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Abstract

Although water-related issues are no stranger to conventional fuel cells, unitised regenerative fuel
cells (URFC) sustain amplified effects from this condition due to their transition states. Fuel cell (FC)
mode start-ups post water electrolyser (WE) operations suffer significantly due to flooding. Past
studies validated the significance of water and heat distribution towards the dynamic response of
URFC. Due to complications involved in the numerical study of mode change conditions, this paper
suggests the basic procedures required for numerical analysis of the WE to FC mode conversion in a
URFC where the final result of each mode is taken as the initial result for the next one. Water removal
through gas purging is currently one of the best methods to reduce transient time and increase FC
start-up efficiency. However, crucial purging conditions such as operating current density,
temperature and purging period play an important role in the successful transition. Lower operating
current density, ranging below 0.024/cm’ is reported to have a smoother transition compared to
current density above 0.124/cm’. Gas purge relative humidity is only effective up to 4% at the anode
and poses no effect during a severe flooding condition. Furthermore, the temperature has the lowest
response towards the cell heat source, increasing the transient period. The cell experiences high WE
mode efficiency at 80°C, but it suffers significant catalytic loss. The insight will provide a more
profound comprehension of water management during WE mode and a suitable administrative method
to achieve smooth FC start-ups.

Keywords: Unitised regenerative fuel cell, Mode transition, Water electrolyser, Computational Fluid
Dynamics.

1. Introduction

Amidst the ever-expanding technological innovation, environmental consciousness concurrently
grows towards an ultimate sustainable ambition. The advancement in fuel cell technologies leads to a
steady increase in the reliance on hydrogen as an energy source for renewable energies. One of the
most common challenges for renewable energies is their intermittent nature. Hence, a practical and
consistent technology is required to produce clean energy without interruption [1,2]. A cost-effective
energy-storage and production device termed a unitised regenerative fuel cell (URFC) can be adapted
to counteract these irregularities. A URFC is a device that can perform both the functions of a discrete
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fuel cell and a water electrolyser under one unitised system as shown in Figure 1[3]. The additional
transient states of this device also translate to a more complicated dynamic response where water and
temperature-related issues concerning mode changes are critical [4]. Maintaining an optimal hydration
environment is complicated for a URFC, especially during mode changes, particularly from water
electrolyser (WE) mode to fuel cell (FC) mode conversion. Therefore, understanding the significance
of mode conversions towards water distribution can preserve the cyclic efficiency and lifespan of a
URFC. Water is understood to behave differently during both FC and WE modes. FC mode start-up is
more complicated after WE operation due to residual water flooding the oxygen side electrodes. Water
removal ensures a smooth operation and start-up of FC [5]. Hence, various reports have shown that
residual water removal promotes mass transfer, leading to a smoother FC start-up. Past studies have
proposed several methods to direct water content, such as inlet relative humidity, gas purging, and
current density [6-8]. Excessive water removal leads to overpotential concentration and potential local
hotspots at the electrodes. With an interest in fuel cell technology, extended study is always
recommended to considerably reduce water and temperature-related issues to achieve highly feasible
cyclic efficiency and a more durable cell. Therefore, this paper will provide a short insight into the
significance of WE to FC mode conversion and how it will affect the dynamic response of a URFC,
leading to an overall performance increase.

Electrolyser mode

Fuel Cell mode

Figure 1. Schematic of a URFC at electrolyser and fuel cell mode.

2. Unitised regenerative mode change
2.1. Water electrolyser mode operation

The WE mode of a URFC displays the regeneration of gaseous hydrogen and oxygen by the
water splitting process. Theoretically, the current direction is changed during the phase where the
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polarity of the electrodes is reversed. The equations for water splitting are shown in equations (1) to

Q).

Anode: 2H,0 — 0, + 4H  4e™ (1)
Cathode:4H* + 4e~ — 2H, ()
Overall equation: External energy + 2H,0 — 2H, + 04 3)

Unlike FC, WE mode demands external energy. In most cases, it is the electrical energy that
initiates the electrolysis process, where hydrogen gas is generated. The accommodation for oxygen
evolution reaction (OER) during water electrolysis presents durability issues of electrocatalysts [9],
which disrupt the proceedings of FC operation. However, if fuel starvation had been avoided, the post-
FC operation would not be much of an issue for a WE mode start-up. A study reported that regardless
of FC current density and water production, the values are not sufficient to initiate and sustain
electrolysis operation for WE mode[10]. Therefore, a delayed water supply during WE mode start-up
causes a voltage overshoot that might permanently damage secondary equipment such as the
peristaltic pumps [11]. During WE mode operation, flooding and dehydration are the most common
issues that disrupt its proceedings. Klose et al. [12] showed that flooding is mitigated by reducing 4%
of anode's relative humidity. Correspondingly, Immerz et al. [13] revealed that dehydration of the
anode electrode would reduce protonic conductivity, thus reducing WE mode performance. Unlike
FC, where the start-up procedure and operation are highly affected by residual water from WE mode
operation, WE mode is primarily sensitive to the supplied water and not the prior operation of FC.

