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Given the current maturity of hydrogen technologies, accurate and computationally effi-
cient numerical models are crucial for improving their understanding and development.
Traditional models are either computationally prohibitive or lack the capacity to assess the
spatial distribution of critical variables. The present paper suggests a hybrid numerical
model for Fuel Cells (FCs) and electrolysers, articulating the coupling between a 1D
analytical model and a Computational Fluid Dynamics (CFD) model via a nonlinear
regression. Results present an initial validation of the 1D analytical model and the CFD
model, and, once the validation is proven successful, the hybrid model is evaluated with a
relatively long and highly varying loading profile that covers a wide range of the potential
operational points of a FC. The hybrid model shows promising results, showing fidelity
levels similar to CFD models, including the capacity to assess the spatial distribution, and a
low computational cost. Hence, this hybrid model is demonstrated to be an attractive tool
for the design of FCs and electrolysers, optimisation of thermal management and control
strategies, degradation analysis, and techno-economic analysis.
© 2023 The Authors. Published by Elsevier Ltd on behalf of Hydrogen Energy Publications
LLC. This is an open access article under the CC BY license (http://creativecommons.org/
licenses/by/4.0/).

Introduction

renewable energy plants (i.e. wind, solar, marine energy
plants) to replace the currently dominant fossil energy sour-
ces. However, the well-known limitations of renewable en-

The transition towards a zero-emission energy system is one
of the most critical actions for the reduction of greenhouse gas
emissions, the restriction of global warming below 2 °C and
the mitigation of the most dramatic climate change impacts
[1]. This transition relays on a massive electrification of the
energy system based on the implementation of diverse

ergy sources, and the particular requirements of certain
sectors, such as the transport and mobility sector or the
energy-intensive industries, restrict the direct use of renew-
able electricity. In this context, green hydrogen (H,) becomes
an interesting alternative energy vector for the decarbon-
isation of these critical sectors [2—4].
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Hence, a massive implementation of new renewable energy
plants and hydrogen technologies will be necessary in the
short- and medium-term future [5], for which the latter implies
the implementation of infrastructures dedicated to H, genera-
tion, storage, transport/distribution and conversion. While
renewable energy technologies are mature technologies, espe-
cially solar and wind, the most promising hydrogen technolo-
gies still need a few years of R&D efforts to achieve maturity.
Currently, the most critical aspects of the development of
hydrogen technologies are H, generation and transformation,
where the largest R&D efforts are focused on. The former is
achieved by water electrolysis and the latter uses fuel cells (FCs),
both being similar in terms of construction, manufacturing and
operation, although the water electrolysis process is somewhat
the inverse of the electricity generation through a FC.

For both processes, there exist technologies that are based
on different principles. The three most relevant technologies
are (i) alkaline, (ii) Proton-Exchange Membrane (PEM) and (iii)
high-temperature solid-oxide electrolysers and FCs.
Currently, the alkaline electrolysers and FCs are the most
widespread technologies due to their simplicity and maturity
[6], meaning that, most likely, alkaline technologies will be
implemented in the majority of hydrogen generation and
transformation plants in the next years. PEM technologies
have demonstrated to significantly improve the performance
of alkaline electrolysers and FCs, with considerably higher
current density, compactness, operation flexibility, efficiency
and better resistance to corrosion [7—10]. However, the lower
maturity of PEM solutions results in higher high
manufacturing costs and lower expected lifetimes [7], which
delays their massive implementation in the next years.
Similarly, high-temperature solid-oxide solutions have some
advantages against the alkaline and PEM technologies [11],
such as higher efficiency and higher stack power (up to 2 MW),
but their technology readiness level (TRL) is still relatively low
[12]. Other less developed technologies like the anion-
exchange membrane are also being studied, but are still in a
very low level of development for their consideration as po-
tential future solutions [12].

Among the three main technologies mentioned above, the
PEM seems to be the most promising technology due to the
trade-off between its level of maturity and performance,
resulting in a suitable alternative for a wide range of diverse
applications, from automotive to aerospace applications [13].
The main challenges in the development of PEM electrolysis
and FC designs are the following.

e the high cost (about 50% higher compared to alkaline
[12]),

e Membrane hydration via air and water management
(14],

e Temperature management as a large quantity of heat is
generated [15], and

e Durability.

Therefore, the present study focuses on PEM technologies,
with a special emphasis on the development of numerical
tools for their thermal management, although the techniques
described in this study are easily applicable to other electrol-
ysis and FC technologies.

In the development process towards higher TRLs, precise
numerical models are essential. The literature shows mathe-
matical models based on different principles and assump-
tions, which can be classified into two main groups [16]: 1D
analytical models and 3D computational fluid dynamics (CFD)
models. The former are computationally very efficient, but
rely on heavy assumptions and restrict the spatial analysis to
a single dimension. In contrast, the latter consider all the
relevant physical phenomena in all the three dimensions, but
result in computationally expensive (almost prohibitive)
simulations. Overall, the literature shows that 1D analytical
models provide relatively accurate predictions of the optimal
operating conditions for fuel cell and electrolysers, and
include the capacity to characterise the impact of different
physical parameters (e.g. membrane humidity, operation
pressure and temperature, and hydrogen purity) on the per-
formance. The more precise 3D numerical simulations are
reserved for more detailed predictions where the spatial dis-
tribution is relevant, as for the design of gas/coolant channels
and the study of water saturation effects, for example.

