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Abstract

Proton-exchange-membrane reversible fuel cells ({PEM) are emerging as key technologies
for integrated hydrogen-based energy storage systems, enabling both electricity generation
and hydrogen production within a single electrochemical device. However, the transition
from laboratory-scale characterization to system-level deployment requires a consistent
framework linking electrochemical modeling, parameter calibration, and system design.
In this work, a semi-empirical electrochemical model of an rPEM cell is developed and
calibrated against literature experimental data in both fuel cell (FC) and water electrolysis
(WE) modes. The calibrated model achieves high predictive accuracy, with coefficients of
determination exceeding 0.997. The validated model is subsequently extended to a prelimi-
nary system-level design, enabling the development of a 100 kW reversible PEM system
coupled with a 300 kW electrolyzer configuration. The proposed system features symmetric
hydrogen flow (6 kg h~1), a 200 kWh hydrogen storage buffer, and operating conditions of
2.5bar/70 °C in FC mode and 30 bar/65 °C in WE mode. Thermal effects and efficiency
trends are analyzed, highlighting the critical role of heat management and balance of plant
proposed design. The proposed methodology provides a consistent framework for scaling
rPEM technology toward industrial applications.

Keywords: PEM reversible fuel cell; unitized regenerative fuel cell (URFC); electrochemical
modeling; model calibration; residual analysis; hydrogen energy storage; system-level
design; thermal management; high-pressure electrolysis; energy efficiency

1. Introduction

The rapid expansion of variable renewable energy sources such as wind and solar has
intensified the need for efficient, scalable, and flexible energy storage technologies. Among
the various options under investigation, hydrogen-based energy systems have emerged
as a key enabler for long-duration storage and sector coupling, particularly in the context
of deep decarbonization pathways [1-3]. In such systems, electricity is converted into
hydrogen via electrolysis, stored, and later reconverted into electricity using fuel cells [4,5].
While this approach offers high energy density and long storage durations, it typically
relies on separate electrolyzer and fuel cell units, resulting in increased system complexity,
cost, and footprint. In this context, proton-exchange-membrane reversible fuel cells (rfPEM)
represent a particularly attractive solution, as they integrate hydrogen production and
electricity generation within a single electrochemical architecture [6].
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Unlike conventional systems, where electrolyzers and fuel cells are separate units,
rPEM devices operate in dual mode, enabling direct switching between water electrolysis
(WE) and fuel cell (FC) operation. This configuration reduces system complexity and
improves compactness, making it especially suitable for distributed and stationary energy
storage applications. This dual functionality offers significant advantages in terms of system
compactness, reduced balance-of-plant requirements, and potentially lower capital costs
compared to discrete systems [7,8]. Despite these advantages, PEM Unitized regenerative
fuel cell (PEM-URFC) technology remains at a relatively low level of technological maturity
compared to standalone PEM fuel cells and electrolyzers. While conventional PEM fuel
cells have reached commercial deployment in automotive and stationary applications [9],
and PEM electrolyzers are being scaled to multi-megawatt installations [10], URFC systems
are largely confined to laboratory-scale demonstrations and small pilot systems, typically
below 5-10 kW [11-13]. This disparity highlights the presence of fundamental scientific
and engineering challenges that are unique to reversible operation.

One of the primary challenges arises from the requirement for bifunctional electrodes,
particularly at the oxygen electrode. In electrolysis mode, the oxygen evolution reaction
(OER) dominates, requiring highly active and stable catalysts such as iridium oxide (IrO,).
In contrast, during fuel cell operation, the same electrode must efficiently catalyze the
oxygen reduction reaction (ORR), which is typically optimized using platinum-based cata-
lysts. These reactions not only differ in their kinetics but also in their optimal operating
conditions, leading to intrinsic trade-offs in catalyst selection and electrode design [14-16].
As a result, the performance of URFCs in each mode is often compromised relative to
dedicated devices. In addition to materials challenges, transport phenomena in URFCs
are inherently more complex than in conventional PEM systems. Water management, in
particular, plays a dual and often conflicting role: electrolysis mode requires continuous
water supply to the anode, while fuel cell mode generates water at the cathode, which
must be effectively removed to prevent flooding. The porous transport layers and flow
fields must therefore accommodate fundamentally different transport regimes within the
same physical structure. Previous studies have highlighted the critical role of gas diffusion
layers (GDLs) in managing these competing requirements, yet a universally optimized
design has not been established [17]. While these material and transport challenges are
significant, an equally critical, but comparatively underdeveloped, area is the modelling
of URFC systems. Modelling plays a central role in guiding design, optimizing perfor-
mance, and enabling scale-up. For conventional PEM fuel cells and electrolyzers, a wide
range of modelling approaches has been developed, spanning from fundamental electro-
chemical descriptions [18-23] to multi-dimensional computational fluid dynamics (CFD)
simulations [24-27]. However, these models are typically formulated for a single mode of
operation and are not directly transferable to reversible systems.

In the context of URFCs, existing models treat electrolysis and fuel cell operation as
separate regimes, often requiring different parameter sets or even entirely different model
formulations. This lack of a unified modelling framework limits the predictive capability of
simulations, particularly when analyzing mode switching, transient behavior, or long-term
degradation. Furthermore, key phenomena specific to reversible operation, such as the
interaction between OER and ORR kinetics on bifunctional electrodes, or the dynamic
redistribution of water and heat during mode transitions, are rarely captured in existing
models. The limitations of current modelling approaches become even more pronounced
when considering the scaling of URFC systems toward practical power levels, particularly
in the range of ~100 kW. At this scale, additional challenges emerge, including flow distri-
bution across large active areas, thermal management within stacks, mechanical stresses
due to pressure and hydration cycling, and system-level integration with balance-of-plant
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components. While these issues have been extensively studied for standalone PEM fuel
cells and electrolyzers [28-33] their manifestation in URFC systems remains poorly under-
stood. A major barrier to progress in this area is the lack of validated experimental data at
intermediate and large scales. Most published studies focus on single-cell performance or
small stacks, with limited reporting on multi-kilowatt systems and virtually no publicly
available data at the 100 kW level. This scarcity of data hampers both model validation and
the development of reliable scaling laws.

Moreover, the increasing interest in integrating URFCs with renewable energy systems
introduces additional requirements for dynamic and control-oriented modelling [34-36].
Unlike steady-state operation, renewable-driven systems are characterized by fluctuating
inputs, necessitating rapid switching between electrolysis and fuel cell modes. Capturing
these dynamics requires models that are not only physically accurate but also computation-
ally efficient, enabling their use in real-time control and optimization. Current modelling
approaches, which are either overly simplified or computationally intensive, are not well
suited to this task.

In light of these challenges, there is a clear need for modelling methodologies capable
of linking electrochemical behavior to stack- and system-level design in reversible PEM fuel
cell systems. Although previous studies have investigated electrochemical performance,
catalyst development, and transport phenomena in PEM-URFCs, comparatively limited
attention has been devoted to the integration of calibrated electrochemical models with
large-scale system design and operational analysis, particularly in the 100 kW power
range. Furthermore, the dynamic interaction between electrochemical, thermal, and fluidic
subsystems under reversible operation remains insufficiently explored.

The present work addresses these limitations through the development of a calibrated
electrochemical modelling framework integrated into a system-level design methodology
for reversible PEM systems. The proposed approach combines polarization curve fitting,
residual error analysis, and thermal modelling in order to provide a comprehensive evalu-
ation of both cell-level and system-level performance. Particular attention is devoted to
the consistency between electrochemical calibration and system sizing, highlighting how
inaccuracies at the cell scale can propagate to stack and plant-level performance predictions.
The methodology is subsequently applied to the design and analysis of a 100 kW reversible
PEM system intended for hydrogen-based energy storage applications. The resulting
framework enables the assessment of operating efficiency, thermal behavior, hydrogen
management, and mode-switching implications under realistic operating conditions. In
addition, the work investigates the impact of integrated hydrogen storage and reversible
operation on system architecture, with emphasis on the trade-offs between compactness,
efficiency, control complexity, and operational flexibility.

By combining electrochemical calibration with system-level analysis, this study aims
to provide a scalable modelling approach for reversible PEM systems and to contribute to
the understanding of the challenges associated with the transition from laboratory-scale
devices to medium-scale energy storage applications.

2. Materials and Methods

Lumped-parameter models are often used to describe the rPEM behavior, as they treat
the cell’s properties as homogeneous across all their spatial subdomains. This simplification
pays off in terms of computational efficiency, resulting in lower resource consumption
compared to more complex models, while still providing an accurate representation of the
physical reality of the cell’s overall behavior.

The proposed model includes three submodels. The electrochemical submodel com-
putes the cell voltage in response to an applied current. Since the objective of this work is
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to simulate the rPEM in a cogeneration framework, a thermal submodel is needed. These
two submodels are bidirectionally coupled; the electrochemical submodel requires the
temperature for a correct calculation of the voltage, while the thermal submodel requires
electrical variables to solve the thermal balance. Finally, the third submodel quantifies the
molar fluxes produced and it is necessary for the WE operating mode.

The model is formulated as a function of current density, temperature, and pressure,
allowing consistent application across both FC and WE modes. The model is implemented
in MATLAB R2026a, using the odel5s solver to solve the ordinary differential equations
provided by the thermal model. Although a dedicated state-of-health estimation module is
not included in the present supervisory framework, online health monitoring is relevant
for the practical deployment of reversible PEM systems subjected to pressure cycling,
thermal stress, hydration variations, and repeated current transients. Recent studies have
shown that the combination of electrochemical impedance information and data-driven
approaches can support the estimation of fuel-cell state of health and the quantification
of degradation trends [37]. Such diagnostic functions could be integrated into future
supervisory architectures to support operating derating, maintenance planning, and the
early identification of abnormal degradation conditions.

2.1. Electrochemical Model

The electrochemical behavior of the PEM-rPEM cell is described using a semi-empirical
formulation that accounts for the main voltage loss mechanisms.

From an electrical point of view, the accumulation of charge at the membrane edges
and at the electrode interfaces causes capacitive effects on the anode and cathode sides of
the membrane, leading to a time delay in the cell’s electrical response. Consequently, the
overall behavior of the PEM cell should be modelled by an RC circuit to emulate the voltage
drop and time delay of the cell. However, since the electrical response of an electrolytic
cell (and, by extension, of an electrolytic stack) is relatively fast (on the order of 50 ms for
a PEM stack) compared to the time response of the overall system, the electrochemical
behavior is modeled using a static approach. It can therefore be assumed that the electrical
equilibrium of the cells is established instantaneously for each time step of the simulation.
In other words, an electrolytic cell can be considered as a single nonlinear resistive element.