2.2. URFC modelling

Generally, FC can be modelled in numerical analysis using a zero, one, two, or three-
dimensional model. Aubras et al. [14] showed the significance of using a dimensionless proton
exchange membrane (PEM) water electrolyser model. They showed that the dimensionless model
provides large amounts of data for hierarchical learning due to a speedier computing period.
Additionally, the performance of the PEM water electrolyser is assessed through the Wagner number,
which determines the membrane dehydration condition. Guarnieri et al. [15] reported that
dimensionless fuel cell models are often adapted with the intention of performance forecasting through
numerical optimisation. Dimensionless models often exhibit preliminary-based results despite the low
computational time. Chandesris et al. [16] adopted a one-dimensional model for a PEM water
electrolyser where the domains from zero-dimensional models are connected to the appropriate
boundary conditions. This model revealed that the degradation that primarily occurs at the hydrogen
side of the electrode is primarily due to operational temperature. Springer et al. [17], in their one-
dimensional PEM fuel cell model, demonstrated that using a thinner membrane reduced the overall
cell resistance. However, complex values such as heat flux or inlet humidification are one of its many
constraints. Regarding modelling mode changes, the multi-physics mathematical model is usually
opted for and typically achieved through a two or three-dimensional model.

Xiao et al. [18], in their two-dimensional URFC model, showed the transient response during
mode change procedures where various heat generations such as Joule heat, reaction heat and heat
through activation polarisation are considered. They revealed that the resulting overall temperature is
the highest at the membrane during WE mode operation and is exothermic for both modes. Similarly,
Wang et al. [19] set a two-dimensional URFC model to analyse operating parameter distribution
during mode changes. The operating parameters of hydrogen, oxygen, water mass fraction, and
electrolyte potential have all responded to the jump in voltage through mode change. Another study
that adopted the two-dimensional URFC model revealed that the transient response of gas mass
fraction in the flow channel, gas diffusion layer and catalyst layer showed a delay of roughly 0.2s
upon mode changes relative to the operating voltage [20]. The fuel cell start-ups and shutdowns are
expected in a conventional fuel cell, and a URFC considers WE mode start-ups and shutdowns and gas
purging procedures. Mode switching is of great significance towards the performance of a URFC [4],
and careful measures are adopted to prevent cell failure. Typically, these procedures are done through
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simulation software to be economically feasible. A more accurate representation of the cell would be a
complete three-dimensional model. Specific steps are required to account for the mode change. Three
solving procedures were introduced for a three-dimensional, mode-changing model of a URFC [21]
[22]. They are the steady-steady WE mode, transient gas purging (GP) period and transient FC mode
operation.

The modeling WE to FC mode for a URFC is to perform a steady state WE mode operation to
obtain the distributions and generations of reactants and products. The initial condition for the
transient GP period is calculated from the WE mode operation results. Similarly, the initial condition
for transient FC mode operation is adopted from the final results of the calculated GP period [21].
Prior to these procedures, a three-dimensional geometry or computational domain of the URFC cell is
modelled, where the meshing and boundary distributions are justified. The geometrical design of the
URFC shown in Figure 2 includes the bipolar plate (BPP) as the current collector, anode and cathode
inlet channel for reactant or product transport, gas diffusion layer (GDL) of two-phase species, catalyst
layer (CL) for reactions and proton-exchange membrane (PEM) for proton transport. During the WE
mode operation, liquid water enters the anode inlet, and water splitting occurs at the anode catalyst
layer [21]. Liquid water splits into hydrogen protons, electrons, and oxygen as stated in equation 1.
The hydrogen proton permeates through the membrane, and electrons flow through the external circuit
at the cathode to form hydrogen [23]. Additionally, the external circuit is switched off during the
transition of WE to FC mode for gas purging (GP) process to prepare for the FC mode condition [24].
During the gas purging process, hydrogen and oxygen reactants are supplied into the anode and
cathode to remove residual water along the flow channel during the operation of WE. FC mode is an
inverted process of WE, whereby water is produced as a byproduct. As the mode changes, the current
flow direction is changed to allow for the change in polarity that accommodates FC mode operation
[21]. Table 1 shows the symbols assigned to denote the geometrical parameters in Figure 2.