1D analytical models

In general, 1D analytical models are divided in two inter-
connected parts. On the one hand, the polarisation curve is
modelled based on the three main overpotentials (i.e activa-
tion, ohmnic and mass transfer overpotentials) that are sub-
tracted or added to the ideal voltage in FCs and electrolysers,
respectively. Fig. 1 illustrates a characteristic polarisation
curve of a FC and the losses due to the different effects. Thus,
the operating cell voltage is given as follows,

Veell = VoctVact=Vorm+Veon, (1)

where V,. is the ideal open-circuit voltage, and Ve, Vonm
and V,,, are the activation, ohmnic and concentration over-
potentials, respectively. These overpotentials are computed in
the anode and the cathode, which are given by means of an
analytical formulation.

On the other hand, the hydrogen and water transport
through the membrane is computed based on a dynamic
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Fig. 1 — Typical polarisation curve of a PEM fuel cell,
identifying the different voltage losses [17].
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model that is often simulated in the Matlab/Simulink® envi-
ronment. Commonly, this type of dynamic models consider
two main phenomena that drive the water transport through
the membrane: electro-osmotic drag and back-diffusion.
Electro-osmotic drag is the number of water molecules
transported per proton (from the anode to the cathode in FCs
and the inverse in electrolysers), while the back-diffusion
produces a counter-flow (from the cathode to the anode in
FCs and the inverse in electrolysers) due to concentration
gradients at both sides of the membrane.

This model structure is used in several different studies in
the literature, both in FCs and electrolysers, for which the
mathematical models are based on the same equations [8]. In
the case of hydrogen FCs, among others [18], presents a dy-
namic 1D model coded in Matlab for performance evaluation
under different operating conditions (i.e. relative humidity,
temperature, pressure and species concentration) [19], sug-
gests a Matlab/Simulink model with the same purpose [20],
uses a 1D model for the optimisation of the air compressor as
a function of the pressure ratio and the air-fuel ratio, and [21]
studies the sensibility of 1D models to the loss of performance
due to degradation effects by comparing different 1D models.

The literature also shows different studies where water
electrolysers are analysed via 1D models. For example [22],
presents a Matlab/Simulink model for the characterisation of
a water electrolyser that includes different balance of plant
(BoP) components under a wide range of operating conditions,
identifying the losses in each component of the electrolysis
system. Similarly [23], suggests a dynamic Matlab/Simulink
model calibrated against experimental results, conducting a
model parameters identification strategy based on the meta-
heuristic Particle Swarm Optimisation algorithm. The BoP of
FCs and electrolysers is very similar. Hence, dynamic 1D
models suggested in the literature are almost identical for FCs
and electrolysers. For example [23], presents a 1D dynamic
model for an electrolyser that is equivalent to the FC model
suggested in Ref. [8].

CFD models

Due to the complexity to obtain high-fidelity results of the
water transport dynamics via experimental campaigns, two-
phase CFD models for FC and water electrolysers have been
developed in the recent years. Two-phase flows in FCs are
commonly represented via Volume of Fluid (VOF) models,
although the coupling with the electrochemical model may
become problematic [14]. One of the pioneering VOF-based
simulation for FCs is presented in Ref. [24] which considers
unsteady multi-phase phenomena and includes all the main
components of a FC (i.e the membrane, the catalyst layer (CL),
gas channels, the gas diffusion layer (GDL) and current col-
lectors). The first study using this VOF model focuses on the
characterisation of the generated current density as a func-
tion of the velocity field, pressure, reactants and temperature
distributions in a single-serpentine FC. The same model is
later employed with the same purpose in multi-serpentine
configurations [25], interrelated flow fields [26] and in a
three-cell PEM fuel cell stack [27]. Chen et al. [28] presented a
similar model based on the Tafel equation [29] for the esti-
mation of the current density, where the behaviour of liquid

water in a straight gas channel and its impact on mass
transport and current distribution is evaluated for different air
inlet velocities and gas channel wall wettability. These and
other model presented in the literature are reviewed in
Ref. [30]. Finally [31], presents an interesting benchmarking
study of CFD models for PEM FCs, carrying out a comparison of
CFD codes for a reference geometry and set of input param-
eters. Similarly to the dynamic 1D models, the analysis of CFD
models for PEM FCs and electrolysers use the same VOF
approach, include the same main elements (anode, cathode,
membrane, etc.), consist of the same geometry, mesh and
boundaries, and employ the same solvers. In this sense [32],
presents the equivalent PEM electrolyser CFD model to the FC
model suggested in Ref. [28].

Hybrid 1D-CFD models

Despite the significant differences between 1D analytical and
CFD modelling techniques, the development of PEM technol-
ogies requires the combination of both techniques in the
different stages of development. Computationally efficient 1D
analytical models are crucial for the design of controllers,
thermal management algorithms, broad assessment of the
performance along the whole operational range and design
optimisation; while high-fidelity CFD models provide higher
accuracy to validate the configurations optimised based on
the 1D analytical model and 3D spatial analysis to enable
geometric optimisation of the different components.

