need to ensure stable operation in variable
operating conditions [5], optimization of production and
operating costs [6], the development of mathematical
models that enable accurate prediction of cell behavior in
various operating scenarios [7, 8], and fault classification
and diagnosis [9-11]. Understanding the behavior of
fuel cells in the absence of active gases is particularly
important, as such conditions may occur, for instance,
before system start-up and between operation cycles [12].

This applies to two key cases: diagnosis of new cells
before their first start-up and diagnostics of potential de-
fects in the cells operating in the system [13, 14]. In both
situations, it is necessary to accurately characterize the
behavior of the cell as a passive element [12]. A better
understanding and control of the properties of the con-
verters used as a link between the cell and the system can
enable more effective identification of defects and a more
complete understanding of the dynamics of the system in
different operating states [15].

Traditional fuel cell models, based on mass transport
equations and electrochemical reactions, often fail to ac-
curately replicate the cell’s behavior under certain condi-
tions. In the absence of active gases, classical approaches
can produce results suggesting no electrochemical activ-
ity, which does not reflect the actual behavior of the sys-
tem.

In practice, without active gases, a fuel cell exhibits
characteristics typical of passive electrical components, in
particular capacitance and resistance, which can be ex-
plained by the presence of structures like the electrical
double layer [16]. The double-layer phenomenon is also
present in fuel cells operating with active gases, where its
effects are explicitly incorporated into advanced modeling
frameworks to achieve a more accurate representation of
the cell’s dynamic behavior [17].

The double layer is an electrochemical phenomenon
in which charge separation occurs at the interface
between the electrode and the electrolyte, forming a

capacitor-like structure [18]. Due to the phenomenon of
a double electric layer and pseudo-capacitance, a fuel cell
without active gases behaves similarly to a double-layer
supercapacitor.

There are many models in the scientific literature
that describe the behavior of fuel cells and superca-
pacitors [19, 20]. For example, Vetter and Schumacher
(2018) [21] present an open implementation of a two-
phase proton-conductive membrane fuel cell model that
takes into account low-temperature operating condi-
tions and complex transport phenomena. Their work
highlights the importance of standardization and the
availability of simulation models for the development
of fuel cell technology. In turn, Krpan et al. (2021) [22]
present a dynamic model of cells, based on the repre-
sentation of an RC circuit, which can be integrated with
software for simulation of power systems, enabling the
analysis of cell behavior in various operating scenarios.

In the context of modeling the behavior of fuel
cells without active gases, it is important to account for
phenomena characteristics of supercapacitors, such as
the electric double layer and pseudo capacitance. This
approach enables a more accurate representation of
the actual behavior of the cell, even under conditions
of electrochemical inactivity. Accordingly, this article
proposes modeling the fuel cell as a passive electrical
component by applying the concept of universal model-
ing, which allows for a generalized description of various
electrochemical systems without the need to explicitly
replicate their geometry or detailed physical and chemical
properties.

The aim of this paper is to present a model that allows
the behavior of a fuel cell without active gases to be de-
scribed, taking into account the phenomena of the electric
double layer and capacitive effects characteristic of super-
capacitors. The proposed approach aims not only to better
understand the electrochemical properties of fuel cells in
their passive state, but also to provide a valuable tool for
further optimizing power and energy storage systems.

This paper is structured to present the development,
implementation, and validation of the proposed fuel cell
model. The Materials and Methods section (2) includes
an overview of the model topologies, the derivation of
the equivalent circuit model based on existing models of
supercapacitors exhibiting double-layer behavior, the pa-
rameter identification procedure—including the test with-
out active gases test scenario—and the experimental setup.
The Results section (3) presents the outcomes of param-
eter estimation and model validation using experimental
data. Finally, the Conclusions section (4) summarizes the
main findings and suggest directions for future model en-
hancements and applications.




2. Materials and Methods

2.1. Proposed model topology

Based on findings reported in the scientific literature
[19-22], a candidate equivalent circuit model is proposed
for a high-temperature proton exchange membrane (PEM)
fuel cell with no active gases. The main factor considered
was the number of RC branches, which correlates directly
to the degrees of freedom. Based on this, an initial model
with one branch was chosen as, if this model proves to
provide adequate representation of the charging and dis-
charge curves, it can be further expanded and made more
accurate by adding more RC branches. The single branch
model also has an additional advantage as it does not re-
quire significant computational power to simulate. Fig.
1 presents the equivalent circuit model analyzed in this
study for a high-temperature PEM fuel cell operating in
the absence of active gases. The only parameter which
was not part of the RC branch, marked in Fig. 1 as Ry,
was given the name self-discharge resistance.
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Figure 1: Circuit equivalent model analyzed for a high temperature
PEM fuel cell with no active gases present.