Table 1. URFC geometry parameters.

Symbols Parameters (mm)
Wsp Bipolar plate width
Wiib Rib width
Wen Channel width
Hgp Bipolar plate height
Hen Channel height
dGpL GDL thickness

Ol CL thickness
Omem Membrane thickness
Lgp Bipolar plate length
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Figure 2. Geometry of a single-channel URFC.

In most cases where modelling is involved for fuel cells, a single-channel model is commonly
opted for during the early phase of study [25, 26]. This is mainly due to the simplicity of the contact
surface area regardless of the flow field pattern, as shown in Figure 3. A minimal discretised number
of mesh is determined through a grid independence test (GIT), to obtain optimal results [28][29], and
the optimal results are plotted in a polarisation curve for either WE or FC [27].
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Figure 3. Meshing of a single-channel URFC.
For a 3D URFC model, the general assumptions to solve the governing equations include:

a) Gas is assumed to be an ideal gas [21][30];

b) Gas flow is laminar, fully developed and incompressible [19][21][31][18];
¢) PEM is impermeable to reactant gases [21][32];

d) Porous layers are isotropic and homogeneous [21] [33]

These assumptions are made subjectively to the study area and are relative to the study
objectives. Collective governing equations applicable in the mass transport and energy transport of
WE and FC are tabulated in Table 2.

The conservation of mass and momentum equation (as shown in equations (4) and (5)) and the
remarkable conservation of two-species mixtures (equation (8)) are applied for gas transport analysis.
The model adopted for analysis is assumed to be a closed system where the mass flowing in is
required to equal the mass flowing out. Equations (7) and (8) apply the mass equation and Darcy's law,
respectively, for the transport of dissolved water to define fluid flow through the porous medium. The
Nernst-Planck equation is a mass conservation equation used to demonstrate the movement of charged
species in a fluid medium (equation (9)). Similarly, the energy conservation equation shown in
equation (10) describes that the total energy in an isolated system is constant. Energy losses through
heat for the URFC model are neglected due to the system's low operational temperature. URFC
operational temperature is typically regulated between 20 — 90°C [39]. Determining equations will
lead to higher accuracy and better visualisation of how the parameters behave relative to each other.
Since electrochemical reaction occurs at the catalyst layer of both anode and cathode, current charges
are also generated and consumed in these layers. Butler-Volmer equation (11) is applied to express the
electrochemical reaction rate at these catalyst layers [21]. Nernst equation (12) is applied to express
the equilibrium potential of the oxygen catalyst layer, as the influence of reactant partial pressure is
negligible for numerical analysis.
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Table 2. URFC numerical governing equations.

Transport Governing Equations
Transport of | Mass conservation [31]
gaseous (7))
. a(e7Ip
t g —
mixture - + V(Pgug) =S, (4)
Momentum conservation [34] &)
Ee,Cf( L+ (uy V) (5 eff)
=7l + ) [Vug+(Vug)T]——( 2Tl | - ( (Efﬁ)z) u,
Special conservation for a two-species mixture [35]
94 +V-(=D¥TVc) + V- (cuy) =S,
ot ' 9 ! (6)
Liquid water | Mass equation for liquid phase [36]
transportation 8(e0n)
I &p1)
T ——+V(p1wy) = Sn1 %
Darcy's law [21]
2!
=Vp, = U
Kokrq ®)
Transport of | Nernst-Planck equation [21]
dissolved y
pmem Pmem eff ( ) _
t =
water W at( em )+ v( -DJJvA) +V 22Flmgm/1 Spw ©)
Energy Energy conservation equation [21]
transfer P
(D 06 )T) + D (55,Cpy1) - VT + (ke VT) = S (10)
Charge Butler-Volmer equation [37]
transfer
iy, =yl ef [ex (aaFn> —ex <— aCFn)]
Nerst equation [38]
E®1 =1.229 —9.0 x 10~*(T — 298.15) (12)
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3. Transient response
3.1. Water management