The cell voltage is expressed as:

Veett = Voco + Hact + Hohmic + Hmt (1)

where V,, represents the open circuit voltage, while #,ct, Honmic and #, correspond to
activation, ohmic, and mass transport overpotentials, respectively. Table 1 presents the
main equations used for each voltage contribution, where p* is the pressure of the gas
normalized with respect to the atmospheric pressure, R the gas constant, n is the number
of electrons involved in the reaction, F the Faraday’s constant, T the temperature, RH
the relative humidity, « the charge transfer coefficient, j the current density, j, is the
exchange current density, R,y the ohmic resistance, jj;,,, the limiting current density and
an empirical coefficient.

The reversible voltage V() is the theoretical minimum electrical potential required to
initiate the reaction, as shown in Table 2.
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Table 1. Electrochemical model equations.
Contribution Expression Description
Open circuit voltage Voeo = Vien — (R T) In ( P i -Ig;;ozl/z) Thermodynamic open circuit voltage
Activation losses Hact = nRFTa [asmh( ) + asinh ( T )} Kinetic overpotential
Ohmic losses Hotmic = J*Ronm Membrane + contact resistance
Mass transport = Diffusion limitation
p Um nﬁP Zn(1+]11m)
Table 2. Reversible voltage and correlated equations.
Contribution Expression Description
Reversible voltage View = — 85 Theoretical electrical potential
Free Gibbs energy AG =AH —AS T Energy of a system that can be converted into useful work

Specifically, the values of AH® and AS°, respectively representing the change in en-
thalpy and entropy, are taken from the literature [38], n is the number of free electrons
involved in the reaction, equal to 2, and F is Faraday’s constant. Activation losses are
modeled using Butler—Volmer kinetics, with separate parameterizations for hydrogen and
oxygen reactions. To obtain a better representation of the activation losses when the current
density is close to zero, a value of o, equal to &g, i.e., 0.5, has been assumed, leading to
the formula shown in Table 1. An empirical correction factor, denoted as {3, is introduced to
capture deviations from ideal behavior and to improve agreement with experimental data.
This term effectively accounts for unmodeled phenomena such as electrode microstructure
effects and non-uniform current distribution.

Mass transport limitations are introduced through a limiting current density formula-
tion, while Ohmic losses account for ionic and electronic resistances within the membrane
and electrodes. In particular, R, represent the sum of the resistances of current col-
lectors, bipolar plate, and membrane, as shown in Equation (2). However, in this study,
only the proton resistance of the membrane is calculated directly, since it depends on the
cell’s operating conditions, and it is shown in Equation (3); the other values are treated as
a single contribution.

Ronm = Rinem + Rother 2)

5111811’!
Ronem = Amem Tmem ©)
In Equation (3), dyem represents the membrane thickness, Aje is the membrane area,
and Oyen is the membrane conductivity. The latter depends, indirectly, on the relative
humidity (RH), and is calculated using Equation (4), with A, being the water content of
the membrane [38].

1 1
rmemprane = (0.005139-A — 0.00326)-exp [1268 ( 303 T)] (4)

For calculating the water content of the membrane, scientific literature offers sev-
eral possible correlations; the most frequently used in various papers is presented in
Equation (5), and it is adopted in the presented modelling.

Ay = 0.043 +17.81RH — 39.85RH? + 36.0RH? (5)
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2.2. Thermal Model

The thermal behavior of the PEM-rPEM cell is described using an open thermodynamic
balance derived from the first principle of thermodynamics. The energy balance of the
cell is expressed as reported in Equation (6), whose single contributions are presented in
Table 3, while operating ranges used for calibration are listed in Table 4.

dE . .
ar = Wer — Qloss — Qcooling (6)
Table 3. Thermal model equations.
Contribution Expression Description
Internal energy ‘fi—f =Cp- ‘Z—{ Internal energy of the cell
Electrical work Wer = cetr(Veerr = Vin) - Istack 1F Heat produced by non-ideality
Ambient heat losses Qlios s = D@ (T — Tym) Heat transfer to the ambient
Cooling heat losses, o Cooler not activated due to cell temperature
T < Trarget Qeoot. = lower than target one
Cooling heat losses, W : Heat absorbed by the cooler for cogeneration
T > Trarget Qeoot. = Wer = Qloss when the target temperature is reached

Table 4. Operating range used for calibration.

Contribution Expression
Current density (WE) 0-0.9 A cm 2
Current density (FC) 0-1.7 A cm ™2

Voltage (FC) 0.55-0.95V

Voltage (WE) 1.6-2.2V

Temperature (FC) 80 °C
Temperature (WE) 90 °C
Pressure H, (FC) 2.8 bar

Pressure (WE) 1 bar

Electrical work is directly associated with a thermal power generation. This can refer
to both the heat supplied in WE mode and the heat consumed in FC mode, both due to
a non-ideal behaviour of the process. Vi, is the thermoneutral voltage and represents
the theoretical voltage leading the electrochemical reaction in thermal equilibrium with
the ambient.

o

AH
n-F

Under standard operating conditions, the thermoneutral voltage can be approximated

th - (7)

as constant (equal to 1.48 V), since its variation with temperature is very small [39]. #F is
the Faraday efficiency. Various possible correlations for its calculation are reported in the
literature [23,40,41]. Its variation with respect to operating conditions is generally modest,
varying by only a few percentage points [42]. Then, consistently with literature [38], this
study considers Faraday efficiency as maximum, setting its value to 1.

Heat loss to the environment is caused by heat transfer through conduction, ra-
diation, and convection. However, the formula in the table is based on certain
simplifications, where:

o= (hc'Ao) (8)

is the thermal conductance, given by the product of the heat transfer coefficient and the
stack area. In some models described in the literature [43], the heat transfer coefficient (and
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then the thermal conductance) is considered constant (similarly as in this study), while in
others it is assumed to vary proportional to the current.

The cooling heat losses refer to the heat removed, by the cooling system, which can
then be used for cogeneration. The cooling system is designed to maintain the temperature
at a predetermined target value; if the stack temperature does not reach the target value,
the system does not activate. Once the target value is reached, the cell temperature stops
rising. Therefore, based on the value of the cooling heat losses, it is possible to calculate the
water flow rate required by the cooling system to remove the amount of heat needed to
maintain the cell temperature at the target value, which is necessary for sizing the various
components associated with this system.

Qcool

Cp,cool ' (Tcool,out - Tcool,in)

©)

Mool =

where T, i, is the refrigerant inlet temperature. T,y o, is the refrigerant outlet tempera-
ture, equal to the cell temperature minus a pinch point temperature (equal to 10 K); it sets
how close our refrigerant will come to the cell temperature.

2.3. Molar Flux Submodel

In the FC mode, the partial pressures of hydrogen and oxygen can be assumed as fixed.
In the WE mode, however, these depend directly on hydrogen and oxygen production, as
described by the ideal gas law, and so to the molar flux produced during operations. The
gas pressure increases until the target storage pressure is reached. Once that pressure is
achieved, the produced gas is vented from the electrode and stored. Consequently, until
the nominal pressure is reached, the outflow will be zero, and the gas production itself will
contribute to achieving the target pressure.

Molar flux production is proportional to the applied current, following the Faraday’s
law. The water consumption required for the process must be estimated to be 25% higher
than the stoichiometric amount [23], to consider phenomena such as water crossover into
the electrolyte, losses in the form of vapor, and various diffusion processes.

I
ZH20~F

nHZO =125 ‘Nr (10)

However, the value of water produced does not affect the water pressure value,
which is assumed to be equal to the imposed relative humidity (and which value for the
electrolyser is assumed to be 1).

3. Model Validation

The model parameters are calibrated against literature polarization data under rep-
resentative operating conditions [44]. The calibration procedure minimizes the deviation
between simulated and experimental voltages over the entire current density range, ensur-
ing accuracy in both low-load and high-load regimes.

The resulting parameter set is physically consistent and remains within literature-
reported ranges, ensuring both accuracy and interpretability.

The calibrated model shows excellent agreement with experimental data in both
operating modes. In fuel cell operation, the model accurately reproduces the voltage
decrease with increasing current density, with particularly strong agreement in the medium-
to-high current region, which is most relevant for practical applications. In electrolyzer
mode, the model captures the expected monotonic increase in voltage, as well as the correct
curvature of the polarization curve. The agreement is especially strong in the operating
range above zero current density.
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Residual analysis is shown in Figure 1 and it is performed to assess model robust-
ness and identify potential systematic deviations. The initial model exhibits clear trends,
particularly in fuel cell mode, where errors increase with current density. These trends
indicate structural inaccuracies in the model formulation. Following calibration, residuals
are significantly reduced and become randomly distributed around zero. The residual
range achieves values of £0.02 V, demonstrating a substantial improvement in model
accuracy. In electrolyzer mode, the calibrated model eliminates the negative bias observed
in the initial formulation, maintaining residuals close to zero across the entire current
range. This confirms that the calibration procedure effectively captures the underlying
electrochemical behavior.

The residual distribution is strongly centered around zero, indicating the absence
of systematic bias in the calibrated model. Most residuals are confined within a narrow
band (approximately +0.01-0.02 V), demonstrating high predictive accuracy. A limited
number of outliers is observed, with one extreme negative deviation around —0.17 V, likely
associated with low-current operating conditions where measurement uncertainty is higher.
Overall, the distribution confirms that the calibration procedure effectively minimizes
both mean error and variance. The parity plot shows excellent agreement between model
predictions and experimental data, with most points lying along the identity line. The
dispersion is minimal across the entire voltage range, confirming the robustness of the
calibration. A single outlier is observed in the intermediate region, which may be attributed
to experimental uncertainty or local model limitations. The overall alignment demonstrates
that the model accurately captures both FC and WE behaviors.

30 Residual distribution

25+

20

10

oL mmm | ‘
-0.15 -0.1 -0.05 0 0.05

Residual [V]
(a)

Figure 1. Cont.
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Parity plot

2+ O Model vs Experimental Data =
— — — Goal (Y =X)

16+ re -

14+ o .

VAit [V]

06

0.4+

1.5 2

Vexp [V]
(b)

Figure 1. (a) Distribution of voltage residuals (V;og01 — Vexp) for the calibrated electrochemical model.
The histogram shows the statistical spread of deviations over the full operating range, and (b) Parity
plot comparing simulated and experimental voltages for both fuel cell and electrolyzer modes. The
dashed line represents perfect agreement.

