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A B S T R A C T

This work introduces a new exergy-based pore-network optimization framework of thermodynamic engineering 
Gas Diffusion Layers (GDLs) in Proton Exchange Membrane Fuel Cells (PEMFCs). In contrast to the traditional 
continuum or fully transport-based models, the proposed methodology will combine stochastic pore-network 
modelling with local entropy generation mapping and multi-objective optimization with the use of the NSGA- 
II to directly minimize the exergy destruction and to maximize the electrochemical performance. Mass diffu
sion, viscous dissipation, heat transfer, and electrochemical reactions irreversibility’s are solved at the pore scale, 
which allows spatial localization of thermodynamic hotspots. Findings show that optimal microstructures, which 
minimize the destruction of exergy by 18–24%, increase peak exergy efficiency by about 11%, and increase 
current density at 0.6 V by almost 68%. Entropy generation through diffusion was found to be the most 
important irreversibility mechanism, contributing over 45% of total exergy loss at high-load operation, and thus 
topology control of pores is indeed very important. Multi-dimensional response surfaces provided a narrow 
optimal design window at porosity in the range of 0.63–0.72 and tortuosity in the range of 1.5–1.9 at which the 
penalties associated with transport or structure dominate. The combined thermodynamic-microstructural opti
mization guarantees a direct quantitative connection between pore level topology and second-law performance, 
which offers a fresh design paradigm of high-efficiency and durability-improved PEMFC infrastructures.

1. Introduction

Global energy demand continues to rise due to industrial growth, 
population expansion, and the rapid electrification of transportation and 
infrastructure. The International Energy Agency (IEA) has repeatedly 
emphasized that achieving net-zero emission targets by mid-century 
requires deep decarbonization of the energy sector [1–12]. Although 
renewable energy sources such as solar and wind have achieved sig
nificant progress, their intermittency necessitates efficient energy stor
age and conversion technologies. In this context, hydrogen has emerged 
as a strategic energy carrier capable of supporting decarbonization 
across transportation, stationary power generation, and marine appli
cations [1,13–17]. Its high gravimetric energy density and environ
mentally benign by-product (water) make it particularly attractive for 
sustainable energy systems.

Among hydrogen conversion technologies, (PEMFCs) have gained 

considerable attention due to their high-power density, rapid start-up, 
low operating temperature, and suitability for dynamic load condi
tions. Early pioneering work by Zawodzinski and Bernardi established 
the foundation for coupled transport–electrochemical modelling, 
enabling a deeper understanding of performance limitations arising 
from mass transport and ohmic losses [18,19]. subsequent studies, 
including those by Wang and Chen, further advanced PEMFC modelling 
by emphasizing the multi-physics interactions among electrochemistry, 
heat transfer, and two-phase flow phenomena[14,20–22].

Despite these advancements, PEMFC efficiency remains constrained 
by irreversible losses occurring across multiple scales, including acti
vation polarization, ohmic resistance, and concentration overpotentials. 
Studies by Weber demonstrated the critical role of membrane hydration 
and water transport in determining electrochemical efficiency and 
durability [23–28]. Similarly, Litster highlighted the importance of 
microstructural characteristics of porous components-particularly the 
Gas Diffusion Layer (GDL)-in governing reactant distribution and water 
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removal [29–34]. Consequently, the design and optimization of porous 
structures have become central to improving PEMFC performance.

The GDL serves multiple essential functions, including uniform dis
tribution of reactant gases, removal of product water, mechanical sup
port, and electrical conductivity. Experimental and numerical 
investigations by Nam demonstrated that pore morphology and wetta
bility significantly influence capillary transport behaviour [35]. Like
wise, Gostick and co-workers showed that pore size distribution and 
anisotropy strongly affect breakthrough pressure and liquid water 
saturation dynamics [36]. These findings indicate that simplified ho
mogeneous porous assumptions are insufficient to accurately represent 
GDL performance.

Conventional continuum-based models typically describe the GDL 
using Darcy’s law combined with effective diffusivity correlations 
derived from empirical porosity–tortuosity relationships. However, such 
macroscopic approaches neglect the inherent stochasticity and complex 
topology of fibrous media. Pore Network Modelling (PNM), originally 
introduced by Fatt and further developed by Blunt, provides a powerful 
alternative by representing porous media as interconnected networks of 
pores and throats [37]. Recent studies have demonstrated that pore- 
scale models offer improved predictive capability for two-phase flow 
and transport phenomena compared to volume-averaged methods 
[14,20].

While pore-scale modelling has significantly advanced the under
standing of transport processes, most existing studies focus primarily on 
water management and permeability characterization, with limited 
attention to thermodynamic performance optimization. From a ther
modynamic perspective, fuel cell inefficiencies arise from entropy gen
eration associated with electrochemical reactions, mass diffusion, 
viscous dissipation, and heat transfer. The entropy generation minimi
zation framework proposed by Li provides a rigorous basis for identi
fying sources of irreversibility within energy systems [38,39]. In PEMFC 
applications, exergy analysis has been shown to offer deeper insight into 
useful work potential and system losses compared to conventional effi
ciency metrics [4,40–42].

Non-equilibrium thermodynamic approaches based on entropy pro
duction have been introduced in recent studies to describe electro
chemical systems more accurately. However, pore-scale optimization of 
exergy of GDL microstructures is not thoroughly studied [35,43]. The 
literature on exergy analysis has generally assumed the fuel cell is a 
lumped system, in which local thermodynamic destruction in porous 
transport domains is not resolved. This is a severe research gap: even 
though the microstructure has a strong influence on transport phe
nomena, its direct correlation with the amount of entropy generation 
and exergy destruction has not been quantitatively measured using pore- 
network models [44–46].

However, thermodynamic microstructural engineering provides a 
new direction of research. With a map of the local entropy generation in 
a pore-network representation, it is now possible to determine micro
structural configurations that reduce irreversibility and still provide an 
efficient mass transport [23,47,48]. This is a philosophy that goes 
beyond the dominance of pure geometrical optimization to the matching 
of structural design to the second law of performance. By combining 
pore-network modelling with exergy analysis, it has become possible to 
design microstructural optimization objective functions that are based 
on physically sound principles, rather than trial-and-error approaches to 
their design.

Recent studies have demonstrated the effectiveness of pore-network 
models (PNMs) in capturing pore-scale transport phenomena within the 
gas diffusion layer of proton-exchange membrane fuel cells. These 
models have been widely used to investigate mass transport, capillary- 
driven liquid water dynamics, and effective transport properties in 
porous media. However, the application of PNMs has largely been 
limited to descriptive or single-objective analyses, focusing primarily on 
transport characterization rather than design optimization 
[37,46,49–51].