Water plays a critical role in the stability of URFC. FC and WE modes' electrochemical process
and performance are fundamentally associated with water transport [40]. During WE mode, water-
related issues are partly due to oxygen evolution reaction (OER) and hydrogen evolution reaction
(HER) [41]. The cell risks flooding without proper regulations since water is the reactant for the WE
mode. Klose et al. [12] showed that a minor change in relative humidity could increase the risk of cell
flooding. Different approaches are taken to counter flooding under a high WE mode current density.
Oxygen side porous layers' porosity at high current density conditions is critical for adequate water
removal [42]. Cruz et al. [43] opted for the use of modified titanium porous GDL to improve fluid
distribution and electrical conduction during WE mode operation. Fornaciari et al. [44] studied with a
mathematical model and reported that using a vapour-fed inlet reduces the cell's hydration value,
indicating the possibility of dehydration during WE mode operation. Immerz et al. [13] showed that if
water stoichiometric value is less than 5, dehydration is likely to occur at the anode catalyst layer and
membrane. The occurrence of dehydration during WE mode operation is low compared to cell
flooding. During mode change, reactant switching will significantly affect electrochemical reactions
[11]. Guo et al. [21], in their three-dimensional URFC model, showed that residual water at the
membrane region would cause FC start-up failure due to mass transport limitation.

One of the few methods to manage water content during mode change is GP. Ito et al. [24] 's
study reveals that high frequency resistance (HFR) indicates the membrane humidification. They
reported that membrane humidification initially increased and rapidly dropped through gas purging.
Pre-switching procedure of GP is also an effective method to remove residual water. Guo et al. [22]
reported that the water volume fraction within the porous layers decreased from 0.88 to 0.50 in just
one second. The effectiveness of the rest of the water will require a longer GP period. On the other
hand, Yuan et al. [45] suggested that a high GP flow rate is more desirable than a long GP period.
They further elaborate that an FC start-up at a current density of 1A cm™ requires an extended GP
time. Under normal operating conditions, a lengthy GP would risk creating the membrane dehydration
phenomenon. A prolonged dehydration phenomenon would lead to voltage undershoot and eventually
cause a start-up failure on FC [46]. On a condition of constant loading, the GP process is highly
dependent on the FC current density. In their experiment, Liu et al. [47] studied the dynamic effects of
water during FC start-up. They concluded that a low FC current density would lead to an optimal start-
up condition where temperature elevates at a higher current density and causes local hotspots. In
contrast, inefficient heat removal retards mode start-up.
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Figure 3. FC start-up at multi-reactant and current switch time gap [48].
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Residual water before FC start-up is also removed by increasing the time interval between the
reactant and current switch. Yuan et al. [48] revealed that water is removed through electrolysis during
a long time gap, increasing concentration overpotentially. Figure 3 shows that at a 300-second
interval, concentration overpotential is at its maximum value of 1.63 V. A high FC current density
could cause water starvation, damaging the membrane. Water starvation leads to other temperature-
related issues, as both variables affect one another.

Water management is a crucial parameter for a stable mode change operation of a URFC. WE
mode operation often suffers from water flooding due to the slow removal of water. Water in the cell
is typically managed through the GP process during mode change to avoid the FC start-up failure. A
sufficient time interval between reactant and current change also aids FC start-up, providing additional
time for residual water removal. In a nutshell, a higher flow rate of GP would result in a positive
environment compared to a longer purging process. Excessive water removal during the GP would
increase the cell's concentration overpotential and elevate the cell temperature. The effects of
temperature on URFC cells will be discussed in the next section.

3.2. Temperature management

URFC experiences greater overall degradation than a conventional fuel cell due to its additional
transient states. Literature has reported that the lifespan of a URFC is about 600 hours [49], and
conventional fuel cells are registered to achieve a lifespan of 5,000 to 20,000 hours [50]. Besides
water management, the temperature of URFC is another major factor contributing to cell degradation.
The operating temperature for a URFC system is between 20°C and 90°C [39]. The water removal rate
will be more efficient at an elevated temperature, but there is a risk of membrane dehydration. In their
experiment, Shin et al. [51] justified that the hydrogen discharge rate increases with temperature and
current density. Conversely, a study by Wang et al. [52] reveals that temperature non-uniformity
increases with current density. The condition appears at a low saturation value, where localised
hotspots are likely to occur and damage the cell. During mode change, the temperature is also
susceptible to changes. A study has revealed that the temperature has a slower response to the cell heat
source than current density[53].
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Figure 4. Temperature and current density response from WE to FC mode conversion[15]