An efficient hybridation of the two mathematical models
can achieve a numerical framework that is able to provide a
higher fidelity and an estimation of the spatial distribution
with a low computational cost. This potential hybrid frame-
work would provide the capacity to improve the performance
assessment, and design controllers and thermal management
algorithms including the 3D performance. Yet, the combina-
tion of both models in the literature is scarce, since re-
searchers and developers tend to use only one of the
techniques with the assistance of experimental campaigns,
and the hybridation attempts presented in the literature do
not provide the characteristics mentioned earlier.

For example [33], presents a hybrid 1D-3D model based on
the VOF method, where the domain of the anode and the
membrane is defined in 1D, and the cathode domain in 3D.
Hence, the 3D model in the cathode includes the two-phase
flow and all the water dynamics via a multi-fluid saturation
model, while the electrochemical reactions and the different
overpotentials in the membrane are simplified and computed
in 1D. This hybrid model is developed in ANSYS Fluent®,
incorporating the 1D model domain via user. defined func-
tions, and the communication between the two domains is
conducted by imposing the bottom wall species boundary
conditions in the 3D domain. A similar approach is also sug-
gested in Ref. [34] for the analysis of two-phase flow patterns
on the FC, where the cathode is modelled via a 3D domain,
simplifying the rest of the domain to 1D. However, the VOF
model presented in Ref. [34] imposes the water flow entering
the gas channels instead of computing the flow as a function
of the current density at the FC and the water balance at the
membrane is not included. Ding et al. [35] improved their 3D
VOF model to incorporate the water flow in each pore as a
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function of the water generation rate in the surrounding area,
improving the ohmic losses. However, the model still con-
siders the membrane fully hydrated.

Hence, the 1D-CFD hybrid models presented in the litera-
ture allow for a 3D spatial analysis only at the cathode and the
computational burden of the hybrid model is still significantly
high, especially for optimisation purposes. Therefore, this
paper presents a novel hybrid 1D-CFD model with the objec-
tive of designing the optimal thermal management system.
For the sake of simplicity, the present paper focuses on the
hybridisation of a hydrogen PEM FC. However, note that due to
the similarities between the real PEM FC and electrolyser
systems (i.e. both in the cells and the BoP) and their operating
principles, the modelling techniques for 1D dynamic models
and CFD approaches are almost identical. Therefore, the
methodology and numerical frameworks developed in the
present study for PEM FCs can be easily transferred to PEM
electrolysers.

The paper is organised as follows: Section Fuel cell mathe-
matical modelling describes the analytical 1D and CFD math-
ematical models for PEM fuel cells used in the present study,
Section Model hybridation methodology describes the hybrid-
ation process for coupling the 1D and CFD models, Section
Case study presents the cases study including the character-
istics of the specific FC and the input loads analysed in this
study, Section Results presents the most relevant results, and
Section Conclusions draws the main conclusions of the study.

Fuel cell mathematical modelling

As described in Section Introduction, the mathematical model
of a typical PEM FC is divided into two main parts: the voltage
model where the different overpotential mechanisms are
defined, and the water transport model in the three main
components of a FC (i.e anode, cathode and membrane). This
separation appears specially in the case of the 1D analytical
model, but also in CFD models, as shown in Sections 1D
analytical model and CFD model, respectively.

1D analytical model

The 1D model is comprised of a set of inter-connected
analytical equations and dynamic differential equations
based on the following assumptions.

e Current is uniformly distributed over the whole surface of
the membrane (I = Ai, being I the absolute current, A the
effective area of the FC and i the current density) and, as a
consequence, gases are considered to be at constant pres-
sure and uniformly distributed in the FC, and water activity
is uniform across the membrane

e Thereactant gases (hydrogen at the anode and oxygen at the
cathode) are assumed to be in equilibrium with liquid water

e No pressure gradient exists between the anode and the
cathode, meaning that convection is neglected

e Anode, Membrane Electrode Assembly (MEA) and cathode
are assumed to be at the same temperature

e No electrical conduction is considered across the PEM
membrane.

Since the hydration of the membrane is a key aspect in
both parts, voltage and water transport models are tightly
linked to the water content in the membrane (1), which is
given as a function of the water activity (a), which is
commonly defined as the combination of the relative hu-
midity (RH) and the liquid water volume fraction s [36]:
a = RH + 2s. In Nafion® membranes, the water content is
empirically described as [36],

a<l
1l<a<3

. { 0.043 + 17.81a — 39.85a* + 36a® 2

T \14+14a-1)
It should be noted that Equation (2) was derived for a

Nafion® membrane at 30 °C. Yet, Equation (2) has been shown
to be valid also for higher temperatures.

Voltage model

The voltage model in the 1D analytical model follows the su-
perposition described in Equation (1), where, in the case of a
PEM FC, the sum of the different overpotentials result in a
voltage loss with respect to the initial open-circuit ideal
voltage. These overpotentials arise due to activation reactions
in the catalyst layers, and the migration of electrons in the
bipolar plates and the PEM. Conventional catalyst layers are
made of platinum dispersed on a carbon support, which en-
ables splitting hydrogen molecules at the anode and the ox-
ygen reduction in the cathode. Therefore, platinum catalysts
are also considered in the present study.