In contrast, the integration of pore-network modelling with multi- 
objective optimization frameworks remains relatively unexplored in 
the context of PEMFC systems. In particular, the simultaneous consid
eration of electrochemical performance and thermodynamic efficiency, 
including exergy destruction and entropy generation, has not been 
comprehensively addressed at the pore scale [52]. This gap highlights 
the need for a unified modelling and optimization approach capable of 
linking microstructural design parameters with both transport perfor
mance and thermodynamic irreversibility [53].

Accordingly, the present study introduces a novel framework that 
combines pore-network modelling, exergy-based thermodynamic anal
ysis, and multi-objective optimization using the NSGA-II algorithm. This 
integrated approach enables the identification of optimal GDL micro
structures that balance competing performance criteria, thereby 
providing new insights into the design of high-efficiency PEM fuel cell 
systems.

Despite the significant progress in pore-scale modelling and trans
port analysis of gas diffusion layers in PEM fuel cells, existing studies 
remain primarily focused on transport characterization or single- 
objective performance evaluation. In particular, the direct coupling 
between pore-scale microstructural design and thermodynamic irre
versibility, quantified through entropy generation and exergy destruc
tion, has not been systematically addressed. Most available exergy-based 
analyses are conducted at the macroscopic level and do not resolve local 
thermodynamic losses within the porous structure.

Therefore, this study introduces a fundamentally different approach 

Nomenclature

Symbol Description, Unit
Co2 Oxygen concentration, mol m− 3
Deff Effective diffusivity, m2 s− 1
E(dest) Exergy destruction rate, W
fh Hydrophobic fraction, –
F Faraday constant, C mol− 1
i Current density, A m− 2
I0 Exchange current density, A m− 2
Keff Effective thermal conductivity, W m− 1 K− 1
Kef Effective permeability, m2
N Number of perturbation cases, –
P Pressure, Pa
rp Pore radius, m
rt Throat radius, m

R Universal gas constant, J mol− 1 K− 1
S(gen) Entropy generation rate, W K− 1
Sl Liquid saturation, –
T Temperature, K
T0 Reference temperature, K
u Velocity vector, m s− 1
Z Coordination number, –
ΔP Pressure drops, Pa
η Overpotential, V
ηex Exergy efficiency, –
ε Porosity, –
θ Contact angle, ◦
μ9 Gas viscosity, Pa.s
σ Surface tension, N m− 1
τ Tortuosity, –
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by integrating stochastic pore-network modelling with local entropy 
generation mapping and multi-objective optimization. Unlike conven
tional methods, the proposed framework enables the direct identifica
tion of microstructural configurations that minimize exergy destruction 
while simultaneously enhancing electrochemical performance. This es
tablishes a quantitative link between pore-scale topology and second- 
law efficiency, providing new insights beyond traditional transport- 
based optimization strategies.

Consequently, this work advances the current state of the art by 
introducing a thermodynamically guided microstructural design meth
odology, offering a new paradigm for the development of high-efficiency 
and durability-enhanced PEM fuel cell systems.

2. Pore-Scale thermodynamic modelling and Multi-Objective 
optimization framework

To quantitatively link Gas Diffusion Layer (GDL) microstructure with 
thermodynamic performance, a fully coupled pore-scale modelling 
framework is developed in this study. The GDL is represented as a three- 
dimensional stochastic pore network consisting of pores (nodes) inter
connected through throats (links), enabling explicit resolution of mass 
transport, momentum transfer, heat conduction, and phase interactions 
within the porous domain. Unlike conventional continuum homogeni
zation approaches, the present formulation evaluates local irrever
sibility’s at the pore scale and maps entropy generation within the 
network. The thermodynamic analysis is integrated with a multi- 
objective optimization algorithm to identify microstructural configura
tions that minimize exergy destruction while maximizing electro
chemical performance. This section presents the governing transport 
equations, entropy generation formulation, and the mathematical 
structure of the optimization problem.

2.1. Pore network representation

The GDL microstructure is represented as a stochastic network 
characterized by: 

• Porosity ε
• Mean pore radius rp
• Throat radius rt
• Coordination number Z
• Tortuosity τ
• Hydrophobic fraction fh

The pore size distribution follows a log-normal distribution: 

f(rp) =
1

rp.σ.
̅̅̅̅̅̅
2π

√ exp
[

−

(
lnrp− μ)2

2σ2

]

(1) 

where rp is the pore radius (m), f(rp) represents the probability density 
function of pore size distribution, μ is the mean of the logarithmic pore 
radius, and σ is the standard deviation of the logarithmic pore radius. 
The log-normal distribution is used to characterize the stochastic nature 
of pore size variation within the gas diffusion layer microstructure.

Permeability of each throat: 

kt =
r2
t
8

(2) 

where K represents the permeability of an individual throat (m2), rt is 
the throat radius (m), and the formulation is based on the geometric 
characteristics of the pore–throat structure governing fluid flow within 
the network.

Effective permeability of the network: 

Keff =
εr2

p

8τ (3) 

where Keff is the effective permeability of the pore network (m2), rep
resenting the macroscopic permeability obtained from the collective 
contribution of individual pore–throat conductance’s within the inter
connected structure.

Effective diffusivity: 

Deff = DO2 .
ε
τ (4) 

where Deff is the effective diffusivity within the porous medium (m2 s⁻1), 
accounting for the influence of microstructural properties such as 
porosity (ε) and tortuosity (τ) on mass transport.

Mass Conservation (Oxygen Transport) 

∇⋅(− Deff .∇CO2 ) = RO2 (5) 

where Co2 is the oxygen concentration (mol m⁻3), Deff is the effective 
diffusivity (m2 s⁻1), and the source term represents the rate of oxygen 
consumption associated with electrochemical reactions at the catalyst 
layer (CL) interface.

Reaction source term:
RO2 = i

4F(6)where the reaction source term represents the rate of 
oxygen consumption (mol m⁻3 s⁻1) associated with the electrochemical 
reaction at the CL interface and is directly related to the local current 
density through Faraday’s law.

Darcy formulation: 

u = −
Keff

μg
∇P (7) 

where u is the superficial velocity vector (m s⁻1), Keff is the effective 
permeability of the porous medium (m2), μg is the gas viscosity (Pa⋅s), 
and ∇P is the pressure gradient (Pa m⁻1). This equation describes fluid 
flow through the porous structure based on Darcy’s law.

Mass continuity: 

∇⋅(ρg.u) = 0 (8) 

where the continuity equation ensures conservation of mass within the 
pore network by enforcing a divergence-free velocity field under steady- 
state conditions.

Energy Conservation 

∇⋅(− keff .∇T)+Qgen = 0 (9) 

where T is the temperature (K), keff is the effective thermal conductivity 
of the porous medium (W m⁻1 K⁻1), and the equation describes heat 
conduction within the gas diffusion layer.