2.2. Development of the adopted fuel cell models

Any circuit model equivalent is only a graphical rep-
resentation of a differential equation system. In this work,
a generic model in the form of a system of differential
equations of fuel cell in a state without active gases was
developed.

The first version of the model that was solved was
the model presented in Fig. 2. This model comprises only
three lumped elements. In this case, Lagrange’s energy
method was used to develop equilibrium equations of
the model. Lagrange’s equation is a unifying technique
that involves the energy-state functions for systems

(electro-mechanical, electro-chemical) where there is
an energy flow between linked systems [23, 24]. The
proposed method based on energy quantities can be
very useful for development of advanced models of a
fuel cell model with no active gases. In the context of
the Lagrange method, particularly in circuit analysis,
conductance (G) is used instead of resistance (R) because
it simplifies calculations and provides a more intuitive
representation of how easily current flows through a
circuit or component. Conductance is the reciprocal of
resistance, meaning a higher conductance signifies easier
current flow, while a higher resistance indicates more
opposition to current flow.
Lagrange’s equation is as follows:
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where:
L (é , §> — the Lagrangian of a total system,

F (§> — the Rayleigh dissipation function of a total
system,

& — the so-called generalized coordinate (degree of
freedom),

Oy — the so-called generalized force,

k — the index of generalized coordinate.

In electrical systems composed exclusively of passive
circuit elements such as inductances, capacitances, and re-
sistances, as considered in the present modeling approach,
the choice of generalized coordinates depends on the for-
mulation adopted. In the loop (mesh) formulation, gen-
eralized coordinates correspond to the currents circulat-
ing in the loops and the electrical charges associated with
these currents, whereas in the nodal formulation, they are
defined in terms of the voltages at network nodes and the
associated magnetic flux linkages. Moreover, in pure elec-
trical systems, the notion of generalized forces also takes
on a specific interpretation; in the loop formulation, gen-
eralized forces are represented by externally applied volt-
ages connected to the electrical loops, while in the nodal
formulation, they correspond to external currents injected
into the network nodes. This duality reflects fundamen-
tal principles of electrical network analysis and provides a
rigorous basis for applying variational methods or energy-
based techniques in the modeling and simulation of elec-
trical circuits. Fig. 2 presents a single-branch electrical
model incorporating one conservative element, namely
the capacitance Cj, and two dissipative elements repre-




sented by conductances Gg and G;. The circuit is depicted
with nodes selected to facilitate analysis using the nodal
formulation approach.
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Figure 2: Single-branch model with capacitance C; and conduc-
tances Gy, G| (nodal formulation).

Nodal formulation was chosen to solve the model.
The nodal variables chosen are shown in Fig. 2. The La-
grangian and Rayleigh dissipation function are expressed
for generalized coordinates for a total system of equations
(2, 3).
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where:
up,u; — voltage on nodes 0 and 1 respectively,

Go, G| — conductances,

C| — capacity.

By substituting derivatives of the Lagrangian (2)
and Rayleigh dissipation function (3) into Lagrange’s
equation (1), we obtain the set of equilibrium equations
for the nodes.

When the circuit is initially energized (charging part
of the test without active gases) by a current source, the
io has a positive value. During the second step of the test
without active gases when the fuel cell is disconnected
from current source, there is no Lagrange equation for
k = 0. During the last part of the test without active gases
when the device is being discharged, the Lagrange equa-
tion for k = 0 appears but the sign of the iy current is neg-
ative.

The Lagrangian and Rayleigh dissipation function
(Eqs. 4 and 5) are formulated for linear parameters
of lumped elements. Mutual capacitances between
particular capacitors are not taken into account. Mutual
capacitances and parameter nonlinearities will be ana-

lyzed in the future. Eqgs. 4 and 4 are valid for capacitances
and conductances as a function of the temperature and
pressure. Temperature and pressure are not generalized
coordinates (are not a degree of freedom) of the analyzed
test without active gases.

A single branch circuit has only two electrical de-
grees of freedom. These are the voltage of node 0 and
voltage of node 1. The Lagrangian L and Rayleigh dissi-
pation function F for this circuit are as follows:
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where the generalized coordinates are as in Eq. 6.