Open-circuit voltage. The open-circuit cell voltage is the ideal
voltage achieved by the cell at the thermodynamic equilib-
rium, commonly represented by a modified form of the Nerst
equation as follows,

RT
Voe = Viey + ﬁln(szvaz )7 (3)

where V,,, the reversible voltage that is sensible to tempera-
ture variations with respect to a reference temperature (T,
(371,
View = Vi, + (T = Tref) as 4)
nF

V%, = 1.229 V is the minimum theoretical voltage, R is the
universal constant for ideal gases, F the Faraday constant, T
the temperature of the cell, n the number of electrons involved
in the process, AS the standard entropy change, and py, and
Po, are the partial pressures of the species. Other similar
equations are also suggested in Ref. [18], where the partial
pressure of water (py,o) is also included. In addition, empirical
functions have also been suggested for the determination of
Vo as a function of the cell temperature and partial pressures
of the species [38].

Activation overvoltage. The activation overvoltage arises
because the transfer between the electrolyte and the electrode
(or vice-versa) is limited by the activation energy barrier. The
probability of exciting up to the transition state is proportional
to the attempt rate and an exponential distribution of the
effective barrier and the temperature. In addition, the reactant
consumption and the speed of the electrochemical reaction
are proportional to the surface concentration and the
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electrical current, respectively. Thus, following the Butler-
Volmer equation, the activation overpotential in the anode
and the cathode at equilibrium are given as follow [19],

RT i
v - () ©)
RT i
Vcat — 1 o 6
act ath n (igat> ) ( )

where i; is the exchange current density of a platinum elec-
trode and is given as a function of a reference value ig . [38],
being « the charge transfer coefficient, L the platinum catalyst
loading, p the partial pressure of the corresponding specie (i.e
H, in the anode and O, in the cathode for a FC) and AG the
variation in Gibbs free energy. The water activity is further
defined later in Section Water transport model, where the
function for the determination of water content (1) inside a
PEM membrane is described.

-an __ -.cat _ - L 7§ 7l
=i =iy L(p )eXP RT (1 Tmf) ]7 ?)

ref

Ohmic overvoltage. The ohmic overvoltage arises due to two
main factors: electrical resistance in electrical components
and the ionic resistance due to the proton flow through the
membrane. The ionic resistance is the most dominant factors
and, as a consequence, most of the models neglect the elec-
trical resistance. Therefore, the overpotential can be deter-
mined as follows,

i 6mem
Vohm = s (8)

Omem

where, 6mem and oyem are the PEM membrane thickness and
conductivity, respectively. The former is a geometrical
parameter and the latter is expressed empirically as [36],

“AG[(1 1
Gmem = (0.0051397 — 0.00326)exp {— < - —) ] ©)
R \Ty T

where =3¢ = 1268 K and Ty = 303 K.

Concentration overvoltage. The concentration overvoltage be-
comes relevant only at high current density rates (between
500 and 1500 mA/cm? [39]) due to oxygen bubbles covering the
membrane surface that limit the hydrogen supply hindering
the electrochemical reaction [40]. Hence, the concentration
overpotential in the anode and cathode is defined as a func-
tion of a limiting current density (ir) as follows [38],

RT i
Ven = —=1In{—— |, 10
nF n(lL — 1) (10)
where,
i\ = nFD C’ (11)
0e

and D is the diffusion coefficient of the gas mixture, C the
molar concentration and J, the electrode thickness. The
diffusion coefficient is also defined empirically [41,42] as a
function of a reference diffusion parameter (D), adjusting
the diffusion coefficient for the corresponding electrode

porosity (¢) and tortuosity (r), and s, being T, = 353.15 K and
Pref = 1 atm.

_ e oip (T Py
D= T2(1 s) Dyes <Tref> P X (12)

Water transport model
Due to the assumptions described above, water transport is

only considered due to electro-osmotic drag (Nifjo) and back-

diffusion (Nzio), neglecting hydraulic pressure and thermo-
osmotic phenomena [43]:

--mem --eod --bd

NHZO = NHZO - NHZO' (13)

Electro-osmotic drag. arises due to the attraction of polar water
molecules to the protons that travel from the anode to the
cathode. Hence, the molar transport due to the electro-
osmotic drag is defined as follows,

--e0d i

Ny,o = Nag: (14)

where ngq is the electro-osmotic drag coefficient that is
empirically defined as a function of the PEM membrane water
content [43],

na = 2.5 2_2 (15)

Note that other alternatives defined via different empirical
equations based on 1 are also suggested in the literature [44].

Back-diffusion. generates a water flow in the opposite direc-
tion (from the cathode to the anode), partially compensating
the water loss in the anode. The molar flow for back-diffusion
effects is given as follows based on Fick's law,

- bd AD,

NHZO = 2 [Cf-?zto,mem - C;r;o.mem]V (16)
5mem

where D, is the diffusion coefficient, and C* and C¥'

H,0,mem H,0,mem
the water concentrations in the cathode and the anode,
respectively. The latter diffusion coefficients in the different
1D analytical models are defined either following theoretical
expressions for the Knudsen and binary diffusion phenomena
[19], or an empirical equation as a function of water content

[45]. The model presented in this paper used the former.