After calibration, the error is significantly reduced and remains close to zero across
the full operating range, as shown in Figure 2. The absence of trend and the reduced
amplitude confirm that the calibrated model correctly captures the electrochemical behavior
in electrolyzer mode. In fuel cell mode, the initial model shows large deviations, with
errors exceeding 15-20% at low current density and decreasing gradually with increasing
load. The calibrated model drastically reduces these errors, maintaining them within
approximately +2-5% over most of the operating range. This improvement is particularly
relevant in the medium-current region, where practical operation typically occurs.

The initial model shows a strong negative trend in residuals, indicating systematic
overprediction of voltage at higher current densities. After calibration, as shown in Figure 3,
residuals are significantly reduced and remain close to zero across the full current range.
The improvement is particularly evident at medium and high current densities, confirming
that the calibrated model accurately reproduces the polarization curve shape, maintaining
values within approximately +-0.01-0.02 V. This confirms the effectiveness of the calibration
in stabilizing model predictions across all operating conditions.

The calibrated model accurately reproduces the experimental polarization curve, cap-
turing both the monotonic increase in voltage and the curvature of the response, as shown
in Figure 4. The initial model underestimates the voltage, particularly at higher current
densities, while the calibrated model aligns closely with experimental data. This confirms
that the model is suitable for predicting electrolyzer performance over the full operating
range. In fuel cell mode, the calibrated model significantly improves agreement with
experimental data, particularly in the medium-to-high current region. The convergence of
curves at higher current density is especially important for practical applications.
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Figure 2. (a) Percentage error as a function of current density in electrolyzer mode, comparing the
initial and calibrated models, and (b) percentage error as a function of current density in fuel cell

mode, comparing the initial and calibrated models.

To extend the analysis beyond electrochemical behaviour, the thermal behaviour is
considered. The stack thermal characterization is modelled with the parameters listed in

Table 5.

Table 5. Thermal model parameters.

Parameter Value
Number of cells 100
Active area 70 cm?
Specific thermal capacity 3K (kW-K)~!
0.09 W/K

Thermal resistance
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Figure 3. (a) Voltage residuals as a function of current density in electrolyzer mode for both initial
and calibrated models, and (b) voltage residuals as a function of current density in fuel cell mode for

both initial and calibrated models.

The increased active area is used to generate a more realistic heat load, allowing the
evaluation of temperature rise and cooling requirements. The model assumes uniform

temperature distribution across the stack.

These thermal values are derived from PEM electrolysers. In fact, their composition—and
thus their thermal behaviour—is assumed to be similar to that of rPEM cells (more than
PEM fuel cells). The thermal capacity of the stack was estimated based on the maximum
power output and the number of cells in the stack, using an average value across various

electrolysers [23] for the specific thermal capacity per unit of power.
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Figure 4. (a) Polarization curve in electrolyzer mode showing experimental data, initial model, and
calibrated model and (b) polarization curve in fuel cell mode showing experimental data, initial
model, and calibrated model.

Then, the number of cells was set to 100 to obtain values of the same order of magni-
tude as the stacks from which the other thermal parameters were derived. Regarding the
total thermal resistance of the stack, the influence of the number of cells was neglected, since
the contribution of the stack’s lateral surface area to heat transfer (which increases with the
number of cells) was considered negligible compared to that of the base. An average value
derived from various electrolysers reported in the literature was assumed [23].

Thermal effects play a critical role in system performance, particularly at high current
density. The analysis shows that, in fuel cell mode, efficiency decreases with increasing load
due to higher overpotentials and heat generation. However, part of this thermal energy
can be recovered, improving overall system efficiency. In electrolyzer mode, efficiency
remains higher but still benefits from thermal integration. The results indicate that heat
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recovery becomes increasingly important at high current density, where thermal losses
are significant.

The efficiency trends differ significantly between FC and WE modes. In fuel cell
mode, stack efficiency decreases from approximately 0.78 at low current to about 0.40
at 1 A. At the system level, efficiency decreases from 0.67 to 0.37. However, when heat
recovery is considered, total system efficiency increases to approximately 0.66 at high
current density. In electrolyzer mode, stack efficiency remains higher, decreasing from 0.98
to approximately 0.71. System efficiency decreases from 0.84 to 0.71, while heat recovery
increases total efficiency up to approximately 0.76.

These results demonstrate that thermal integration becomes increasingly important at
high current density, where heat generation is significant.

In Figure 5, it is possible to see the trends of electrical and thermal power output
measured at the same operating temperatures used to obtain the polarization curves.
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Figure 5. (a) Trends of electrical power and thermal power in WE mode, and (b) trends of electrical

power and thermal power in FC mode.
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Furthermore, the thermal evolution as a function of various discharge current levels,

recorded after a 5-min operational interval, can be observed in Figure 6.
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Figure 6. (a) Temperature curve as a function of current density after 5 min in WE mode and

(b) temperature curve as a function of current density after 5 min in FC mode.

After calibration, the reversible cell model demonstrated a substantial increase in

predictive accuracy in both fuel cell (FC) and water electrolysis (WE) operating modes. In
FC mode, the calibrated model achieved an RMSE of 9.2 mV, corresponding to a relative
error of 1.72%, with an excellent coefficient of determination (RZ) equal to 0.9973. In WE
mode, the calibrated configuration yielded an RMSE of 37.4 mV and an RMSE% of 2.32%,
with an R? value of 0.9997, confirming the high agreement between experimental and
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simulated results. Moreover, for the practical electrolyzer operating region (j > 0), the
relative error further decreased to 0.13%, with a mean absolute percentage error (MAPE) of
0.10%, indicating near-perfect predictive capability of the calibrated model under realistic
operating conditions.

Residual analysis further confirmed the robustness of the calibration process. In FC
mode, the residual distribution was confined within a narrow range between —0.02 V and
+0.02 V, while in WE mode the residuals were limited between —0.01 V and +0.01 V. These
results demonstrate the strong capability of the calibrated model to accurately reproduce
the electrochemical behavior of the reversible cell across both operating regimes, ensuring
high reliability for simulation, control, and system-level integration studies.

4. Preliminary System-Level Sizing Case Study

The calibrated polarization relation was used to translate cell-level voltage—current
behaviour into preliminary estimates of stack current, stack voltage, gross power, hydrogen
throughput, thermal duty and major balance-of-plant requirements. For a selected current
density and active cell area, the cell current is obtained from the product of current density
and active area, whereas the stack voltage is calculated by multiplying the cell voltage
by the number of cells connected in series. The resulting stack power is then combined
with conversion losses and auxiliary consumption to estimate the nominal system rating in
fuel-cell and water-electrolysis operation.

The case study considers a shared reversible PEM stack rated at 100 kW in fuel-
cell mode and 300 kW in water-electrolysis mode. The selected configuration targets
a symmetric hydrogen throughput of approximately 6 kg h™!, a short-term hydrogen
buffer corresponding to approximately one hour of nominal fuel-cell operation, and shared
cooling and water-management infrastructure. The main assumptions and sizing results
are summarized in Table 6, while Figure 7 presents the functional architecture.

Table 6. System design specifications.

Contribution Expression
WE nominal power 300 kW
Storage capacity 200 kWh
FC operating pressure 2.5 bar
WE operating pressure 30 bar
FC temperature 70°C
WE temperature 65°C
Relative humidity (FC) 90%
FC nominal power 100 kW
Hydrogen consumption (FC) 6kgh!
Hydrogen production (WE) 6kgh!
Energy content (Hy) ~33 kWh kg !
FC autonomy ~1h

The system-level results should be interpreted as preliminary sizing estimates. The
present model does not resolve stack-scale flow maldistribution, cell-to-cell voltage dis-
persion, local temperature gradients, manifold pressure losses, spatial hydration non-
uniformity or transient switching behaviour. In addition, the selected design conditions do
not fully coincide with the conditions of the literature dataset used for model calibration.
The case study therefore provides an internally consistent basis for preliminary BoP sizing,
rather than a validated prediction of a large-scale reversible PEM stack.
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Figure 7. Functional schematic of the reversible PEM system, including hydrogen, air/oxygen,
thermal, and deionized water management subsystems.

Once the calibrated polarization relation V(j, T, p) is available (Section 2), the transition
to system scale is formalised as a two-step aggregation. At the stack level, for a given
operating current density j and an active area A, the cell current is I = j-Ag. The stack
voltage is obtained as Vi,x = Neei-V(j, T, p), where N, is selected to meet the required
nominal power:

Pstack = Ncell'V(jr T, P)'j'Acell (11)

At the system level, the electrical power delivered (FC) or absorbed (WE) is obtained
by applying the Balance of Plant (BoP) efficiency chain:

Pel,FC,sys = Neonv,FC Pstack — Paux FC

(12)
Pel,WE,sys = Pgtack/ Nconv,WE T Paux,WE

with Neony accounting for AC/DC and DC/DC conversion losses and P,ux representing
the parasitic consumption of the air blower, pumps, heaters, dryer and instrumentation.
The calibrated electrochemical model thus defines the stack operating envelope, while
Equations (11) and (12) propagate these predictions to the nominal system ratings of 100 kW
(FC) and 300 kW (WE).

All Balance-of-Plant components (filters, separators, vents, purge lines, humidifier,
cooling circuit, dryer) are sized with a uniform design margin SF = 0.25 on top of the nomi-
nal flow rates, to account for load ramps, purge transients, safety margins and performance
degradation over the component lifetime:

Xgesign = (1 + SF)-Xnom ~ with SF=0.25 (13)
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This common margin policy, adopted consistently throughout Section 4.1, guarantees
that each component is selected on a conservative duty point while preserving the symmetry
of the hydrogen loop.

4.1. Balance of Plant Considerations

Hydrogen flow is maintained symmetric between the two modes, simplifying system
control and storage management. Oxygen produced during electrolyzer operation is vented
externally, reducing system complexity. Nitrogen is used within the balance of plant to
purge the system during transitions between operating modes, preventing gas mixing and
ensuring safe operation.