So=up; &i=u (6)

The derivatives of the Lagrangian and Rayleigh func-
tion with respect to first generalized coordinates are given
by Eq. 7.
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The derivatives of the Lagrangian and Rayleigh func-
tion with respect to second generalized coordinates are
given by Eq. 8.
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The set of the equilibrium is given by Eqs. 9 and 10.
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After substituting the coordinates defined in Eq. 7
into Egs. 9 and 10, the final form of the equilibrium equa-

tions is obtained, as shown in Egs. 11 and 12.
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The obtained system is interesting as it is an
algebraic-differential set of equations. This type of equa-
tion requires a suitable solver, so a better approach is to
transform these equations into a single differential equa-
tion. The first algebraic equation can be reformulated,
leading to Egs. 13, 14 and 15.

(G0+G1)MQ—G1M1 = io(t) (13)
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This form allows ug to be replaced in the differential
equation (21) with the derived expression. This process is
illustrated in Egs. 16, 17, 18, 19 and 20.
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This leads us to a reduction of the system to a single
differential equation. Of course, when the solver finds the
solution, the uy need to be calculated using the appropri-
ate formula.

2.2.1 Parameters identification method

To investigate the electric behavior of the tested
FCs under varying thermal conditions, a series of con-
trolled experiments was designed and executed. The
following section describes the experimental method-
ology employed to carry out these measurements. Five
measurements were performed using the test without
active gases procedure described in more detail in [25].
Each of the measurements was performed for a different
temperature in the range from 40°C to 120°C. In accor-
dance with the results presented in [25], between each
of the measurements a procedure of flushing the test
bench with nitrogen was performed. This procedure
was used to get rid of any remnants of air which could
lead to measurement of remnant voltage. Each of the
measurements consisted of three parts:

» Charging the cell with a constant current of 1 mA for
a duration of 300 s,

» Self-discharge under open-circuit conditions, with an
imposed current of 0 mA for 20 s,

» Forced discharge with a constant current of 5 mA until
the measured voltage was reduced to 0 mV.

The complete test procedure is presented in the form
of a block diagram in Fig. 3.

The procedure for identifying parameters Ry, R}, and
C1 adopted in this work is as follows. First, boundary
conditions were established, defining the maximum and
minimum allowable values for each parameter. The corre-
sponding parameter ranges were then discretized to create
a set of candidate values for Ry, R;, and C1. Subsequently,
all possible combinations of these discrete parameter val-
ues were systematically evaluated by numerically solving
the governing differential equations for each set.

For each simulation result, a quality factor was com-
puted to quantify the agreement between the model out-
put and the experimental data. These quality factor val-
ues, together with the corresponding parameter sets, were
stored for analysis. Finally, the stored data were examined
to identify the parameter combination yielding the mini-
mum quality factor value, thereby determining the opti-
mal values of Ry, R, and C1 for the model.

2.3. Experimental setup

For the purpose of the experiments, a newly man-
ufactured high-temperature PEM membrane-electrode
assembly (MEA), featuring an active surface area of
25cm?, was installed within the standard, expandable
single-cell test fixture. The same type of MEA was
used as described in the study by Gurau and De Castro
(2020) [26]. To enable precise control of the electrical con-
ditions during the experiments, a programmable power
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Figure 3: Test scenario for FC with no active gases.

supply operating in constant current mode—external to
the main test bench system—was connected to the single
cell. This external source was utilized to perform both
charging and discharging cycles of the fuel cell under
controlled conditions.

A schematic representation of the experimental test
bench setup is shown in Fig. 4, illustrating the configura-
tion and interconnections of the measurement and control
equipment employed in this study.

All measurements presented in this article were
conducted using a specialized test bench designed for
the study of single-cell fuel cells. The test bench was
fully automated and equipped with electrical heating, a
cooling fan, mass flow controllers for nitrogen, hydrogen,
and air, as well as an active load. For the purposes of the
experiments described in this article, the active load was

Voltage
e
Nirogen Resistance
Tank
Temperature
- uel Cel
v Mass flow | | | H
Hydrogen controler | Closed valve |
Tank | :
Membrane Electrode | [ Openalve |
v i o Electrical port |
- [ mass fiow | i o Anode port |
Oxygen ’<} | H
Tank

controller

o Cathode port |

Figure 4: Schematic diagram of the experimental test bench setup
showing measurement and control equipment configuration.

disconnected.