Power output and heat transfer

Finally, as the main outputs of the FC, the performance of the
FC can be computed by means of cell power output (P.n), heat
flow (Qcen) and efficiency (ncen), which are defines as follows,

Pcell = Ivcelh (17)
VceII

cell =7 18

Neell Vinw (18)

where Viyy is the lower heating values of hydrogen (Vigy.-
= 1.254 V [38]). From the FC outputs, the computation of stack
outputs is straightforward, assuming that all the losses in the
power production process are dissipated in the form of heat,
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Pstack = NceHIVceIIa (19)
P

chﬂ = <ﬂ> - Pstack-, (20)
MNeell

where N is the number of cell in the stack.
CFD model

The CFD model employed in this study is a 3D model that
articulates the most relevant effects and phenomena that
can affect the performance of a fuel cell: (i) transport anal-
ysis to model the transfer of different species in the mem-
brane, the GDL and flow channels, (ii) the electrochemical
analysis in the membrane to estimate the voltage level at
which the FC operates under different thermofluidic and
electric load conditions, and (iii) thermal analysis for the
assessment of the temperature distribution over the FC and
the heat losses. Hence, the CFD model is built upon the
following assumption.

e Steady-state (no transient response is included),

e Laminar flow regime of the reactant gases,

e Gases behave as ideal gas,

o All water exists as gas, and no phase change is considered,

e All porous layers (i.e. GDLs, CLs and membrane) are
considered isotropic, and

e Thermo-physical properties of the 3D model are
constant.

Based on these assumptions, the following governing
equations form the CFD model, using the Navier-Stokes
equations as the basis: continuity, momentum, mass trans-
port (also known as species conservation) and energy equa-
tions describe the transport of species in the model. In
contrast, the charge conservation equation models the elec-
trochemical reactions within the FC, which occurs exclusively
at the CL. This equation is divided into electric and protonic
transport equations.

The continuity equation, in its broadest form, is given as,
) 309 oy - 2 -
where u, v and w are the velocity of reactant gases in x, y and z
directions, respectively, while p is the density of these gases. If
Equation (21) is adapted for porous elements, such as elec-
trodes and membranes, and ¢ is considered the porosity of
these elements, continuity equation yields,

dpew) | Ipev)  d(pew)

0x ay 3z~ om (22)

where S,, is the mass sink that represents the variation of the
reactants due to chemical reactions. However, no reactions
existin the flow channels and the GDL, meaning that this term
is neglected. This sink term is only considered in the CL,
where reactions of the reactants are expected.

Similarly, the generic momentum equation must be
adapted to a porous context including ¢ as follows,

Ve(ep7 V) = —€Vp + VeT + Smom (23)

where 7 represents the velocity vector, p is the pressure, 7 the
shear tensor and S,,,, the momentum sink term. The sink
term is also assumed zero in the flow channels, and

Smom =~ (29
Y

in the rest of the porous layers of the FC, being u the dy-
namic viscosity of the reactant and 8 the permeability.

The diffusion phenomena is one of the most relevant ef-
fects for the transport of reactants in FCs and is considered in
the mass transfer equation, which, for the case of porous el-
ements, is given described as,

Vipey) = V(peD y) + S (25)

where ijff is the diffusivity of the specie i inside j, and y; rep-
resents the mass fraction. Likewise the continuity equation,
the sink term is assumed to be zero in the flow channels and
GDLs due to non-reactive flows, while must be considered in
the CL.

The last equation for adequately capturing the mass
transfer of species in the different layers of a FC is the energy

equation, which is given as,

V(T (p+P) = V(kegVT = Y by + (15 7) ) + S, (26)

where h is the enthalpy, 7.5 the effective shear tensor, k. the
effective conductivity, /_]’ the mass flux vector and S, the en-

ergy sink term.

Once the mathematical framework of the mass transfer
within the CFD model is fully described, the charge conser-
vation equation that characterises the electrochemical re-
actions within the FC is described as a combination of the
following two equations:

V(Uefqub) +R=0, (27)

where o, is the effective conductivity that varies as a function
of the water content as illustrated in Equation (9), and ¢ the
potential. Note that Equation (27) can be use for character-
ising, both protonic and ionic potentials, just by applying the
corresponding conductivity.

In order to solve these equations, the definition of bound-
ary conditions, and a geometry and its discretisation are vital.
The implemented boundary conditions are presented in Table
1, where the subscripts . and 4, represent the variables of the
cathode and the anode, respectively, and subscripts jo, and gjec
the variables corresponding to the ionic of electric potential
equations.

For the study of the FC performance, the CFD model
described in Equation 22—27 requires a precisely defined and
adequately discretised 3D geometry. On its highest level, this
geometry includes the anode, the MEA and the cathode, but
both the anode and cathode are, in turn, divided into the cur-
rent collector, the GDL, the micro-porous layer (MPL) and the
CL. Each of these sections is defined with a specific thickness,
porosity, permeability and contact angle characteristics in


https://doi.org/10.1016/j.ijhydene.2023.06.082
https://doi.org/10.1016/j.ijhydene.2023.06.082

1068

INTERNATIONAL JOURNAL OF HYDROGEN ENERGY 52 (2024) 1062—1075

Table 1 — Boundary conditions for the 3D CFD model for
FCs.