The functional schematic presented in Figure 7 provides a comprehensive representa-
tion of the reversible PEM system, highlighting the integration of hydrogen, air/oxygen,
thermal, and deionized water subsystems within a single architecture. Unlike conventional
systems based on separate electrolyzer and fuel cell units, the reversible configuration
requires a high degree of integration and bidirectional operability, which significantly
increases both design complexity and control requirements. From a mass-flow perspective,
the system is designed to operate with a symmetric hydrogen throughput of approximately
6 kg h™! in both fuel cell and electrolyzer modes. This design choice simplifies storage
sizing and ensures balanced operation across charge and discharge cycles. In addition, it
also simplifies the stack flow channel geometry design, having similar gas flow rates in
the two working modes. Hydrogen produced during electrolyzer operation at 30 bar and
approximately 65 °C is routed through a separation and purification stage before being
stored or redirected to the stack. During fuel cell operation, hydrogen is regulated to 2.5 bar
and conditioned in terms of temperature and humidity (RH ~ 90%) to ensure optimal
membrane hydration and electrochemical performance.

The oxygen/air management subsystem reflects a key design trade-off. In electrolyzer
mode, oxygen is produced at elevated pressure (up to 30 bar) and moderate temperature
(=65 °C) and is vented externally rather than stored, reducing system complexity and
safety constraints. In fuel cell mode, air is supplied via a compressor, with flow rates ex-
ceeding 400 kg h~! (including BoP margin), and is conditioned through humidification and
thermal control stages. The use of air instead of pure oxygen in FC mode represents a prac-
tical compromise between efficiency and system simplicity, albeit at the cost of increased
parasitic losses. Thermal management plays a central role in ensuring stable operation
across both modes. The system includes a dedicated cooling loop with water recirculation,
heat exchangers, and external dry coolers. Heat generation differs significantly between
modes: in fuel cell operation, heat is produced as a byproduct of electrochemical conversion
and increases with current density, while in electrolyzer mode, heat is generated primarily
due to overpotentials and ohmic losses at high voltage. The cooling system is therefore
designed to handle variable thermal loads, with flow rates exceeding 20 m® h=! in the
main loop. Maintaining stack temperature within a narrow range (65-70 °C) is critical to
preserving membrane durability and performance. The deionized water management sub-
system is essential for electrolyzer operation and includes storage, filtration, purification,
and recirculation components. Water consumption in electrolyzer mode is directly linked
to hydrogen production (approximately 9 kg of water per kg of Hj), requiring a continuous
supply and careful control of purity to avoid membrane degradation. The inclusion of
a switching valve between FC and WE modes enables dynamic reconfiguration of flow
paths, allowing the same hardware to operate under different regimes.

A key additional feature is the use of nitrogen purging during transitions between
operating modes. This is necessary to avoid mixing of hydrogen and oxygen within
the stack and piping, which would pose significant safety risks. The purge system is
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integrated within the balance of plant and is activated during startup, shutdown, and mode
switching phases.

Compared to systems with separate fuel cell and electrolyzer units, the reversible ar-
chitecture offers clear advantages in terms of compactness, reduced capital cost, and shared
balance of plant components. However, these benefits come at the expense of increased
system complexity, stricter operational constraints, and the need for highly coordinated
control strategies. In particular, components such as humidifiers, heat exchangers, and gas
management units must operate efficiently under both modes, which often have conflicting
requirements in terms of pressure, temperature, and flow rates. Overall, the schematic high-
lights that the design of a reversible PEM system is not simply the superposition of a fuel
cell and an electrolyzer, but rather a tightly integrated system in which electrochemical,
thermal, and fluid dynamic phenomena must be simultaneously managed.

Figure 8 illustrates the physical implementation of the reversible PEM system within
a containerized configuration, emphasizing modularity, safety, and industrial scalability.
The system is organized into multiple functional skids, each dedicated to a specific sub-
system, enabling a clear separation of roles and facilitating maintenance and operational
flexibility. The container layout is divided into ATEX and non-ATEX zones, reflecting
the presence of flammable gases such as hydrogen. The ATEX zone includes the core
PEM stack and gas handling components, while the non-ATEX zone houses electrical
systems, control units, and auxiliary equipment. This separation is essential for ensuring
compliance with safety regulations and minimizing the risk of ignition. The PEM core skid
(Skid 1) represents the central element of the system and includes the stack, manifolds, and
switching valves that enable reversible operation. The design is derived from high-pressure
electrolyzer configurations (30 bar), ensuring mechanical robustness under both operating
modes. The hydrogen loop (Skid 2) includes filtration, drying, pressure regulation, and
recirculation systems, ensuring that hydrogen quality and pressure are maintained within
required limits for both FC and WE operation.
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Figure 8. Containerized layout of the PEM reversible system, showing the spatial organization of
skids and subsystems.
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The air/oxygen skid (Skid 3) integrates compression, filtration, humidification, and
heat exchange components. In fuel cell mode, the air compressor must deliver large flow
rates at moderate pressure (~2-3 bar), while in electrolyzer mode the oxygen stream
is handled primarily for venting and safety. This dual functionality requires flexible
component sizing and control strategies. Utilities (Skid 4) include water management and
cooling systems, which are shared between modes. The deionized water loop supports
electrolyzer operation, while the cooling circuit ensures thermal stability of the stack. The
integration of these utilities into a single skid reduces system footprint but requires careful
design to handle varying loads.

The venting and safety skid (Skid 5) includes flame arrestors, silencers, and purge
systems, which are critical for safe operation during transient phases. The hydrogen
storage skid (Skid 7) provides a buffer capacity of approximately 200 kWh, corresponding
to one hour of full-power operation in fuel cell mode. This storage capacity is a key design
parameter, enabling decoupling between hydrogen production and consumption.

Compared to traditional systems with separate electrolyzer and fuel cell units, the con-
tainerized reversible system offers significant advantages in terms of footprint reduction,
component sharing, and installation simplicity. However, it also imposes stricter require-
ments on component compatibility and system control. For instance, compressors, heat
exchangers, and piping must be designed to operate efficiently under both low-pressure
FC conditions and high-pressure WE conditions. From an engineering perspective, the
modular skid-based approach enhances scalability, allowing the system to be replicated
or expanded to higher power levels. At the same time, it facilitates transportation and
deployment in remote or distributed energy applications. The containerized layout demon-
strates the practical feasibility of the proposed reversible PEM system and provides a clear
pathway toward industrial implementation. The integration of multiple subsystems within
a compact and modular architecture highlights the importance of system-level design
considerations in the development of next-generation hydrogen energy systems.

4.1.1. Hydrogen Flow Sizing (Symmetric FC/WE Loop)

In FC mode the hydrogen mass flow rate is derived from the nominal electrical power,
the lower heating value (LHV) of hydrogen (LHVyy, = 33.33 kWh/kg) and the nominal
system LHV efficiency npc 1xv = 0.50, representative of stationary PEMFC systems operated
at full load:

My, kC = Pelrc/ (Mec,Liyv-LHVH,) (14)

Substituting Pej rc = 100 kW gives y, rc = 6.00 kg/h and, with pn 1, = 0.0899 kg/Nm?,
a normal volumetric flow Vy y, = 66.7 Nm?3/h.
In WE mode the hydrogen production is driven by the specific system consumption
€spec,sys ~ 50 kWh/kg:
my, wg = Pel,wE / €spec,sys (15)
Imposing my, wg = my, rc = 6 kg/h—the key architectural choice that yields a sym-
metric loop and a simplified BoP—requires P wg ~ 300 kW. Applying the BoP margin

of Equation (13) leads to a design flow of 83.7 Nm?/h for all gas-side components (filters,
separators, vents, purge).

4.1.2. Air and Oxygen Flow Sizing (FC and WE)

Both operating modes obey the same stoichiometric ratio between H, and O, (H; + %
0O, — H,0), so that:
VN0, = 0.5 VN1, (16)
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at the nominal design point Vy o, stoich = 33.4 Nm?/h in both modes. In FC mode,
air—rather than pure O,—is supplied to the cathode with an oxygen excess ratio A,jr
needed to prevent starvation and to assist water and thermal management. Typical values
at full load lie in the range 1.6-2.5; the reference value A,j; = 2.0 is adopted for the prelimi-
nary sizing. With the oxygen molar fraction in dry air xpp air = 0.2095 the air volumetric
flow is:

VN,air = }\air‘VN,Oz,stoich / X0, ,air (17)

which yields Vi ,ir ~ 320 Nm?3/h (thy, ~ 412 kg/h) nominal and 400 Nm?/h with the BoP
margin. In WE mode, the oxygen produced at the anode (x33.4 Nm?/h, i.e., 47.7 kg/h nom-
inal) is vented externally, which simplifies the oxygen skid and removes any high-pressure
O, storage requirement.

4.1.3. Cathode Air Conditioning (Compressor, Aftercooler, Humidifier)

The compressor raises the ambient air from P1 = 1.013 bar(a), T1 = 298 K to the cathode
supply pressure P2 = Pstack + Apline = 2.5 + 0.2 = 2.7 bar(a), i.e., a compression ratio
7 = 2.66. The outlet temperature is obtained from the isentropic relation corrected by the
isentropic efficiency s ~ 0.70:

D
(= -1)
T, =Ty [1+———] (18)
Nis
WC = l’hair‘Cp,aiI"(Tz - Tl) (19)
Pmotor = We/ (Mmech Mmotor) (20

with v = 1.4, Npech = 0.95 and Nmotor = 0.92-0.96 the thermodynamic duty is 15.8 kW,
translating into a motor size of ~18 kW. The resulting selection is an oil-free, ATEX-
compatible centrifugal blower.

The aftercooler brings the compressed air from T, ~ 163 °C back to the stack inlet
temperature T3 = 70 °C. The thermal duty and the required thermal conductance are:

Qac = Mjr-cp, air-(T — T3) (21)
AT; — AT
ATy = — > (22)
ln(A—T1>
2
~ Qac
UAreq = AT, (23)

Applying a 20% fouling/uncertainty margin on heat exchange coefficient and area
(UA) and a preliminary range U € [200, 300] W/(m? K) for a gas-liquid plate heat exchanger
yields Qac = 10.7 kW, ATy, = 69 °C and A € [0.62, 0.93] m?. The selected unit is a brazed
plate heat exchanger with 26 plates.

As for the cathode humidifier, the amount of water to be transferred to the cathode
stream is determined from the psychrometric balance across the humidifier. The humidity
ratio at the outlet is:

Wout = 0-622'Pv,out/ e - Pv,out) with Pv,out = RH‘psat(T) (24)

n.1H20,add = (Wout — Win) M_ajr (25)

atT="70°C, P =25bar(a), RH = 90%, psat(70 °C) = 31.2 kPa, the required water addition
is 28.2 kg/h (nominal) and 32.3 kg/h at full saturation. The cathode exhaust is used as
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a passive vapour source (gas/gas hollow-fibre humidifier), with a DI water make-up line
sized for 10 kg/h (continuous) to cover the residual deficit at the 90% RH target.