Heat generation: 

Qgen = i(ηact + ηohm + ηconc) (10) 

where the heat generation term represents the thermal energy produced 
within the system due to electrochemical reactions and irreversible 
processes, including activation, ohmic, and concentration losses.

Electrochemical Kinetics (Butler–Volmer Simplified) 

i = i0
[

exp
(

αa.F.η
R.T

)

− exp
(

−
αc.F.η
R.T

)]

(11) 

where i is the local current density (A m⁻2), i0 is the exchange current 
density (A m⁻2), η is the activation overpotential (V), T is the tempera
ture (K), R is the universal gas constant (J mol⁻1 K⁻1), and F is Faraday’s 
constant (C mol⁻1). This equation describes the electrochemical reaction 
kinetics governing the rate of charge transfer at the CL interface.

Capillary Pressure (Two-Phase Transport) 

Pc =
2σ.cosθ

rp
(12) 
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where PC is the capillary pressure (Pa), σ is the surface tension (N m⁻1), θ 
is the contact angle (◦), and rp (or rt) represents the characteristic pore or 
throat radius (m). This equation describes the pressure difference across 
the liquid–gas interface within the porous structure.

Liquid saturation evolution: 

∂Sl

∂t
+∇⋅(ul.Sl) = 0 (13) 

where Sl is the liquid saturation (–), representing the fraction of pore 
volume occupied by liquid water. This equation describes the evolution 
of liquid water within the porous structure as governed by capillary and 
transport processes.

Total entropy generation rate per unit volume:
Ṡgen = Ṡdiff + Ṡvisc + Ṡheat + Ṡrxn+ṠPC (14).where S(gen) is the total 

entropy generation rate per unit volume (W K⁻1 m⁻3), representing the 
sum of irreversibility contributions within the system. The individual 
terms correspond to entropy generation due to mass diffusion, viscous 
dissipation, heat conduction, and electrochemical reactions.

Due to mass diffusion 

Ṡdiff =
Deff

T
(∇CO2 )

2

CO2

(15) 

where Ṡdiff is the entropy generation rate due to mass diffusion 
(
W K− 1 m− 3), Deff is the effective diffusivity 

(
m2 s− 1), CO2 is the oxygen 

concentration 
(
mol m− 3), R is the universal gas constant 

(
J mol− 1 K− 1

)
, 

T is the temperature (K), and ∇CO2 represents the oxygen concentration 
gradient 

(
mol m− 4). This term quantifies entropy generation associated 

with irreversible mass transport caused by concentration gradients 
within the porous medium.

Due to viscous dissipation 

Ṡvisc =
μg

T
(∇u)2 (16) 

where Ṡvisc is the entropy generation rate due to viscous dissipation 
(
W K− 1 m− 3), μg is the gas viscosity (Pa⋅s), u is the velocity vector 
(
m s− 1), and ∇u represents the velocity gradient tensor 

(
s− 1). This term 

quantifies entropy generation associated with fluid flow resistance 
within the porous medium.

Due to heat conduction 

Ṡheat =
keff

T2 (∇T)2 (17) 

where Ṡheat is the entropy generation rate due to heat conduction 
(
W K− 1 m− 3), keff is the effective thermal conductivity 

(
W m− 1 K− 1), T is 

the temperature (K), and ∇T represents the temperature gradient 
(
K m− 1). This term quantifies entropy generation arising from heat 

transfer due to temperature gradients within the porous medium.
Due to electrochemical reaction 

Ṡrxn =
iη
T

(18) 

where Ṡrxn is the entropy generation rate due to electrochemical reaction 
(
W K− 1 m− 3), i is the local current density 

(
A m− 2), \eta is the over

potential (V), and T is the temperature (K). This term quantifies the 
thermodynamic irreversibility associated with electrochemical charge- 
transfer processes within the system.

Entropy generation due to phase change can be expressed as: 

Sgen,PC =
˙mcp.hfg

T
(19) 

where Ṡphase is the entropy generation rate associated with phase change 

(
W K− 1 m− 3), T is the local temperature (K), and the latent heat term 

represents the energy associated with evaporation and condensation 
processes. This term accounts for thermodynamic irreversibility induced 
by phase change within the porous structure.

The entropy generation associated with phase change phenomena, 
particularly liquid water evaporation and condensation within the 
porous structure, is additionally considered through a latent heat 
transfer mechanism. This contribution is evaluated based on the ratio of 
the latent heat of phase change to the local temperature, as expressed in 
Eq. (19). The inclusion of this term accounts for the thermodynamic 
irreversibility induced by water phase transitions, which play a signifi
cant role in PEM fuel cell operation, especially under high current 
density and humidification conditions. This formulation ensures a more 
comprehensive representation of local entropy generation sources and 
maintains consistency with the exergy destruction analysis presented in 
Fig. 7.

Total Exergy Destruction 

Ėdest = T0

∫

V
Ṡgen.dV (20) 

where Edest is the total exergy destruction rate (W), T0 is the reference 
temperature (K), and Ṡgen is the total entropy generation rate 

(
W K− 1). 

This equation establishes the direct relationship between entropy gen
eration and exergy destruction based on the second law of thermody
namics.

The total overpotential in the fuel cell can be expressed as the sum of 
activation, ohmic, and concentration contributions: 

ηtot = ηact + ηohm + ηconc (21) 

where η is the total overpotential, ηact represents the activation over
potential associated with electrochemical reaction kinetics, ηohm denotes 
the ohmic overpotential resulting from ionic and electronic resistances, 
and ηconc corresponds to the concentration overpotential arising from 
mass transport limitations.

The activation overpotential is typically described using the Butler
–Volmer relationship, while the ohmic overpotential is related to 
effective resistance within the membrane and electrodes. The concen
tration overpotential accounts for reactant depletion effects, particularly 
at high current densities.

Exergy efficiency: 

ηex = 1 −
Ėdest

Ėfuel
(22) 

where ηex is the exergy efficiency (-), representing the ratio of useful 
work output to the total exergy input. This parameter quantifies the 
thermodynamic performance of the system by accounting for irrevers
ibility losses.

Design vector: 

X = [rp, σ,Z, ε, fh, τ] (23) 

where X is the design vector, rp is the mean pore radius, ε is the porosity, 
Z is the coordination number, fh is the hydrophobic fraction, σ is the pore 
size distribution variance, and τ is the tortuosity. These variables define 
the microstructural characteristics of the gas diffusion layer and are used 
as decision variables in the optimization process.

Objective functions: 

Minimizef1 = Ėdest (24) 

Maximizef2 = i (25) 

Minimizef3 = ΔP (26) 

Minimizef4 = ηconc (27) 
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where the objective functions define the multi-objective optimization 
problem. Edest is the total exergy destruction rate (W), i is the current 
density 

(
A m− 2), and ΔP is the pressure drop across the gas diffusion 

layer (Pa). These objectives are formulated to minimize thermodynamic 
irreversibility while maximizing electrochemical performance and 
maintaining acceptable transport characteristics.