Area of application Boundary conditions

Inlet flow channel (anode) YH, = YH,n
YH,0 = YH,0,in
Tin,an = THz.an
m = Mipan
Yo, =Yo,.n
YH,0 = YH,0,in
Tincat = TOz.cat

Inlet flow channel (cathode)

m = Min cat
Outlet flow channel 9 _
0z
Anode terminal Petec = 0
Ibion _ 0
ay
Cathode terminal Pelec = Veen
Ibion _ 0
dy
External boundaries Idion _ Idion _
ox 0z
e _ Ibetec _
ox 0z

order to appropriately model the transport of the different
species and water. Furthermore, a meticulous discretisation of
the geometry is crucial. In the case of the MEA, given the scales
of the different layers that form the MEA, the size of the cells is
reduced significantly in order to consider a minimum of three
layers of cells in each element. For more details about the
specifics of the geometry and its discretisation, the readers are
referred to Section Case study.

Model verification/validation

The validation of the complete hybrid model is unfeasible due
to the lack of a case study in the literature that defines all the
required parameters for both the 1D and CFD models In order
to provide confidence on the 1D-CFD hybrid model and due to
the complexity of validating the hybrid model, each of the
models coupled in the hybrid model are validated separately.
To that end, the models described in Sections 1D analytical
model and CFD model are, respectively, verified and validated
against other numerical and experimental results presented
in the literature. For verification and validation purposes, the
1D and CFD models have been adapted for the case studies
presented in each reference study. Note that, these case
studies are different from the one described in Section Case
study and, thus, results will also be different.

In the case of the 1D model, the verification exercise fo-
cuses on the reproduction of the polarisation curve and aims
at demonstrating the sensitivity of the model to the opera-
tional conditions under which the FC can work. The verifica-
tion is carried out against the results presented in Ref. [18],
where the response of a FC to a broad variety of different
conditions (e.g. FC temperature, pressure, RH and O, concen-
tration) is presented. The main input parameters of reference
1D model are given in Table A.3 in Appendix A. Fig. 2 illus-
trates the comparison between the two sets of results,
showing a very good agreement for all the different opera-
tional conditions. The reference conditions of the cell in Fig. 2

(referred to as REF) correspond to T = 70 °C, p = 1.013 bar,
RH = 96% and 0" = 1.2 x 1075,

In contrast, for the 3D CFD model, the validation is carried
out against experimental results recently presented in
Ref. [46], where the authors used the same set of experimental
results for the validation of their CFD model. The main input
parameters of the reference CFD model are given in Table A.4
in Appendix A. First, a mesh convergence analysis is carried
out in order to ensure that the most relevant dynamics are
adequately captured. Likewise the reference study [46], the
final mesh consists of 4.1 million elements, guarantying that
three elements are included per layer (i.e. GDL, MPL, CL and
the membrane itself), as illustrated in Fig. 3, with a minimum
orthogonal quality of 1.

Fig. 4 compares the polarisation curve obtained via the CFD
model described in Section CFD model against the experi-
mental polarisation curve provided in Ref. [46]. The agreement
between both curves is also very good, with slight deviations
observed in the central part of the curve, where the CFD model
seems to underestimate the voltage. However, it is important
to note that the CFD model developed by the authors of the
original work also shows similar deviations, although their
model seems to overestimate the voltage and the deviations
appear at high current densities [46]. In any case, the agree-
ment shown in Fig. 4 is believed to be sufficient and, thus, the
CFD model is considered validated.

Model hybridation methodology

Once the two model to be coupled in the hybrid model are
validated separately, it is expected that the hybrid model will
also provide results that are as accurate, but with a significantly
reduced computational time, which is the main objective of the
present study. Each model is implemented in a different soft-
ware, i.e. the 1D model is implemented in Matlab/Simulink and
the CFD model in ANSYS Fluent, which can enhance the
complexity of the coupling. However, the approach used in the
present study only considers a one-way coupling, meaning that
the two software do not need to communicate with each other
iteratively, but transmit the information in a hierarchical way.
This significantly reduced, both the complexity of the coupling
and the computational cost.

Fig. 5 presents the framework of the hierarchical coupling
between the two models, where the coupling is shown to be
effectively expressed via the nonlinear regression model. In
general, hierarchical coupling strategies enable, on the one
hand, the use of results from the different layers of the model,
and, on the other, the combination of these results from the
individual models into a self-consistent non-intrusive coupling.
That way, the functionality of the underlying individual nu-
merical models remains unaffected by the coupling. In the
present study, the hierarchical hybridation approach enables
the use of information from the different layers and the com-
plete model: (i) The 1D model can provide the evolution of the
global electrical (FC current Ixc(t) and voltage Vec(t)) and thermal
parameters (FC temperature Tgc), (ii) the CFD models provides
the static distributions of the different variables (H, concen-
tration Hp , (x,y), O, concentration O, , (x,y), temperature Tee(X,
y), current density i.n(x, y) and water content A.n(x, y)), and (iii)
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Fig. 2 — Verification of the 1D model against the results shown in Ref. [18]: (a) varies the temperature, (b) the pressure, (c) the
RH and (d) the oxygen concentration.
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Fig. 3 — Schematic illustration of the mesh designed for the CFD simulations, representing the cross section for the gas
channels (GCs), current collectors (CCs) and MEA. Note that the reference dimension of the cells in the longitudinal (x)
direction is 0.4 mm.
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Fig. 4 — Validation of the CFD model against the
experimental results presented in Ref. [46].

the coupling combines the capacities of the two approaches to
provide the evolution of the distributions (H,, (x,y,t), Oz, (X,,
t), Teen(X, ¥, t), icen(X, ¥, t) and Aen(x, y, t)). These type of hierar-
chical approaches are particularly useful for the understanding
of multiparameter problems and enables the development of
computationally efficient tools.