4.1.4. Thermal Balance and Cooling Loop

The heat to be removed from the stack is evaluated from the overall energy balance in
each mode:
FC: Q_loss,FC = Pchim,in - Pel,out = mHz.LHVHZ - Pel,out (26)

WE: Qloss,WE = Pel,in - mHz 'LHVHZ (27)

with the nominal design point both expressions yield Qo5 ~ 100 kW. Introducing the
thermal split factor f.,. (fraction of the total losses actually removed by the coolant loop,
typical range 0.7-0.9), the conservative sizing assumption f.,, = 1 is adopted. The coolant
mass flow is then:

M_w = feool Qloss/ (Cp,W'ATcool) (28)

with cpw = 4.18 kJ/(kg-K), the design ATy is 5-10 °C in FC and <5 °C in WE, the
more stringent limit being imposed by the water-electrolyzer mode to preserve ther-
mal uniformity along the stack. The sizing case (AT o0 = 5 °C) yields h,, = 4.78 kg/s,
i.e., ~17-18 m>/h, raised to 20 m3/h with a 10-15% design margin. The loop features
a primary DI-water circuit in direct contact with the stack and a secondary technical-

water loop coupled to an external dry-cooler through a plate-and-frame heat exchanger
(UAgesign =~ 4.8 kW/K, A ~ 1.1-1.9 m?).

4.1.5. Deionized Water Demand and Anode Recirculation (WE)

The stoichiometric water demand of the anodic reaction 2 HyO — 2 Hy + O, gives
a one-to-one molar ratio between water consumed and hydrogen produced. In mass terms:

M_p,0stoich = (MH,0/Mp,) ™_p, =9-m_gy, (29)

yielding 54 kg/h (0.054 m3/h) of water consumed at 6 kg/h hydrogen production. The
actual anode feed must, however, exceed the stoichiometric value by a factor ¢ (water
stoichiometry) to guarantee membrane hydration, uniform flow distribution, and effective
removal of O, bubbles from the anodic channels. Values of ¢ = 3-5 are reported as the
minimum safe range for PEMWE systems with dedicated cooling [45]. Adopting the
conservative lower bound ¢ = 3 and the BoP margin of Equation (13):

anode = (1 + SF)-C-tp, 0, st0ich & 200 kg /h (20.20 m® /h) (30)

so that 54 kg /h are actually split electrochemically and ~146 kg/h are recirculated. Water
quality is preserved by a dedicated filtration and ion-exchange loop targeting a conductivity
below 1 uS/cm.

4.1.6. Hydrogen Buffer Sizing

The hydrogen storage is conceived as a short-term buffer, not as a long-duration
energy reservoir, consistently with the symmetric design of the FC/WE loop. Starting from
the ideal gas assumption for hydrogen at 30 bar(g), the usable mass between the maximum
and minimum operating pressures (Pmax = 31 bar(a), Pmin = 6 bar(a), still compatible with
downstream regulation to the FC stack at 2-3 bar(a)) is:

m_ygable = Vtank'(P_max - Pmin)/ (RHZ'T) = Vtank'pN,Hz'(PmaX - Pmin)/ P_N (31)
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imposing mygaple = 6 kg (i.e., 1 h of full-load FC operation, ~200 kWhger or ~100 kWhg;
at 50% FC efficiency) yields Viynx ~ 2.67 m3. The preliminary size of 2.5-3.0 m?3 at 30 bar(g)
is therefore consistent with the architectural target of a 1 h autonomy buffer in FC mode.

4.1.7. Pump Sizing—Specific-Speed Criterion

Two distinct hydraulic machines are available for the application requirements: (i) a cen-
trifugal multistage pump for the DI cooling loop (Q ~ 20 m3/h, H ~ 15 m c.a.) and
(ii) a positive-displacement diaphragm pump for the anode DI supply, which must over-
come the 30 bar(g) system pressure. The choice of technology is driven by the specific speed:

N; =n-Q"°/HO7 (32)

For the anode DI pump at the nominal design point (Q = 0.25 m3/h, H = 326 m

c.a.,, n = 2900 rpm) Equation (33) yields Ns ~ 0.32, well below the operating range of

conventional centrifugal pumps (N € [0.5, 3.5]). The hydraulically actuated diaphragm

pump is therefore selected as the only viable option, delivering a flow independent of

pressure and avoiding any mechanical seal on the DI fluid. The hydraulic and electrical
power are:

Pp=p-gHQ (33)

Pe=P_n/m (34)

assuming 1 =~ 0.45 for a diaphragm pump in this size class, Py, ~ 222 W and the selected
commercial size is 0.55 kW.

4.1.8. Nitrogen Inventory for Purging and Safe Operation

Nitrogen is used to inert and purge the process circuits before each FC-WE transition,
at cold start, and at shutdown, preventing explosive Hy /O, mixtures inside the BoP (IEC
62282-3-200 [46]). The inventory is sized by estimating the total volume to be purged,
the number of volume changes required to reach the safety target concentration, and the
number of events between refills.

The stack channel volume is derived from the active area A = 1500 cm?, channel
depth hy, ~ 0.8 mm, filling factor f = 0.40 and manifold correction kman = 1.20:

Vstack = 2'Acell'hch'f'Ncell'kman ~6.1L (35)

Adding the internal volumes of the selected BoP components (coalescing separators,
heater, humidifiers, aftercooler) and the interconnecting piping (DN25 H, line, DN50
air/O; line) plus a 15% margin for fittings gives Vit =~ 32 L.

Under the perfectly mixed assumption the residual gas fraction after n, volume
changes at purge pressure Ps = 3 bar(a) is Cf/Cy = exp(—ny). The ATEX safety target
Ct < 1% vol (=25% of the H, LEL) requires n, ~ 4.6, rounded up to 5. The N, consumed
per event and the total demand over ney = 20 events (2 daily transitions x 7 days + start-
up/shutdown + ESD margin) are:

V_Nyevent = N_y-V_tor-(P_s/P_atm)-SF = 5 x 32 x 3 x 1.25 ~ 0.60 Nm® (36)

V_Nytot = N_ev'V_N, event = 20 x 0.60 = 12 Nm? (37)

Using 200 bar(g) cylinders (EN ISO 9809-1 [47]) with a minimum residual pressure of
20 bar(g), the utilisation factor is 1y = 0.90 and the required geometric volume is:

V_geo = V_N, tot/ (N_utit'P_max/P_o) = 12/(0.90 x 200) ~ 67 L (38)
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The commercial selection is a manifold of two 50 L /200 bar(g) cylinders (100 L geomet-
ric, 18 Nm? usable ~ 30 events), allocated in Skid 4 with a footprint of 0.60 x 0.30 m and
a full-charge assembly weight of ~154 kg. A two-stage ATEX-certified regulator, a fail-safe
solenoid valve and a mass-flow meter complete the line. Nitrogen purity > 99.998% (EN
ISO 14175 class 4.8 [48]) is specified to prevent membrane contamination from residual O,
or moisture.

4.1.9. Ventilation System

The venting and safety skid (Skid 5) provides the passive and active barriers required
for safe hydrogen and oxygen handling during all transient phases, in compliance with
ATEX Directive 2014/34/EU, Workplace Directive 1999/92/EC and the hydrogen-specific
provisions of ISO/TR 15916:2015 [49]. The container interior is maintained under continu-
ous forced ventilation, with air supply at low level and exhaust at ceiling level: because
hydrogen is positively buoyant (p/p_air ~ 0.07), this top-extraction layout prevents strat-
ification and ensures that the local Hy concentration remains below 25% of the lower
flammability limit (1% vol) under any credible minor leak scenario. Catalytic H, sensors
are mounted in the upper volume of the ATEX zone and are interlocked with the emer-
gency shutdown (ESD) logic: a first threshold at 10% LFL triggers a ventilation boost and
a control-room alarm, while a second threshold at 25% LFL initiates automatic isolation
of the gas lines and nitrogen purging of the stack circuits. All hydrogen and oxygen
vent lines are routed to a common discharge point external to the container, fitted with
stainless-steel flame arrestors (EN ISO 16852 [50]) and low-pressure silencers to attenuate
impulsive releases during purge events. The oxygen vent line from the WE anodic circuit is
segregated from the hydrogen vent and rises vertically to the discharge point to exploit
natural buoyancy and to prevent any accumulation of Oy-enriched atmosphere inside
the enclosure.

4.2. Comparison with Separated Systems

A key design question in hydrogen-based energy systems concerns whether the
conversion block should be implemented as a single reversible PEM unit or as two distinct
devices, namely a dedicated PEM electrolyzer and a dedicated PEM fuel cell. Although
both approaches can provide the same high-level functionality, they differ substantially
in terms of architecture, efficiency distribution, capital cost, component redundancy, and
operational flexibility.

The reversible PEM approach offers a clear advantage in terms of compactness and
equipment integration. Since the same stack core is used in both water electrolysis and fuel
cell modes, a significant portion of the electrochemical hardware is shared. This reduces the
number of electrochemical modules, potentially lowers footprint, and simplifies installation.
In addition, a reversible configuration can share part of the balance of plant, including
thermal management, hydrogen conditioning, water handling, sensors, manifolds, and
supervisory control logic. These features make the rPEM approach particularly attractive
for stationary systems in which compactness and architectural integration are important
design drivers.

However, these benefits are associated with non-negligible trade-offs. A reversible
stack must satisfy the requirements of both modes with the same electrochemical core and
with a partially shared set of auxiliaries. This imposes stricter constraints on materials,
sealing, gas management, thermal design, and control. In practice, the stack and BoP
cannot be optimized independently for electrolyzer and fuel cell operation, as would
be possible in separated systems. As a result, the reversible architecture often involves
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a compromise between the ideal design point for FC operation and the ideal design point
for WE operation.

By contrast, a system based on separated PEM fuel cell and PEM electrolyzer units
enables mode-specific optimization. The electrolyzer can be designed for high-pressure
hydrogen production, low degradation under anodic potentials, and optimized water
management, while the fuel cell can be independently optimized for air stoichiometry,
humidification, and part-load efficiency. This generally improves design freedom and
may reduce control complexity during steady-state operation. On the other hand, sepa-
rate units require duplicated electrochemical hardware and, to a large extent, duplicated
balance of plant, leading to higher capital expenditure, greater footprint, and increased
integration effort.