Subject to constraints: 

• 0.6 ≤ ε ≤ 0.855μm ≤ rp ≤ 30μm
• 3 ≤ Z ≤ 8

Optimization performed using NSGA-II.
The source terms introduced in the governing equations do not imply 

that electrochemical reactions occur within the gas diffusion layer itself. 
Instead, they represent effective coupling terms that account for mass 
and energy exchange with the adjacent CL, where the electrochemical 
reactions physically take place. This modelling approach enables the 
incorporation of interfacial transport effects within a reduced-order 
pore-network framework while preserving physical consistency.

To achieve physical relevance and enable the comparison with the 
well-known PEMFC studies, the pore-scale thermodynamic model is 
tested at representative steady-state operating conditions typically re
ported in high-performance low-temperature PEM fuel cells. These pa
rameters are aircraft and stationary automotive fuel cell systems 
working close to 80 ◦C at full humidity of the reactants to ensure con
ductivity of the membranes. The exergy calculations are done in refer
ence temperature, whereas inlet oxygen concentration and pressure are 
indicative of cathode-side conditions with moderate pressurization. The 
exchange current density is chosen in an experimentally reported range 
in platinum-based catalyst systems to guarantee the realistic electro
chemical kinetics. These conditions of the base are the thermodynamic 
reference state of entropy generation mapping and the amount of exergy 
destruction. Table. 1 provides a summary of the operating parameters 
that have been adopted.

The optimization model demands physically sound constraints on 
the microstructural design variables to eliminate non-manufacturable or 
unfeasible GDL designs. The ranges are chosen based on experimentally 
characterized commercial carbon paper and carbon cloth GDLs and 
based on reports of pore-scale imaging studies. The porosity limits are 
the stability needs in the structure, and the electrical conductivity limits 
of fibrous media. The pore radius capture is used to achieve the char
acteristic range of carbon fibre-based GDLs and the coordination num
ber capture is used to guarantee physically meaningful connectivity of 
stochastic pore networks. The range of hydrophobic fraction is deter
mined in terms of loadings of PTFE commonly used in commercial GDL 
treatments. These are the limits within which the multi-objective opti
mization algorithm can explore the design space and are as in Table 2.

The established pore-scale thermodynamic model provides a quan
titative linkage between the microstructural topology and second law 
performance indices in proton exchange membrane fuel cell. The model 
goes beyond classical homogenized porous media approximations by the 
explicit solution of mass transport, momentum transfer, heat conduc
tion, and electrochemical kinetics on a stochastic pore-network model. 

More to the point, the fact that the process of entropy generation can be 
decomposed into diffusion-driven, viscous, thermal, and electro
chemical components allows the localized discovery of spots of irre
versibility within the GDL structure. This spatially resolved 
thermodynamic mapping gives some basic understanding of the effect of 
pore size distribution, connectivity, and wettability on the useful work 
potential and concentration losses. As a result, the GDL is stopped being 
perceived as a just passive medium of transport but as an active ther
modynamic element whose architecture is a direct determinant of 
exergy efficiency [15,44,45,48,54].

Multi-objective optimization with entropy generation analysis is 
further used to bring the modelling framework to a more prescriptive 
microstructural engineering rather than a descriptive simulation. The 
suggested methodology does not depend on any empirical adjustments 
to-and-frog trial-and-error but instead does a systematic search of the 
plausible design space to determine pore-network structures that mini
mize exergy destruction and at the same time maximize current density 
and minimise pressure drop. The obtained solutions of the Pareto- 
optimal give physically interpretable trade-offs between transport 
enhancement and thermodynamic efficiency and are a clear design 
guideline to next-generation GDL architectures. This coupled pore-scale- 
thermodynamic optimal control approach thus forms the background of 
a new category of exergy-based structural design procedures in PEM fuel 
cells, and this is going to be quantitatively evaluated and discussed in 
the following sections.

2.2. Stability index Definition

To quantify the operational robustness of the Gas Diffusion Layer 
configurations, a stability index was defined as a normalized measure of 
performance sensitivity to variations in key structural and operating 
parameters. The index is calculated based on the relative variation of 
key output variables, including current density, exergy efficiency, and 
transport resistance, under controlled perturbations of parameters such 
as porosity, tortuosity, and compression ratio.

Mathematically, the stability index is expressed as: 

SI = 1 −
1
n
∑n

i=1

⃒
⃒
⃒
⃒
⃒

Xi − Xref

Xref

⃒
⃒
⃒
⃒
⃒

(28) 

where SI is the stability index (-), Xi is the evaluated performance metric 
under perturbed conditions, Xref is the corresponding reference value, 
and N is the number of perturbation cases. This index quantifies the 
sensitivity of system performance to variations in structural and oper
ating parameters.

3. Numerical implementation and model validation

Section 2 described governing equations are solved in a fully coupled 
computational model to solve pore-scale transport, electrochemical ki
netics, entropy generation, and exergy destruction in the stochastic GDL 
network. The pore-network balances of mass and energy are coupled to 
second-law thermodynamic analysis and multi-objective optimization in 
the numerical implementation. Numerical stability, convergence 
robustness, and thermodynamic consistency is especially considered to 

Table 1 
Baseline Electrochemical and Thermodynamic Operating Conditions 
Used for Pore-Scale Entropy Generation and Exergy Analysis.

Parameter Value

Cell temperature 353 K
Operating pressure 1.5 atm
Reference temperature 298 K
Inlet O2 concentration 0.21 mol fraction
Exchange current density 10⁻3 A/cm2

Relative humidity 100%
GDL thickness 300 µm

Table 2 
Microstructural Design Variables and Feasible Bounds for Multi-Objective 
Exergy-Based Optimization.

Variable Lower Bound Upper Bound

Mean pore radius 5 µm 30 µm
Porosity 0.6 0.85
Coordination number 3 8
Hydrophobic fraction 0.1 0.6
Distribution variance 0.2 1.0
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guarantee the reliable determination of Pareto-optimal microstructures. 
This section outlines the discretization process, solution procedure, 
convergence testing, and entropy integration process and validation 
approach that will be used in the current research.

Four different pore network configurations were considered in this 
study to investigate the influence of microstructural topology on trans
port and thermodynamic behaviour. The uniform distribution repre
sents a baseline structure in which pores are assumed to have similar 
sizes and are evenly distributed throughout the domain, resulting in 
relatively homogeneous transport properties.

The gradient distribution introduces a spatial variation in pore size 
or porosity across the thickness of the Gas Diffusion Layer, typically 
transitioning from smaller pores near the (CL), to larger pores toward 
the gas channel. This configuration aims to enhance mass transport 
while maintaining sufficient reactive interface.