3. Results

3.1. Estimation of parameters

Fig. 5 presents values of the parameters Ry, Ry, C;
found by the aforementioned parameter identification
procedure for test without active gases curves measured
for temperatures ranging from 40°C to 120°C, all per-
formed at a nitrogen pressure of 1.2 atm at the start of
the test. The correlation between the temperature of the
test without active gases and the behavior of the cell is
confirmed by the parameters found. There is a clear cor-
relation between the temperature and model parameters
Ro and C;. The observed influence of parameter R; is less
apparent. As these measurements were done to confirm
the topology of the proposed model, the authors did
not further investigate this correlation. A further study
aimed at modeling the parameters Ry and C; as functions
of temperature is proposed as further evolution of the
model described in this work. In such a case, the study
should be performed with more curves measured at a
stable atmosphere with a smaller temperature difference
between tests. The resistance R, can be described as:

Ro(T) = —0.375-T + 86.7 (R = 0.8724) (21)

where T is the temperature in degrees Celsius.
Similarly, the capacitance C; shows a linear increase
with temperature and can be expressed as:

C(T) = 0.009-T + 2.9 (R = 0.8926) (22)
In comparison to the capacity values presented in the
literature [14, 15] for low temperature PEM fuel cells, the

capacitance is higher but not by more than one order of




magnitude. This difference could be attributed to the dif-
ferent material used as the electrolyte.
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Figure 5: Identified model parameters from test without active gases
measurements at 40120 °C and 1.2 atm nitrogen pressure: a) Ry, b) R;
and C.

The simulation-estimated resistance, referred to
as R,, indicates a significant influence of fuel cell op-
erating conditions on the overall ohmic resistance of
the system. In studies involving membranes based on
polybenzimidazole doped with phosphoric acid, the
resistance increase under low humidity is significantly
lower (+20-50%) [27], indicating higher stability under
dry operating conditions. Additionally, poor interfacial
contact between the catalytic electrode layer—typical for
HT-PEMFCs operating at lower temperatures—and the
membrane can lead to an increase in resistance in the
range of +20-100% [28], and in some cases even higher.
Notably, the occurrence of poor interfacial contact may
cause a cumulative increase in resistance reaching up
to +200-300% of the initial value [28, 29]. Such effects
are likely present in the analyzed system, as evidenced
by a noticeable increase in resistance observed during
measurements. Therefore, the obtained results align
with previously reported degradation mechanisms and
provide a foundation for further research into HT-PEMFC
diagnostic methods and the development of materials
used in fuel cell systems.

3.2. Model validation

A comparison of the measurement waveform for
these temperatures and the simulation waveform is
presented in Fig. 6. A clear correlation between the
temperature and the maximum value of the fully charged
cell is clearly visible.

The quality factor was taken using the root mean
square method RMSE. The RMSE is calculated as:
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Figure 6: FC experimental data and simulation results during test
without active gases measured at 1.2 atm for temperatures ranging

from 40°C to 120°C.

where:

u —i-th point of the measured waveform,

l
u$™ — i-th point of the simulated waveform,
N — number of data points that were compared.

The calculated RMSE values suggests that the fit was
satisfactory. The shape of forced discharge curves plays a
major part in these values, as can be seen based on the ex-
ample of curves measured for 80°C and 100°C. The authors
suggest that this can be explained by the fact that the cur-
rent limitation of the current sources used was not precise
enough. In future, the introduction of a current measure-
ment redundancy in the form of an additional ammeter is
advised.

As shown by Eq. 23, two identical waveforms would
have zero value for the RMSE quality factor. The lower
the value of this parameter, the better. During the study
of parameters, the goal would be to achieve the lowest
possible value. The RMSE values calculated for each test
without active gases measurement as a function of tem-
perature (40-120°C) are presented in Fig. 7. The RMSE
values range from approximately 1.12 mV to 2.08 mV, in-
dicating generally good agreement between the simulated
and measured data.

RMSE [mV]

* RMSE

0 20 40 60 80 100 120
Temperature [°C]

Figure 7: RMSE values calculated for each performed test without
active gases as a function of temperature.




4. Conclusions

The proposed model provides a more than satisfac-
tory fit to the measured curves for how little computa-
tional power it requires. This also shows promise for fur-
ther development of the model and the test without active
gases procedure.

The author suggests that following theoretical steps
should be performed to further augment the model:

» Increase the number of RC branches,

» Introduce nonlinear capacity to the RC branch,

» Introduce parameters as functions of temperature
Ry(T) and C(T).

Further experimental studies would be also advised,
in particular testing the test without active gases method-
ology and the model for different types of fuel cells such
as low temperature PEMFCs, SOFCs and MCFCs, etc.

For practical implementation of the results, the key
action required would be to recreate the experiment and
parameter identification presented in this work on a pur-
posefully damaged fuel cell. This way the connection be-
tween the parameter values and damage could be exam-
ined and if such a connection was found, ranges of param-
eters of “healthy” and “faulty” fuel cells could be prepared.
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