These differences are summarized in Table 7.

Table 7. Comparison between reversible PEM architecture and separated PEM fuel cell/electrolyzer
systems.

Criterion

Reversible PEM (rPEM) Separate PEM FC + PEM WE

Electrochemical hardware

Shared stack core Two distinct stacks

Footprint

Lower Higher

Plant compactness

High Moderate to low

CAPEX of electrochemical block

Potentially lower due to hardware sharing Higher due to duplication

BoP sharing

Partial to high Limited

Design optimization

Compromise between FC and WE requirements Fully optimized for each mode

Control complexity High Moderate
Mode switching complexity High Low
Safety management during transitions Critical Less critical

Thermal integration

Shared but more complex

Easier to decouple

Maintenance strategy

More integrated, potentially more constrained

More modular

Operational flexibility

High in reversible operation, but constrained by
shared hardware

High through independent operation

Reliability under dual mode duty

Strongly dependent on reversible stack robustness

Higher component specialization

Pressure management

Must accommodate both low pressure FC and high
pressure WE regimes

Can be optimized independently

Suitability for compact storage systems

Excellent

Moderate

Suitability for large industrial multiunit plants

Promising but more complex

Mature and straightforward

Thermal integration

Shared but more complex

Easier to decouple

Maintenance strategy

More integrated, potentially more constrained

More modular

Operational flexibility

High in reversible operation, but constrained by
shared hardware

High through independent operation

Reliability under dual mode duty

Strongly dependent on reversible stack robustness

Higher component specialization

Pressure management

Must accommodate both low pressure FC and high
pressure WE regimes

Can be optimized independently

Suitability for compact storage systems

Excellent

Moderate

Suitability for large industrial multiunit plants

Promising but more complex

Mature and straightforward

From a techno-economic perspective, the reversible approach is likely to be preferable
when footprint reduction, integration, and hardware minimization are more important than
full mode-specific optimization. This is typically the case for compact stationary systems,
modular containerized units, remote installations, and applications requiring frequent
alternation between charging and discharging. Separate fuel cell and electrolyzer units may
instead remain advantageous in applications where the two modes operate on different
schedules, where maintenance accessibility is critical, or where maximum single-mode
efficiency is prioritized over architectural compactness.

In the present study, the reversible architecture is selected because the target applica-
tion emphasizes compactness, symmetric hydrogen throughput, and integration within
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a containerized 100 kW /300 kW system. Under these assumptions, the reduced footprint
and the sharing of key subsystems represent a meaningful advantage, provided that the
control system is sufficiently robust to manage transient phases and dual-mode constraints.

The preliminary design carried out in Section 4.1 provides a concrete, component-level
substantiation of the arguments discussed above. The main advantages of the reversible,
containerized configuration over a separated FC + WE system can be quantified along
four axes.

A single TPEM stack (480 x 480 mm cross-section, ~700 mm length, design
mass ~ 650 kg) simultaneously fulfils the 100 kW FC and 300 kW WE duties. In a sepa-
rated architecture, two distinct electrochemical units would be required, each with its own
end-plates, current collectors, tie rods and hydraulic manifolds. The reversal of polarity
and the mechanical design dominated by the WE high-pressure condition (30 bar(g)) result
in a stack that structurally resembles a PEM electrolyzer—as anticipated in Section 4—while
still being dimensionally compatible with a standard 40 ft container.

Because the WE mode produces hydrogen directly at 30 bar(g), the gas can be routed
to the storage buffer without any intermediate recompression. In a system where the
electrolyzer operates at lower pressure, an additional H, compressor would be required to
reach storage conditions—a component that introduces parasitic electrical consumption
(typically 15-20 kW for the 67 Nm? /h flow rate of this plant), mechanical complexity and an
additional ATEX-classified rotating machine inside the container. The asymmetric pressure
strategy (Section 4.1) therefore translates directly into a reduction in both installed power
and plant footprint.

The design demonstrates multiple instances of true hardware sharing between the
two modes. The 125 kW dry-cooler (Kelvion LF-PA202L3H-Kelvion Holding GmbH,
Herne, Germany) handles the entire heat rejection of both FC and WE operation through
a single technical-water loop: in both modes the stack thermal duty is ~100 kW and
the aftercooler contributes a further 11 kW in FC mode, giving the same total dissipa-
tion. The 500 L deionised water tank and the LEWA diaphragm pump serve opposite
water balances—a net surplus of ~43 kg/h in FC and a net demand of ~54.5 kg/h in
WE—without duplicating any hydraulic circuit. The same Classic Filters SH5425.841 coa-
lescing separator is installed on both the Hy and O, lines (the O; unit being oxygen-cleaned
to ASTM G93), and the same Kelvion GBS 400H plate heat exchanger family serves as
both the aftercooler (26 plates) and the DI/technical-water stack exchanger (40 plates),
simplifying procurement, spare-parts management and maintenance qualification.

All active subsystems are integrated within a standard 40 ft container organized into
five functional skids. The largest single footprint belongs to Skid 3 (air/O, management) at
1600 x 1500 mm, driven by the 770 kg oil-free compressor (1350 x 1250 x 1770 mm). The
complete system—including stack, power electronics, thermal management, gas condition-
ing, water treatment and nitrogen safety circuit—is therefore self-contained, transportable
and deployable without on-site civil works beyond the connection of external utilities (grid,
water supply, dry-cooler).

These outcomes confirm the assessment of Table 4: the reversible containerized archi-
tecture delivers a meaningful advantage in compactness and hardware minimisation rela-
tive to separated systems, provided that the control complexity of dual-mode operation—in
particular the nitrogen purge sequences and the pressure reconfiguration described in
Sections 4.3 and 4.4—is properly managed. The trade-off between hardware reduction
and operational complexity is therefore the central design tension of rPEM technology,
and the quantitative results of this study show that it can be resolved favourably at the
100 kW /300 kW scale through careful co-design of the electrochemical operating envelope
and the BoP architecture.
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4.3. Control Strategy for Reversible PEM System Operation

The operation of a reversible PEM system requires a supervisory control architecture
significantly more sophisticated than that of conventional single-mode electrochemical sys-
tems. This is due to the need to coordinate electrochemical conversion, gas routing, water
supply, thermal regulation, pressure management, and safety logic under two fundamen-
tally different operating modes. The control problem is therefore inherently multi-domain,
involving electrical, thermal, fluid dynamic, and process-safety variables.

At the highest level, the system controller determines the operating mode as a function
of external power demand, hydrogen storage state, grid or renewable power availability,
and system readiness. Fuel cell mode is typically activated when electrical power is
required and a sufficient hydrogen inventory is available. Water electrolysis mode is
instead selected when excess electrical power is available and the hydrogen storage system
has remaining capacity.

Once the operating mode has been selected, the supervisory controller must ensure
that all boundary conditions required for safe and efficient stack operation are met before
electrochemical current is applied. This includes verification of gas-line pressure, purge
completion, coolant circulation, humidity conditions, and valve positions. As a result, the
reversible PEM system is best controlled through a hierarchical architecture with three main
levels: a supervisory energy management layer, a process coordination layer, and a fast
actuator/control layer.

The supervisory layer evaluates system objectives such as energy balancing, hydrogen
storage utilization, and power dispatch. For the configuration considered in this work, this
layer must reconcile a 100 kW fuel cell discharge capability with a 300 kW electrolyzer
charging capability and with a hydrogen storage buffer of approximately 200 kWh. Because
the hydrogen throughput is designed to be symmetric at approximately 6 kg h~!, supervi-
sory decisions must also account for the temporal balance between hydrogen production
and consumption.

The process coordination layer is responsible for preparing and stabilizing the system
in the selected mode. In fuel cell operation, this includes hydrogen pressure regulation to
approximately 2.5 bar, cathode air supply control, humidification to about 90% relative
humidity, and thermal stabilization around 70 °C. In electrolyzer mode, the same layer
must ensure deionized water availability, oxygen handling readiness, pressure buildup
toward 30 bar, and thermal stabilization around 65 °C. These conditions are substantially
different and require explicit reconfiguration of the fluidic and thermal network.

The actuator layer performs the fast regulation of physical variables such as stack
current, coolant flow, hydrogen recirculation, compressor speed, humidifier duty, and
valve positioning. Local PID or model-based loops are particularly suited for this level,
since they must respond rapidly to variations in current demand, temperature, or pressure.
Current control is especially important because it directly affects both electrochemical
performance and thermal generation. Similarly, pressure control must maintain stable
differentials across the stack while avoiding excessive transients that could damage seals or
accelerate degradation.

A robust control strategy should monitor at least the variables listed in Table 8.

An important feature of the control strategy is the need to coordinate efficiency op-
timization with durability preservation. For example, operating at high current density
may maximize power throughput in the short term, but it also increases overpotentials,
thermal stress, and water-management sensitivity. The controller should therefore avoid
unnecessarily aggressive transients and should favour smooth ramping, particularly during
startup and shutdown.
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Table 8. Main controlled and monitored variables in the reversible PEM system.

Variable FC Mode WE Mode
Stack current Controlled Controlled
Stack temperature ~70°C ~65 °C
Hydrogen pressure ~2.5 bar up to 30 bar
Air/Oxygen line Controlled Controlled/vented
pressure
Relative humidity ~90% on FC side Managed through water loop
Coolant flow rate Controlled Controlled
DI water flow Minimal/auxiliary Main process variable
Hydrogen purity High High
Nitrogen purge flow During transitions During transitions
Valve states Managed Managed
Variable FC mode WE mode

In practical deployment, advanced control techniques such as model predictive control
may be especially beneficial for rPEM systems. Because the process includes coupled
constraints on pressure, temperature, storage level, and power demand, predictive control
can improve transient management and reduce oscillatory behavior. Even when simpler
PID-based structures are used at the lower level, a model-based supervisory layer remains
highly desirable.

Overall, the control system is not a secondary design element but a central enabling
technology for reversible PEM operation. The effectiveness of the integrated architecture
depends directly on the ability of the controller to manage shared components under
strongly different electrochemical and thermodynamic conditions.

4.4. Dynamic Operation and Mode Switching Analysis

One of the most distinctive features of a reversible PEM system is its ability to alternate
between hydrogen production and power generation using the same electrochemical core.
This characteristic introduces an additional degree of operational flexibility, but it also
creates one of the most critical engineering challenges of the entire system, namely the safe
and efficient transition between fuel cell and electrolyzer modes.