The bi-modal distribution consists of two distinct pore size pop
ulations, combining small pores that enhance surface area and reaction 
interaction with larger pores that facilitate bulk mass transport. This 
structure reflects commonly observed features in engineered porous 
materials.

The hierarchical network configuration represents a multi-scale 
structure with interconnected pore networks across different length 
scales. This design enables improved transport pathways and reduced 
diffusion resistance while maintaining structural integrity. Such con
figurations are particularly effective in balancing transport efficiency 
and thermodynamic performance.

The source terms are implemented as boundary-coupled quantities 
representing interfacial exchange with the (CL), rather than internal 
generation within the GDL domain.

Each pore i in the network satisfies mass, momentum, and energy 
balance equations written in discrete form.

Oxygen Mass Balance at Pore i 
∑

j∈N (i)

Gdiff
ij (Ci − Cj)+Ri = 0 (29) 

where Ci is the oxygen concentration at pore i
(
mol m− 3), Cj is the oxy

gen concentration at neighboring pore j
(
mol m− 3), Gij is the diffusive 

conductance between pores i and j
(
mol s− 1), and Si is the source term 

representing oxygen consumption due to electrochemical reactions 
(
mol m− 3 s− 1). This equation represents the discrete mass conservation 

of oxygen within each pore of the network.
Diffusive conductance between connected pores: 

Gdiff
ij =

Deff .Aij

Lij
(30) 

where Gij is the diffusive conductance between connected pores i and 
j
(
mol s− 1), Deff is the effective diffusivity 

(
m2 s− 1), Aij is the cross- 

sectional area of the throat connecting the pores 
(
m2), and Lij is the 

distance between the pore centers (m). This formulation defines the 
mass transfer rate between adjacent pores based on their geometric and 
transport properties.

Pressure Equation (Darcy-Based Conductance) 
∑

j∈N (i)

Ghyd
ij (Pi − Pj) = 0 (31) 

where Pi is the pressure at pore i(Pa), Pj is the pressure at the neigh
boring pore j(Pa), and gij is the hydraulic conductance between con
nected pores i and j. This equation represents the discrete pressure 
balance governing fluid flow through the pore network based on Darcy- 
type transport.

Hydraulic conductance: 

Ghyd
ij =

Keff .Aij

μg.Lij
(32) 

where gij is the hydraulic conductance between connected pores i and j, 
rt is the throat radius (m), μg is the gas viscosity (Pa⋅s), and Lij is the 
length of the throat connecting the pores (m). This formulation defines 
the flow conductance based on the geometric properties of the pore–
throat structure and fluid viscosity.

Energy Balance at Pore i 
∑

j∈N (i)

Gth
ij (Ti − Tj)+Qi = 0 (33) 

where Ti is the temperature at pore i(K), Tj is the temperature at 
neighboring pore j(K), Gth

ij is the thermal conductance between con
nected pores 

(
W K− 1), and Qi is the local heat source term (W) associ

ated with electrochemical reactions and irreversible losses. This 
equation represents the discrete energy balance within each pore of the 
network.

Thermal conductance: 

Gth
ij =

keff .Aij

Lij
(34) 

where Gth
ij is the thermal conductance between connected pores i and 

j
(
W K− 1), keff is the effective thermal conductivity 

(
W m− 1 K− 1), Aij is 

the cross-sectional area of the throat connecting the pores 
(
m2), and Lij 

is the distance between the pore centers (m). This expression defines 
conductive heat transfer between adjacent pores based on geometric and 
material properties.

The coupled nonlinear algebraic system is solved iteratively using a 
Newton–Raphson scheme with under-relaxation to ensure convergence 
stability under strong electrochemical coupling.

The computational workflow follows these sequential steps: 

1. Generate stochastic pore network
2. Assign geometric and wettability properties
3. Initialize pressure, concentration, and temperature fields
4. Solve pressure field
5. Solve oxygen transport
6. Update electrochemical current density
7. Solve temperature field
8. Compute local entropy generation
9. Integrate exergy destruction

10. Pass performance metrics to optimization module

Convergence criterion for each field variable: 
⃒
⃒
⃒
⃒ϕk+1 − ϕk⃒⃒

⃒
⃒

⃒
⃒
⃒
⃒ϕk⃒⃒

⃒
⃒

< 10− 6 (35) 

where ϕ represents the field variable (such as pressure P, concentration 
C, or temperature T), n and n+1 denote successive iteration steps, and 
the tolerance defines the convergence threshold. This criterion ensures 
that the numerical solution has reached a stable and converged state.

Local entropy generation at each pore: 

Ṡgen,i = Ṡdiff ,i + Ṡvisc,i + Ṡheat,i + Ṡrxn,i (36) 

where Ṡgen,i is the local entropy generation rate at pore i
(
W K− 1 m− 3), 

and it is obtained as the sum of entropy generation contributions from 
mass diffusion, viscous dissipation, heat conduction, electrochemical 
reactions, and phase change mechanisms evaluated at the pore level.

Total entropy generation: 

Ṡgen,total =
∑Np

i=1
Ṡgen,i.Vi (37) 

where Ṡgen is the total entropy generation rate 
(
W K− 1), and it is obtained 
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by summing the local entropy generation contributions Ṡgen,i over all 
pores within the network.

Total exergy destruction: 

Ėdest = T0.Ṡgen,total (38) 

where Edest is the total exergy destruction rate (W), T0 is the reference 
temperature (K), and Ṡgen is the total entropy generation rate 

(
W K− 1). 

This equation quantifies the total thermodynamic irreversibility within 
the system based on the second law of thermodynamics.

Spatial entropy maps are constructed by projecting pore-level values 
onto a volumetric grid to visualize irreversibility distribution.

To eliminate structural discretization bias, networks of increasing 
pore counts were examined: 

• 5,000 pores
• 10,000 pores
• 20,000 pores
• 40,000 pores

Variation in total exergy destruction between successive re
finements: 

∊ =

⃒
⃒Ėn+1

dest − Ėn
dest

⃒
⃒

Ėn
dest

× 100% (39) 

where ΔEdest is the relative variation in exergy destruction between 
successive network refinements (-), En

dest and En− 1
dest are the exergy 

destruction values obtained from the current and previous network 
resolutions, respectively. This metric is used to assess numerical 
convergence and ensure independence of the solution from network 
discretization.

Independence was confirmed when, Independence was confirmed 
when the relative variation in exergy destruction between successive 
refinements was less than 1%.

To rule out the possibility of thermodynamic and transport pre
dictions, being biased by network resolution, a systematic pore-network 
independence analysis was performed by adding more pores, holding 
the statistical microstructural descriptors and boundary conditions 
constant. Sensitivity assessment of the behaviour of the key performance 
indicators is done such that the points considered are total exergy 
destruction, current density at a given reference voltage, and pressure 
drop across the GDL domain. These numbers are directly connected to 
the second-law efficiency and mass transport properties of the system 
and thus are a complete indication of numerical robustness. When the 
relative variation of all the quantities monitored is less than 1% when 
more refinement is done to the network, it is said to be converged. Table. 
3 gives the results of this sensitivity analysis.