Thus, the key aspect of the coupling is the nonlinear
regression model, which is identified by using a broad range of
different operational conditions in CFD. More specifically, the
static distributions of the main output parameters of the CFD
model, under different loading conditions, have been used for
fitting the regression model. Fig. 6 depicts some examples of
the data used for fitting the model, where the distributions of
icen(X, ¥) (left) and Aen(x, y) (right) are shown for three different
reference temperatures.

These results demonstrate the high sensitivity of the var-
iables to the different operational conditions and the hetero-
geneous distributions of these variables over the FC. For

r 3\
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Fig. 6 — Example of a set of static CFD results used for the
identification of the nonlinear regression model: (left)
distribution of current, i, at V = 0.75 V and (right) water
content distribution, A, at V = 0.6 V for different cell
temperatures.

example, the variation in i is significantly higher at the inlet
as the FC temperature increases, while the opposite happens
with the A.n. The regression model should be able to repro-
duce similar patterns in a computationally efficient manner.

Case study

The analysis of the performance of any specific FC is beyond
the scope of this paper, so the hybrid 1D-CFD model defined in
Section Model hybridation methodology is evaluated on a
standard PEM FC, similar to the FCs used in different studies in
the literature. In addition, no special attention is paid to the
usual FC performance metrics, but the sensitivity of the hybrid
modelis studied as a response of a dynamic input load. Section
Fuel cell definition presents the most relevant characteristics
of the FC under study, while Section Loading profiles describes
the dynamic input load profiles used in the case study.

3D CFD model

Fluent

CFD model

H2¢en (x,Y) lcen (%,Y)
Tcell (x' y) Ozcell (x, y) Acell (x'y)
i i i

~
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Tre (t) ' Output space
IFC (C) Hzcell (x' Y, t) icell (x' v, t)
Ve (£) Teen (6, y,8) 02 (x,7,8)  Acen (x,7, €

Fig. 5 — Schematic illustration of the hybridation process coupling the 1D model implemented in Matlab/Simulink and the

CFD model implemented in ANSYS.
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Fuel cell definition

The selected FC is a 100 kW PEM FC composed of 400 cells,
each of which has an approximate nominal power of 250 W
and an effective area of 200 cm?. In addition, a flow field design
based on a 14-channel-serpentine with crossed reactive flow
is implemented. The main geometrical parameters of the FC
and the most relevant parameters of the MEA are shown in
Fig. 7 and Table 2, respectively.

Loading profiles

For the assessment of the hybrid model, dynamic profiles of
the main input variables are designed. These main input
variables correspond to the reference temperature profile
(Trc,; (t)) and the input current profile (Iin(t)), as defined in the
input space in Fig. 5. In order to enable a comprehensive
analysis, two relative long (+40 min of duration) and signifi-
cantly varying profiles are designed, the combination of which
covers a wide range of the potential operational conditions of
FCs. Note that the input profiles do not correspond to any
realistic application, but are simply defined to evaluate the
sensitivity of the model to different input conditions. Fig. 8
illustrates the two input profiles, where the combination of
both profiles leads to different operational conditions under
which the FC will be assessed via the hybrid model. For the
sake of clarity when showing the results, three different
operational points (OPs) are selected, as shown in Fig. 8.

e i) Medium-performance OP (30 kW - 60 °C),
e ii) High-performance OP (80 kW - 80 °C),
e iii) Low-performance OP (10 kW - 45 °C),

The performance of the FC under these three OPs will be
assessed in Section Results.

1.2mm 1.2mm

CcC

1.2 mm

GC GC

MEA

GC GC

CC

Fig. 7 — Illustration of the FC configuration and its main
geometrical characteristics of the cross section for the GG,
CCs and MEA.
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1
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2500

Fig. 8 — Input loading profiles for the assessment of the
hybrid 1D-CFD model: (top) reference temperature and
(bottom) input current.

Results

As described in Section Hybrid 1D-CFD models, the hierar-
chical model coupling enables using the information from the
different layers of the coupled model, which in this case is
particularly interesting. Therefore, in this section, the out-
comes of the pure 1D model are analysed first, which are later
combined with the outcomes of the hybrid model.

In this sense, Fig. 9 shows the main outcomes of the 1D
model, where the overall dynamic response of the FC as a
response to the input profiles can be observed, including the
electrochemic and thermodynamic response. The voltage and
power levels corresponding to each input condition are rep-
resented in the two top charts in Fig. 9, including the heat loss
of the FC. The two bottom plots in Fig. 9 illustrate the tem-
perature of the FC and the concentration of the different
species. Results demonstrate that all the output variables in
the 1D model are sensitive to the variations in the input pro-
file. However, this model can only provide the overall infor-
mation of the FC, meaning that the model simplifies the
system to a single point and provide the results corresponding
to that point. In fact, from the CFD analysis carried out in
Section CFD model and other studies in the literature, it is well
known that representation of the system is inaccurate and
that each of the variables shown in Fig. 9 do not remain con-
stant over the area of the FC.