In steady-state operation, the system behavior can be described by the calibrated
electrochemical and thermal models discussed in the previous sections. However, during
mode transitions, the plant enters a transient regime in which pressures, gas compositions,
temperatures, and fluid routing states evolve simultaneously. If not properly managed,
these transients can lead to gas crossover, local starvation, membrane dehydration or flood-
ing, large pressure gradients, and electrochemical stress. For this reason, switching between
modes must be treated as a controlled sequence rather than as an instantaneous command.

A typical transition from fuel cell to electrolyzer operation begins with a controlled
reduction in stack current to zero, followed by isolation of the reactive gas lines and de-
pressurization or rebalancing of the relevant process volumes. Since hydrogen and oxygen
must never coexist in unsafe concentrations in the stack or manifolds, an intermediate
purge phase is required. In the present architecture, nitrogen is used for this purpose,
ensuring removal of residual gases from the BoP and from the stack channels before the
new operating mode is initiated. After purging, the system is reconfigured by switching
the appropriate valves, activating the deionized water supply path, and progressively
increasing pressure and flow conditions suitable for electrolyzer operation. Only once
temperature, pressure, and water recirculation are stabilized can current be applied in
WE mode.
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The reverse transition, from electrolyzer to fuel cell operation, is equally critical. In this
case, the stack must first be brought to zero current, oxygen-handling lines must be safely
vented or isolated, and residual oxygen must be removed from the electrochemical core
and gas manifolds. The hydrogen circuit is then conditioned for FC operation by reducing
pressure from the high-pressure WE level toward the fuel cell setpoint of approximately
2.5 bar and by restoring the required humidification conditions. Since FC mode relies
on air feed rather than anodic water supply, the cathode side must be reconfigured as
well, including compressor startup and humidifier stabilization. The switching procedure
demonstrates that reversible PEM operation requires strict sequencing and multi-variable
coordination, with particular attention to:

e  Gas separation (H,/0O»);

e  Pressure gradients across the membrane;
e  Thermal continuity;

e  Water management reconfiguration.

Failure to properly control any of these aspects may result in performance degradation,
safety risks, or irreversible stack damage. The switching sequence discussed in this section
is intended as a qualitative operating framework and is not derived from a dedicated
transient multiphysics simulation. The present analysis identifies the main actions required
for a safe transition between FC and WE operation, including controlled current ramp-
down, gas isolation, nitrogen purging, pressure equalization, reconfiguration of the fluidic
paths, and thermal stabilization. The duration of these phases is not quantified in the
present study because it depends on stack and manifold volumes, valve characteristics,
purge-flow rates, pressure levels, coolant-loop inertia, and control settings. These dynamic
sequences are summarized conceptually in Table 9. The present work does not simulate
the full transition. A predictive switching model, undergoing and as future work of the
authors, will solve species balances for Hy, O, N, and water vapor; pressure dynamics in
stack and manifolds; thermal inertia; crossover flux; valve and purge flow; and auxiliary
energy. Accordingly, Table 9 is presented as a safety-oriented operating logic rather than
a validated transition-time prediction.

Although the transient switching process is not explicitly simulated, its system-level
implications are considered in the proposed architecture. In particular, the nitrogen purge
system, multi-way valve network, pressure-control devices, hydrogen-storage buffer, and
shared cooling loop are included to enable safe and controlled mode transitions. These
components affect the balance-of-plant sizing and operational strategy, since frequent
switching may increase purge consumption, auxiliary energy use, and thermal-control
requirements. For this reason, the proposed operating strategy is based on buffered
scheduling, in which the hydrogen storage system reduces the need for rapid alternation
between FC and WE modes.

Finally, the procedure emphasizes the importance of pre-start validation and con-
trolled startup phases. These steps ensure that all boundary conditions are stable before
reintroducing electrochemical current, thereby minimizing transient stress and ensuring
reproducible operation. The inclusion of leak checks and system integrity verification
further reinforces the safety-oriented design philosophy of the reversible system. The
switching sequence is presented as a qualitative operating logic only. Transition duration,
purge consumption, gas composition dynamics, pressure evolution and auxiliary-energy
penalties were not simulated and must be addressed in future transient modelling and
experimental work.
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Table 9. Main phases of mode switching in the reversible PEM system.

Step

Phase

FC to WE Transition

WE to FC Transition

Controlled Variables

Critical Constraints

Load ramp-down

Reduce FC current to 0 A with controlled
ramp (e.g., <5%/s)

Reduce WE current to 0 A with controlled ramp

Stack current, temperature

Avoid thermal shocks and local
starvation

Electrical isolation

Open DC converter/isolate load

Disconnect power supply from electrolyzer

Voltage, current

Prevent uncontrolled current flow

Gas isolation

Close H; and air supply valves

Close H, and O lines

Valve states, pressure

Ensure separation of reactive gases

Pressure equalization

Stabilize system at intermediate pressure
(~2-5bar)

Depressurize from WE pressure (30 bar —
~3 bar)

Pressure sensors, regulators

Avoid large AP across membrane

Nitrogen purge activation

Inject N; in anode/cathode lines

Inject N in both sides of stack

N, flow rate, gas composition

Remove residual H, /O, to avoid
explosive mixtures

Gas concentration
verification

Ensure H; < LFL and O, below threshold

Ensure O; removed from system

Gas sensors

Safety-critical step

Fluidic reconfiguration

Switch valves toward DI water loop and
oxygen vent

Switch valves toward air compressor and
humidifier

Valve states

Ensure correct routing topology

Water system activation

Start DI water pump and recirculation loop

Stop DI water feed (keep purge if needed)

Flow rate, conductivity

Maintain water purity (<1 uS/cm)

Air/O; system configuration

Prepare O, venting path

Start air compressor and humidification

Air flow, humidity

FC requires controlled RH (~90%)

10

Hydrogen loop conditioning

Increase pressure toward WE level (~30 bar)

Reduce pressure to FC level (~2.5 bar)

Pressure regulators, flow rate

Avoid membrane mechanical stress

11

Thermal stabilization

Adjust coolant loop to ~65 °C

Adjust coolant loop to ~70 °C

Coolant flow, temperature

Maintain AT < £2 °C across stack

12

Leak and safety check

Verify no leaks after reconfiguration

Verify integrity of gas circuits

Pressure decay, sensors

Mandatory before restart

13

Pre-start stabilization

Ensure steady pressure, temperature, flows

Ensure stable FC boundary conditions

All process variables

System readiness verification

14

Controlled startup

Apply WE current with ramp

Apply FC load with ramp

Current, voltage

Avoid overshoot and transient stress

15

Steady-state validation

Confirm stable electrolysis operation

Confirm stable FC operation

Efficiency, voltage

Final validation step
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4.5. Design Summary

Table 10 provides a comprehensive overview of the main design parameters and
subsystem functions of the proposed reversible PEM system, highlighting the multi-domain
nature of the plant and the strong interdependence between electrochemical, thermal,
and fluidic processes. The system is centered around a reversible PEM stack capable of
operating as a 100 kW fuel cell and a 300 kW electrolyzer, reflecting an asymmetric power
configuration that prioritizes rapid hydrogen production while maintaining sufficient
discharge capability. The electrochemical core consists of a single reversible PEM stack
comprising 91 cells electrically connected in series. Each cell has an active area of 1500 cm?,
resulting in a nominal stack current of 1500 A at a current density of 1.0 A cm~2. In
water-electrolysis mode, the nominal cell voltage is 2.2 V; therefore, the total stack voltage
is 200.2 V and the corresponding gross electrical power input is approximately 300 kW. In
fuel-cell mode, the same stack is designed to deliver 100 kW at the same nominal current
density. The corresponding nominal stack voltage is 66.7 V, equivalent to an average cell
voltage of approximately 0.733 V. The selected 91-cell configuration therefore provides
an electrically consistent basis for the proposed 100 kW FC/300 kW WE reversible system.

The electrochemical core operates under significantly different conditions in the
two modes, with pressures ranging from 2.5 bar in fuel cell operation to 30 bar in elec-
trolyzer mode, and temperatures maintained within a narrow range between 65 °C and
70 °C. This dual operating envelope imposes stringent design requirements on materi-
als, sealing, and mechanical robustness. In particular, the stack must withstand repeated
pressure cycling while maintaining gas tightness and electrochemical performance. The
hydrogen subsystem is designed around a symmetric flow rate of approximately 6 kg h—!,
ensuring a balanced relationship between hydrogen production and consumption. The in-
clusion of a storage system with a capacity of approximately 200 kWh provides a one-hour
buffer at nominal fuel cell operation, enabling partial decoupling between electrolyzer and
fuel cell modes. This buffering capability is essential for reducing the frequency of mode
switching and for accommodating fluctuations in external power demand or renewable
energy availability. The air and oxygen subsystem reflects a clear distinction between
the two operating modes. In fuel cell mode, a high air flow rate (on the order of 400 kg
h~1) is required to supply oxygen for the electrochemical reaction, necessitating the use
of a compressor and humidification system. In electrolyzer mode, oxygen is produced as
a byproduct and is vented externally, simplifying system design and avoiding the need for
oxygen storage. This choice reduces complexity and safety constraints but also implies that
potential valorization of oxygen is not exploited.

Water management is a defining feature of the electrolyzer operation. The deionized
water subsystem must provide a continuous and high-purity supply, with conductivity
levels below 1 uS/cm to prevent contamination and degradation of the membrane. The
integration of filtration, purification, and recirculation components ensures stable operation
at the 300 kW scale. In contrast, water plays a secondary role in fuel cell mode, where hu-
midification is required primarily to maintain membrane hydration. Thermal management
is implemented through a shared cooling loop, with flow rates exceeding 20 m3 h~! to
handle the heat generated in both modes. The use of a common thermal system increases
integration efficiency but requires careful control to accommodate the different thermal
profiles of fuel cell and electrolyzer operation. Maintaining temperature uniformity across
the stack is critical for both performance and durability.
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Table 10.

Summary of system design parameters and subsystem functions for the 100 kW /300 kW reversible PEM plant.