The NSGA-II algorithm is employed with: 

• Population size: 120
• Generations: 200
• Crossover probability: 0.85
• Mutation probability: 0.1

Fitness evaluation for each candidate structure: 

F(X) = [Ėdest , − i,ΔP, ηconc] (40) 

where F is the fitness function (-), used to evaluate the performance of 
each candidate solution in the optimization process, and X is the design 
vector containing the set of decision variables. The fitness function is 
formulated based on the defined objective functions to guide the multi- 
objective optimization algorithm.

Constraint handling via penalty function: 

Fpenalized = F+ λmax(0, g(X)) (41) 

where the penalty function is used to handle constraint violations within 
the optimization process. It introduces an additional term that penalizes 
infeasible solutions, ensuring that the optimization algorithm Favors 
design that satisfy all imposed constraints.

The correct choice of algorithmic parameters and convergence tol
erances is a key to the reliability of the results of multi-objective opti
mization. To ensure the exploration of the viable space of 
microstructural design over time with minimal premature convergence 
and with an optimal cost of computation, Non-dominated Sorting Ge
netic Algorithm II (NSGA-II) is set with well-tuned population size, 
generation count, crossover probability and mutation rate. Such pa
rameters are selected according to the known optimization practices in 
the multi-objective engineering design problems to maintain steadiness 
of solution diversity and convergence. The optimization parameters that 
were adopted would mean that the resulting Pareto front is a stable 
approximation of the trade-off surface between minimization of exergy 
destruction and maximization of performance. Table 4 gives the algo
rithmic configuration that was used in detail in this study.

The model is validated against reported polarization curves and 
effective diffusivity correlations from literature on commercial carbon 
paper GDLs. Validation metrics include:

Relative error in current density: 

Error =
⃒
⃒imodel − iexp

⃒
⃒

iexp
× 100% (42) 

where ipred and iexp are the predicted and experimental current density 
values, respectively. This expression represents the relative error be
tween the model-predicted and experimentally measured current den
sity.

Root means square error: 

RMSE =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

1
N

∑N

k=1

(imodel,k − iexp,k)
2

√
√
√
√ (43) 

where RMSE is the root mean square error, ypred
i is the predicted value, 

yexp
i is the corresponding experimental value, and N is the total number 

of data points. This metric quantifies the deviation between model 
predictions and experimental results.

Additionally, effective diffusivity predictions are compared with 
experimentally reported porosity–tortuosity relationships to ensure 
physical realism.

Table 3 
Network Size Sensitivity Analysis for Convergence of Exergy Destruction and 
Key Performance Metrics (illustrative placeholder values).

Number of 
pores Np

Edest 

(W)
ΔEdest 

(%)
i at 0.6 V 
(A⋅cm¡2

Δ(i) 
(%)

ΔP 
(Pa)

ΔP 
(%)

5,000 3.42 — 1.680 — 118.0 —
10,000 3.29 3.80 1.712 1.90 114.0 3.39
20,000 3.24 1.52 1.724 0.70 112.8 1.05
40,000 3.23 0.31 1.726 0.12 112.6 0.18

Table 4 
Optimization Algorithm Parameters and Convergence 
Settings.

Parameter Value

Algorithm NSGA-II
Population size 120
Generations 200
Crossover rate 0.85
Mutation rate 0.1
Termination tolerance 10⁻⁶
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Acceptable validation threshold: Error < 5%.
To ensure the physical reliability and predictive capability of the 

developed pore-scale thermodynamic model, a direct validation against 
experimental data reported in the literature was performed. The model 
predictions were compared with representative polarization curves of 
commercial carbon paper-based GDL operating under similar thermo
dynamic conditions.

The validation of the proposed model was performed using experi
mental polarization data reported in the literature for commercial car
bon paper-based gas diffusion layers under steady-state operating 
conditions. The reference dataset corresponds to a PEM fuel cell system 
operating at a cell temperature of 353 K, pressure of approximately 1.5 
atm, and fully humidified reactants, which are consistent with the 
baseline conditions adopted in this study.

The material system considered in the validation is a conventional 
carbon paper GDL coupled with a platinum-based catalyst layer, as 
widely reported in PEMFC experimental studies. Key electrochemical 
and transport parameters, including exchange current density, effective 
diffusivity, and operating pressure, were selected to match the reported 
experimental ranges to ensure consistency between the model and the 
reference system.

The comparison is carried out using polarization curves, where the 
predicted current density is evaluated against experimental measure
ments under identical operating conditions. This approach ensures that 
the validation is physically consistent and representative of realistic 
PEM fuel cell operation.

Fig. 1 presents the comparison between the present model pre
dictions and the experimental data. A strong agreement is observed over 
the full voltage range, particularly within the activation and ohmic re
gions. Minor deviations appear at lower voltages, which can be attrib
uted to increased mass transport limitations and inherent simplifications 
of the pore-network representation.

The relative error between predicted and experimental current 
density values was evaluated using the previously defined error metrics 
(Eq. (42) and Eq. (43). The deviation remained below 5% across the 
operating range, confirming the validity and robustness of the proposed 
numerical framework. This agreement demonstrates that the model 
successfully captures the coupled electrochemical and transport phe
nomena within the gas diffusion layer and can be reliably used for 
exergy-based optimization.

The convergent behaviour of the numerical framework is shown to 
remain stable with network refinements and operating conditions, 
exergy destruction predictions and current density predictions showing 

less than 1% difference between 20,000 pores and above. The consis
tency of the pore-scale thermodynamic model is physically validated by 
comparison with experimental polarization and diffusivity data. En
tropy generation mapping combined with the evolutionary multi- 
objective optimization can dependably search the space of microstruc
tural design. With the numerical soundness and the validation credi
bility achieved, the following section cont ains a close-up examination of 
the entropy distribution, exergy minimization patterns, and the Pareto- 
optimal GDL structures.

4. Results and discussion

The results presented in this section are directly derived from the 
coupled pore-network and exergy-based modelling framework 
described in Section 2. The microstructural parameters, including 
porosity (ε) and tortuosity (τ), are used to determine the effective 
transport properties of the GDL, which are then incorporated into the 
governing equations for mass, heat, and charge transport. The local 
entropy generation rates (Ṡgen) resulting from diffusion, viscous dissi
pation, heat transfer, and electrochemical reactions are calculated and 
integrated to evaluate the total exergy destruction. Based on this, the 
exergy efficiency (ηex) is determined as a key performance indicator. 
These outputs are subsequently utilized within the NSGA-II optimization 
framework to identify optimal microstructural configurations and 
evaluate system performance.