This is exactly the information that the hybrid model can
provide. For each point of the simulation, the hybrid model
can provide the distribution of each variable over the whole

Table 2 — Main characteristics of the MEA of the FC under analysis.

Anode Membrane Cathode
== GDL MPL CL CL MPL CL
Thickness [um] 255 25 5 14 12 25 255
Porosity [] 0.7 0.6 0.5 = 0.5 0.6 0.7
Permeability [m?] 3 x 10712 1x10°%? 2x10°% 1x107%® 2x10°1 1x10°12 3 x 10712
Contact angle (°) 110 130 95 = 95 130 110
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Fig. 9 — Outputs of the 1D model with the three specific operation points highlithed.

area of the FC. As an example of the capacity of the hybrid
model, the distribution of the main output variables (i.e. A,
Teell, icen, Ha,y» O2,,) for the high-performance operation point
is shown in Fig. 10. Results show significant variations across
the area of the cell, meaning that the results from the 1D
model cannot provide the full picture of the FC's performance,
which may lead to inaccurate conclusions. It is interesting to
note that the distribution of H, and 1 seem to be the most
varying parameters, although i also varies significantly. In
contrast, Ty and Oy, show low spatial gradients. In the case
of the temperature, the variation across the cell is low due to
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the ideal thermal management system implemented in this
specific case study, meaning that the reference temperature
defined as the input T,sis achieved across the whole cell. With
respect to the O, concentration, it should be noted that the
distributions shown in Fig. 10 represent the section at the
anode side of the cell, where the O, concentration variations
are negligible. for the same reason, H, concentration variation
is shown to be significant. In any case, each variable shows a
different trend for the distribution, which is important to
further understand for the understanding of the overall per-
formance of the FC.
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To that end, the evolution of these parameters is further
analysed in the present study. For the sake of clarity, only two
parameters, i.e. A and i, and three points along the simulation,
i.e. the previously defined low-, medium- and high-
performance operation points, are selected for the deeper
analysis. Fig. 11 illustrates the variation of 2 for the three OPs
using the same scale for the three graphs, which enables an
easier comparison. However, differences are seen clearly,
increasing 2 in the system in one order of magnitude between
the different OPs and showing differences of up to two- and
threefold between the inlet and the outlet of the FC for the
same OP. The latter is the type of information the 1D model
can never provide due to the assumptions upon which the
model is designed. Similarly, Fig. 12 illustrates the same re-
sults for i, where one order of magnitude of difference is also
shown between the different OPs, but the current density is
shown to multiply by 4 and 5 between the inlet and outlet.

This results show the importance of accurately studying the
spatial distribution of the most relevant variables, as the input
load varies. In fact, the variation of the inputload in FCs, with a
dynamic behaviour similar to that shown in Fig. 8, may be a
common practice in certain applications, where the analysis of
the spatial distribution may be crucial in order to better un-
derstand the behaviour of the FC, including the performance
and the degradation effects. In fact, it is well known that the
latter is a local effect, meaning that the understanding of the
local behaviour of the FC is vital. In addition, it is important to
note that including the regression model barely adds any extra
computational cost, meaning that the high-fidelity results with
dynamic spatial distributions can be obtained for the same

computational cost required by the 1D model, which is a tiny
fraction of the CFD burden.

Conclusions

This paper presents a novel hybrid simulation tool that cou-
ples a 1D analytical model and a 3D model based on Compu-
tational Fluid Dynamics (CFD) for assessing the performance
of fuel cells (FCs). The two models are combined by means of a
hierarchical coupling approach that enables the use of all the
information from the different layers of the hybrid model. The
coupling is effectively carried out via a nonlinear regression
model fitted based on the results obtained from the pure CFD
model. Hence, the hybrid simulation tool can provide the
dynamical behaviour of the FC, including the dynamic distri-
bution of the different variables across the geometry of the FC.

Firstly, 1D and CFD models are validated separately against
other numerical and experimental results presented in the
literature. Then, the capacity of the hybrid model is demon-
strated, showing that it can provide high-fidelity results of the
dynamic spatial distributions for different variables under
diverse operational conditions. These differences are shown
to be considerable: up to an order of magnitude of difference
between the different operational points, and multiplying
factor of up to 5 between the inlet and the outlet at the same
operational point. For the computation of these results with
the dynamic spatial distributions, the computational cost of
the hybrid model is seen to be almost identical to the 1D
analytical model.
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As a consequence, the authors believe that this hybrid
model can be the perfect tool for the following potential
applications.

e Design of fuel cell and electrolysers and geometry
optimisation

e Optimisation of the thermal management strategies

e Design of performance maximisation controllers

e Degradation analysis and prognosis

e Techno-economic analysis

Finally, future developments of the present study should
be focused on the improvement of the coupling: (i) a thorough
analysis of the optimal identification of the regression model,
including a broad analysis of the required CFD results; (ii) the
analysis of alternative approaches to replace the regression
model, such as a reduced-order CFD model or a Machine-
Learning-based model; and (iii) the extension of the hybrid-
ation approach to electrolysers.
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