Subsystem

Parameter

Value/Range

Function

Notes

Electrochemical core (rPEM stack)

FC nominal power
WE nominal power
Operating temperature
Operating pressure
Current density range
Stack configuration

100 kW
300 kW
70 °C (FC)/65 °C (WE)
2.5 bar (FC) /30 bar (WE)
0-1.7 A/cm? (FC), 0-0.9 A/cm? (WE)
Reversible PEM with cells in series

Power generation
Hydrogen production

Performance optimization

Gas management

Electrochemical operation

Fuel cell mode
Electrolyzer mode
Narrow tolerance required
Dual-pressure design constraint
Based on experimental curves

Dual-mode operation Shared MEA and hardware
H, flow rate ~6 kg /h (symmetrical) Energy carrier Balanced FC/WE design
Storage capacity ~200 kWh (~1 h FC operation) Buffering Decouples production/consumption
Hydrogen subsystem Storage pressure up to 30 bar Compatibility with WE output No recompression needed
Purification H,/H,0 separator + dryer Gas quality Required for FC durability
Recirculation Active loop (blower/ejector) Efficiency improvement Reduces H; losses
Air flow rate (FC) ~400-420 kg/h Oxidant supply Includes compressor
) Air pressure 2-3 bar Cathode operation Controlled via compressor
Air/Oxygen subsystem Oxygen handling (WE) Vent to atmosphere Safety and simplicity No storage implemented
Humidification

Water (DI) subsystem

Water consumption

Water flow rate
Purity
Components

RH ~ 90% (FC)
~9 kg/kg Hy (+43 Kg/h_H,0 in FC
mode, —54.5 Kg/h_H,0 in WE)
Sized for 300 kW WE
<1 uS/cm
Tank, filter, purifier, pump

Membrane hydration
Electrolysis feed

Continuous supply
Stack protection

Supply loop

Critical for FC mode
High purity required

Includes recirculation
Avoid contamination
Integrated skid

Thermal management

Coolant flow rate
Cooling type
Temperature control

~20-22 m3/h (~100 kW cooling)
Closed-loop + dry cooler
65-70 °C

Heat removal
Temperature control
Stability

Shared between modes
External heat rejection
Key for durability

Balance of Plant (BoP)

Nitrogen purge system
Valve network

Sensors

Integrated (100L stored at 200 bar for up
to 30 purging events)
Multi-way switching valves
Pressure, temperature, flow, gas
composition

Safe transitions
Fluid routing

Monitoring

Mandatory for switching
Enables reversibility

Required for control

Power electronics

Converter
Control interface

AC/DC +DC/DC
PLC/SCADA

Mode switching
System supervision

Bidirectional operation
Centralized control

Containerized layout

Configuration
Safety zoning
Ventilation

Modular skid-based
ATEX/non-ATEX separation
Dedicated vent lines

Integration
Risk mitigation
Gas safety

Scalable design
Compliance with standards
Includes O, venting

System-level performance

Round-trip capability
Dynamic response

Switching time

FC + WE cycle
Controlled ramping
Switching time: not quantified in the
present study; it depends on purge,
pressure equalization, fluidic
reconfiguration, and thermal
stabilization.

Energy storage
Stability

Mode transition

Depends on efficiency
Limited by thermal inertia

Depends on purge + stabilization
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The balance of plant includes several key elements that enable reversible operation,
such as nitrogen purge systems, multi-way valve networks, and extensive sensor arrays.
These components are essential for safe mode switching, real-time monitoring, and system
control. In particular, the nitrogen purge system plays a central role in preventing hazardous
gas mixtures during transitions.

Power electronics and control systems provide the interface between the electrochem-
ical system and the external grid or load. The use of bidirectional converters enables
seamless transition between power generation and hydrogen production, while a cen-
tralized PLC/SCADA system ensures coordinated control of all subsystems. The con-
tainerized configuration further enhances the practicality of the design by integrating all
components into a modular, skid-based layout with clear separation between ATEX and
non-ATEX zones. This approach supports scalability, ease of installation, and compliance
with safety standards.

From a system-level perspective, Table 10 highlights that the reversible PEM plant
is not simply a combination of individual subsystems but a tightly integrated energy
system in which each component must be designed and operated in coordination with
the others. The interplay between hydrogen storage, thermal management, water supply,
and electrochemical performance defines the overall system behavior and determines its
efficiency, flexibility, and reliability.

5. Conclusions

This work presents a comprehensive framework for linking electrochemical modeling
to system-level design in PEM reversible fuel cell systems. The contribution of this study is
threefold:

(i) A semi-empirical reversible PEM cell model calibrated in both FC and WE modes.

(ii) A transparent fit assessment based on polarization curves, residuals and error metrics.

(iii) A preliminary 100 kW FC/300 kW WE sizing case translating calibrated cell behaviour
into stack rating, hydrogen throughput and major BoP duties. The work does not
claim large-stack validation, transient switching prediction, or a complete techno-
economic comparison with separate devices.

The calibrated model achieves high predictive accuracy and demonstrates robustness
across both operating modes. The transition to a 100 kW system highlights the feasibility
of scaling rPEM technology for real applications. The integration of thermal and elec-
trochemical analysis provides valuable insights into efficiency optimization and system
operation. The results demonstrate that accurate electrochemical calibration is a prerequi-
site for reliable system design. Without proper calibration, errors at the cell level would
propagate to the system level, leading to incorrect sizing and performance estimation. The
proposed system architecture, based on symmetric hydrogen flow and integrated storage,
provides a practical solution for medium-scale energy storage applications. The use of high-
pressure operation in electrolyzer mode improves hydrogen storage density but introduces
additional electrical demand, highlighting the trade-offs involved in system optimization.

The duration of each phase depends on stack size, manifold volume, pressure levels,
purge effectiveness, and thermal inertia. Even without a full transient simulation, several
qualitative conclusions can be drawn. First, transitions are not negligible compared with
steady-state operation, especially in systems subject to frequent mode changes. Second,
mode switching introduces parasitic consumptions associated with purging, compression,
pumping, and thermal stabilization. Third, repeated transitions may affect long-term
durability if pressure gradients and hydration conditions are not carefully controlled.

For these reasons, the operating strategy of the 100 kW /300 kW system should avoid
unnecessarily frequent alternation between modes. A buffered scheduling logic is prefer-
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able, in which the electrolyzer is activated when surplus electricity is available over a
sufficiently long interval and the fuel cell is activated when sustained discharge is required.
The presence of a 200 kWh hydrogen storage buffer supports this strategy by decoupling,
to some extent, the temporal mismatch between hydrogen production and power gen-
eration. In other words, the storage subsystem reduces the need for rapid oscillation
between charging and discharging states and thereby mitigates transient stress on the
reversible stack.

From a dynamic standpoint, the reversible architecture differs significantly from
separate FC and WE units. In a separated system, switching from one conversion pathway
to the other does not require internal electrochemical reconfiguration; instead, one unit can
simply be turned off while the other is activated. This drastically simplifies transitions and
reduces purge requirements. In the reversible case, by contrast, the same core hardware
must be brought through a complete change in fluidic and electrochemical boundary
conditions. This is precisely where the benefits of compactness and hardware sharing are
counterbalanced by increased process-control complexity.

Nevertheless, the reversible approach remains highly attractive when mode switching
is managed intelligently. If the supervisory controller minimizes unnecessary transitions,
enforces safe intermediate states, and uses storage as a temporal buffer, the system can
achieve a favorable compromise between compactness, flexibility, and efficiency. In this sense,
dynamic operation should not be viewed solely as a constraint but as a design dimension
that must be explicitly incorporated into both hardware layout and control architecture.
Overall, the used approach shows that mode switching in a reversible PEM system is not
an instantaneous event but a structured and multi-stage process. Compared to systems
with separate fuel cell and electrolyzer units, where switching simply involves activating or
deactivating independent devices, the reversible architecture requires a carefully orchestrated
sequence of operations. This increased complexity is the direct consequence of hardware
sharing and represents one of the key challenges associated with reversible PEM technology.
The comparison with separated fuel cell and electrolyzer units shows that the reversible PEM
concept is particularly advantageous when compactness, subsystem sharing, and integrated
operation are prioritized. However, these advantages can only be realized through a carefully
designed control architecture and a robust mode-switching strategy. The present analysis
highlights that reversible operation is not merely a matter of combining two electrochemical
modes in a single stack, but rather of designing an integrated multi-domain energy system in
which electrochemical, thermal, fluidic, and safety constraints are strongly coupled.

The proposed methodology can be extended to larger systems and different operating
conditions, providing a solid foundation for future development of hydrogen-based energy
storage technologies.
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Abbreviations

The following abbreviations are used in this manuscript:

Latin Symbols
Ao External area of the cell [cm?]
Amem Membrane area [cm?]
Cp,cool Specific heat capacity of the cooling fluid [J/ (kg-K)]
E Internal energy of the cell [J]
F Faraday’s constant [96,485 C/mol]
AG® Standard Gibbs free energy change [J/mol]
AH® Standard enthalpy [J/mol]
he Heat transfer coefficient [W/ (m?-K)]
Lstack Stack current [A]
i Current density [A/cm?]
Jo Exchange current density [A/cm?]
jL Limiting current density [A/cm?]
Meell Mass of the cell [kg]
Neell Number of cell [-]
n; Number of electrons transferred [-]
N, Molar flow rate of hydrogen [mol/s]
nH,0 Molar flow rate of water [mol/s]
no, Molar flow rate of oxygen [mol/s]
AS° Standard entropy cell [J/ (mol-K)]
P, Electrical power [W]
P i Specific pressure of hydrogen [-]
P* o2 Specific pressure of oxygen [-]
Qc'ool Heat rate removed by cooler [W]
Ql;)ss Heat loss with ambient by the cell [W]
R Universal gas constant [8.314 ]/ (mol-K)]
Ronm Ohmic resistance [()]
Rother Other electrical resistance different form membrane [()]
Rinem Membrane electrical resistance [()]
T Operating temperature [K]
Teool,in Cooling refrigerant inlet temperature [K]
Teool out Cooling refrigerant outlet temperature [K]
Veelr Cell voltage [V]
Voco Open circuit voltage [V]
Vieo Reversible voltage [V]
Vin Thermoneutral voltage [V]
Vol Electrode volume [m®>]
Wy, Heat generated by the cell due to electrical work [W]
Z; Number of electrons transferred per ion [-]
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Greek Symbols
n Charge transfer coefficient [-]
Om Membrane thickness [cm]
Hact Activation overpotential [V]
Hohm Ohmic overpotential [V]
Wt Mass transport overpotential [V]
A Membrane water content [-]
o} Overall heat transfer coefficient [W/K]
Om Membrane ionic conductivity [S/cm)]
Subscripts
an Anode
cat Cathode
FC Fuel cell mode
WE Water electrolysis mode
mem Membrane
rev Reversible
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