The created pore-scale thermodynamic model allows thoroughly 
assessing the behaviour of transport, entropy generation, and exergy 
destruction in the PEM fuel cell controlled by the microstructure of Gas 
Diffusion Layer. The numerical findings based on the coupled Multi
physics and multi-objective optimisation model are systematically pre
sented and discussed in this section. This discussion starts with 
characterization of the stochastic pore-network configuration at the 
baseline to have a thermodynamic reference state. The distributions of 
oxygen concentration, pressure, temperature, and local entropy gener
ation in space are studied to determine the prevailing mechanisms of 
irreversibility and the transport bottlenecks. This base analysis serves as 
the basis of appreciating the effects of microstructural changes to 
second-law performance.

A contribution of single mechanisms of entropy generation is then 
determined, and parametric exploration of the major microstructural 
descriptors, such as pore radius distribution, coordination number, 
porosity, and hydrophobic fraction, is conducted. The output of the 
multi-objective optimization is then shown in the form of Pareto front 
analysis, which shows the trade-offs between minimizing exergy 
destruction and the improvement of electrochemical performance. The 
mathematical models are thermodynamically interpreted to obtain 
physically meaningful design rules. The findings presented in the 
framework of this systematic analysis prove to not only justify the 
strength of the modelling framework but also illustrate the prospects of 
exergy-driven microstructural engineering to the next-generation GDL 
arrangements.

The coupled electrochemical, transport, and thermodynamic 
response of the baseline stochastic pore-network geometry is described 
in Fig. 2 with respect to cell voltage. As anticipated, there is an 
increasing mono-polar behaviour of current density to reduced voltages 
to indicate the classical polarization behaviour in a manner that is 
determined by the overpotential of activation and concentration. At the 
same time, exergy destruction is nonlinearly rising as the cell works with 
lower voltages, which means that the irreversible processes in the 
porous domain are enhanced. This trend brings out the inherent ther
modynamic trade-off between large power output and second-law effi
ciency: decreased voltages lead to decreased irreversibility and an 
increase in current density, at the expense of useful work potential. The 
rate of entropy generation also shows an identical decreasing trend with 
the decreasing voltage operation which affirms that the increment in 
exergy destruction is inseparably connected with the higher resistance of 

Fig. 1. Comparison between model-predicted polarization curve and experi
mental data from literature, demonstrating good agreement and validating the 
pore-scale thermodynamic model.
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diffusion and electrochemical polarization losses. The change in pres
sure drop with increase in current density is moderate and is mainly 
caused by an increase in reactant consumption and corresponding gas 
movement gradient in the pore network. Though the hydrodynamic part 
of total entropy generation is still lesser than the diffusion and reaction 
contributions, its constant increase with loads at higher loads indicates 
that too much densification of the microstructure would hurt total ef
ficiency. At the same time, the oxygen concentration declines gradually 
with lower voltages which indicates enhanced electrochemical con
sumption on the catalyst interface as well as a heightened concentration 
gradient across the GDL thickness. The concurrent visualization of these 
five mutually dependent variables is used to create a holistic thermo
dynamic portrait of baseline GDL performance. The most prominent is 
the fact that the separation of current density and exergy destruction 
curves at low voltages is a quantitative measure involving how 
throughput to one of the electrochemical paths does not have to be 
thermodynamically optimal to maximize electrochemical output.

Although the present study primarily focuses on porosity and tor
tuosity, the hydrophobic fraction of the GDL plays a critical role in 
governing water management and transport behaviour. An increase in 
hydrophobicity enhances liquid water removal, reducing pore flooding 
and improving effective gas diffusivity. This, in turn, leads to a reduction 
in entropy generation associated with mass diffusion and consequently 
lowers exergy destruction. Conversely, insufficient hydrophobicity may 
result in increased liquid saturation, higher diffusion resistance, and 
degraded electrochemical performance. Therefore, the hydrophobic 
fraction indirectly influences both exergy efficiency and current density 
through its effect on multiphase transport characteristics.

In references to the pore-network configuration of the baseline, Fig. 3
makes a mechanistic breakdown of the total entropy generation and 

shows the relative change in exergy efficiency with cell voltage. This 
figure, in contrast to Fig. 2 which showed an aggregate thermodynamic 
behaviour, breaks down the single contributions of irreversibility in 
diffusion, electrochemical reaction, heat transfer and viscous dissipa
tion. The findings suggest that diffusion-based entropy generation is the 
largest contribution to irreversibility to the whole range of operation, 
especially in low voltage where concentration gradient of reactants is 
even stronger. This action proves that the major cause of the second-law 
efficiency degradation in high-load conditions is mass transport con
straints in the GDL microstructure. Electrochemical reactions entropy 
generation shows a comparable rising pattern in terms of reducing 
voltage, which shows improved activation and concentration over
potential. Even though the contribution of heat-transfer and viscous 
dissipation effects are relatively small, their gradual accumulation in 
dense currents indicates that structural densification or too much tor
tuosity might enhance the effects of hydrodynamic and thermal resis
tance. The concomitant decrease of exergy efficiency at low voltages is a 
quantitative measure of the fact that performance improvement caused 
by higher current output also causes increasing internal irreversibility. 
Notably, the comparison of diffusion and reaction entropy components 
shows the decisive importance of pore topology and connectivity in 
controlling oxygen accessibility. The results support the idea behind the 
main hypothesis of the current research: the significant enhancements in 
the thermodynamic activity without affecting electrochemical produc
tivity are achievable through microstructural optimization of diffusion- 
induced entropy generation.

Fig. 4 shows how the electrochemical action and thermodynamic 
indicators are sensitive to changes in the mean pore radius of Gas 
Diffusion Layer. This figure is a direct measure of the structural effect of 
an important microstructural parameter of the feasible design space set 

Fig. 2. Coupled Multiphysics and thermodynamic behaviour of the baseline GDL configuration: variation of current density, exergy destruction, entropy generation 
rate, pressure drop, and oxygen concentration with cell voltage under steady-state operating conditions.
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out in Table 2, unlike the prior voltage-dependent analyses. The findings 
indicate that there is no single monotonic correlation between pore 
radius and current density, and in fact, there exists a characteristic op
timum area in the intermediate pore sizes. Smaller pores enhance tor
tuosity and diffusion resistance and reduce the ability to transport 
oxygen to the (CL), whereas extremely large pores decrease the effective 
surface encounter and can cause a change in water management prop
erties, leading to a decrease in performance beyond the optimum area. 
The exergy destruction curve has a complementary nature, and the 
lowest point is found at the same intermediate pore radius whereby the 
current density is highest. This tendency proves that the diminution of 
entropy generation by diffusion directly contributes to improvement of 
the second-law efficiency. The diffusion entropy fraction and the pore 
radius have a negative relationship with each other, which means that 
mass transport irreversibility has been reduced due to an increase in the 
effective diffusivity. Meanwhile, the pressure drop has been found to 
drop nearly linearly with pore size because of an improved permeability 
which demonstrates a hydrodynamic advantage of large pores. But at 
the same time, the exergy destruction outside the optimum radius also 
increases, implying that simply increasing permeability is not a sure way 
to be thermodynamically beneficial, as reaction-related and heat-related 
irreversibility’s start taking hold. This trade-off is further highlighted by 
the variation of the exergy efficiency. The maximum exergy efficiency is 
equal to the minimum exergy destruction as well as to the maximum 
current density, which proves that the thermodynamic and electro
chemical optima coincide within a limited structure range. These find
ings indicate that microstructural optimization cannot be based on the 
maximization of permeability or porosity alone, but, rather, an inte
grated criterion, thermodynamic-electrochemical, needs to be consid
ered. The optimal region identified above gives a solid reason to employ 