The temperature profile was reported to have a relatively slower response than the current
density. Figure 4 shows an instant current density response due to the heat source during WE mode to
FC conversion. Additionally, the heat transfer process was also seen to have increased the transient
response time [54]. Guo et al. [31], on the other hand, reported that the average cell temperature is

> Process Engineering

e-ISSN: 2289-7771 'JA@P

118



Journal of Applied Science & Process Engineering
Vol. 12, No. 2, 2025

always higher than its initial temperature, regardless of the operational modes. The study from Liu et
al. [55] shows that reactant switching decreases the cell temperature during WE start-up due to low-
temperature water but increases with operation. Additionally, heat fluxes drastically reduce at both
electrodes during mode change due to reversible electrochemical reactions and a reduction in current
density [56].

Table 3. Percentage of catalyst loss at different operating temperatures [57]

Catalyst Percentage Lost

30°C 60°C
Platinum 48.3+£6.0 65.8+3.5
Iridium 54.0 +10.0 543+ 1.5

Besides a slow response time, the significance of temperature could also be observed through
physical degradation. Table 3 shows the percentage loss at two operating temperatures after three
cycles of URFC mode change. Catalytic loss accelerates with the operation of WE mode due to the
oxygen evolution reaction (OER) and worsens at an elevated temperature. Additionally, it promotes
the oxidation of the carbon-based catalyst support at high temperatures. Theoretically, the loss of the
electrochemical surface during cell start-up depends on the carbon support [58]. This further
determines that a high FC current density during start-up could potentially harm the membrane due to
temperature elevation. A study by Regmi et al. [59] achieved a 60% round-trip efficiency with an
average operating temperature of 80°C. They used the Pt-black and Ir-black bifunctional catalyst
layers to obtain a high-performance result. The Pt-black is sufficient to maintain a hydrogen oxidation
reaction that improves FC performance, and the Ir-black reduces performance loss during WE
operation. Therefore, catalyst material selection is crucial during the operation of FC at high current
density.

Thus, both temperature management and water management are crucial for URFC. Both factors
play an important role in cell degradation. Metallic-based catalysts typically reduce the temperature
response period towards the cell's heat source. WE mode operations are efficient under a higher
operating temperature. However, once it exceeds the optimum temperature, the cell will be more
vulnerable to irreversible damage, such as catalyst degradation.

4. Conclusion

URFCs are taking the fuel cell and electrolyser device, showing potential for clean energy
generation. This paper provides insight into the possibilities of employing numerical methods to
address the challenges for the development of URFC. The advantage of URFC is a single device with
dual functions in generating clean energy, which could replace the conventional fuel cells and
electrolysers that generally reduce the cost of hydrogen energy. The major hurdle in URFC design
occurs during cell transition conditions, commonly referred to as the mode change effect. The effect of
mode change, specifically from WE to FC mode, on the dynamics of a URFC significantly impacts the
water and temperature management during the cell operation. Managing these conditions during mode
changes is crucial as it impacts the cyclic efficiency and lifespan.

In conclusion, URFCs experience significant challenges during the mode change from WE to
FC, primarily due to residual water from the WE stage causing flooding and hindering efficient FC
start-up. While gas purging is commonly employed for water removal, excessively long purges can
lead to membrane dehydration and voltage undershoot. Transitioning between WE and FC mode
commonly fails due to flooding, as water remains in flow channels and gas diffusion layers, which
consequently hinders the mass transport of reactant during FC mode. The common method employed
is gas purging using nitrogen gas, followed by hydrogen-oxygen gas towards the flow channel for a
sufficient time. However, excessive purging could lead to membrane dehydration and voltage
overshoot; vice versa, insufficient purging causes flooding. Thus, further investigation is required to
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obtain the optimal purging and operating conditions for a smooth transition between WE and FC
mode.

Operating temperatures of a URFC range between 20°C and 90°C. This plays a crucial role in
balancing the water content in cells, where higher temperatures improve the WE efficiency. However,
it accelerates catalytic loss, particularly platinum, and promotes carbon support oxidation. This
significantly shortens the lifespan of URFCs to below 600 hours compared to conventional fuel cells,
which could achieve up to 20,000 hours. Thus, improvement of operating temperature to improve the
efficiency and lifespan is required, and possibly employing numerical methods for optimal URFC
operating criteria.
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