the multi-objective optimization model presented above in which the 
pore-network parameters are systemically adjusted to minimise exergy 
destruction and maximise performance as subject to physically con
strained limits.

Fig. 5 shows the structural sensitivity of the most relevant transport 
and thermophysical properties to changes in the porosity of the Gas 
Diffusion Layer in the admissible design range. In contrast to the latter 
figures, which discussed electrochemical and thermodynamic perfor
mance metrics, this analysis is conducted on specific in-depth material- 
level characteristics that are the primary determinants of reactant 
transportation, thermal dissipation, and water control. With an increase 
in porosity, the effective oxygen diffusivity increases with a substantial 
increase because the tortuosity decreases, and the connectivity of the 
void fraction increases. This action directly Favors better mass transport 
and a lower generation of entropy due to diffusion, as was previously 
shown in previous studies. But the porosity also concomitantly causes a 
decrease in electrical conductivity, which is indicative of the loss of solid 
phase carbon backbone that carries the electrons. This trade-off illus
trates a classical structural trade-off between porous electrode archi
tecture: the more porous an electrode is, the faster gaseous diffusion, but 
the worse electronic conductivity pathways become. The same down
ward pattern is followed by thermal conductivity which implies low heat 
dissipation ability with high porosity. Multiphase point of view Capil
lary pressure declines in proportion to porosity, indicating that it has 
reduced resistance to the removal of liquid water. In line with this, the 
saturation of liquid also reduces, indicating enhanced water evacuation 
and lower chances of flooding at greater porosities. The parallel devel
opment of these parameters confirms that it is impossible to optimize 
porosity without structural and thermodynamic considerations. Though 
more porosity is an advantage of mass transport and water management, 

Fig. 3. Decomposition of entropy generation mechanisms and variation of exergy efficiency with cell voltage for the baseline GDL microstructure under steady-state 
operating conditions. Contributions from diffusion, electrochemical reaction, heat transfer, and viscous dissipation are shown.
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too much porosity can compromise electrical and thermal stability, 
which can cause further irreversibility of the reactions and overheating 
localized. This number thus supports the need of the multi-objective 
optimization model that is taken in this paper where structural vari
ables must be optimized to maximize transport efficiency, electrical 
integrity, and exergy destruction at the same time. The observed con
flicting trends are a confirmation of the fact that there is a modest 
window of structural values concerning which optimal GDL design exists 
instead of the extreme porosity values.

Fig. 6 shows the development of relative structural density with 
respect to compaction strain with four different pore-network structures, 
namely, uniform distribution, gradient distribution, bi-modal distribu
tion, and hierarchical network configuration. This figure is a continua
tion of the thermodynamic and transport analyses but is a mechanical 
response of the microstructure to compressive loading, that directly 
affects porosity, tortuosity, and transport properties in cell assembly and 
cell operation. All the configurations have nonlinear densification 
behaviour whereby the structural rearrangement is rapid at low strain, 
and asymptotic densification occurs gradually with increase in strain. 
This tendency is the progressive deterioration of larger pores, contacting 
of the solid ligaments, and the decrease in void volume. The interme
diate range with emphasis is the structural rearrangement regime, and 
the pore reconfiguration takes over as the dominant regime in trans
formation compared to the purely elastic deformation. Sliding of parti
cles, bending of the ligaments and localized pore collapse also lead to the 
increase in density in this zone. The hierarchical network exhibits the 
strongest densification response, with an increase in relative density to 
higher levels of strain than the other architectures. This tendency in
dicates that multi-scale connectivity in pores boosts redistribution of 

loads and promotes structural conformational progression. Conversely, 
the bi-modal distribution approaches slower densification, presumably 
because of mechanical shielding effects between big and small pore 
aggregates, which slow down homogeneous collapse. These structural 
modifications have direct consequences on Multiphysics performance 
such as electrochemical performance and thermodynamic efficiency. 
Higher relative density causes a decrease in the porosity and change in 
the tortuosity, which in turn changes the effective diffusivity, electrical 
conductivity and capillary transport behaviour. Over densification could 
lead to a loss in oxygen permeability and an overproduction of entropy 
by diffusion, and an under densification could lead to a loss of electrical 
contact resistance between the GDL and the (CL).

To provide context for the proposed pore-network model, its pre
dictions can be qualitatively compared with conventional continuum- 
based models reported in the literature. Traditional continuum ap
proaches, based on Darcy’s law and effective transport properties, 
typically assume homogeneous porous media and are limited in 
capturing local transport heterogeneity. In contrast, the present pore- 
network model resolves pore-scale transport and local entropy genera
tion, enabling more accurate identification of irreversibility sources.

Under similar operating conditions reported in previous studies, 
continuum models generally predict smoother performance trends 
without capturing localized variations in transport and thermodynamic 
losses. The present results demonstrate that incorporating pore-scale 
effects leads to improved prediction of exergy destruction and perfor
mance sensitivity to microstructural parameters. This highlights the 
advantage of the proposed approach in providing a more detailed and 
physically representative description of GDL behaviour.

A unified thermodynamic evaluation of the base Gas Diffusion Layer 

Fig. 4. Influence of mean pore radius on electrochemical performance and thermodynamic behaviour of the GDL, showing variations in current density, exergy 
destruction, pressure drop, diffusion entropy fraction, and exergy efficiency under steady-state conditions.
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is introduced in Fig. 7 using the two complementary visualizations. The 
left panel shows the overall exergy destruction distribution over the 
main irreversibility mechanisms, whereas the right panel solves the 
rates of entropy generation of each component at three operating volt
ages (0.80 V, 0.60 V, and 0.40 V). The pie chart shows clearly the 
diffusion process and the electrochemical reaction process are the 
leading processes of exergy destruction and presuppose most of the 
irreversible losses. This gives credence to the fact that second-law in
efficiencies in the porous electrode structure are mainly due to mass 
transport constraints and polarization of reactions. The grouped bar 
analysis also shows the changes in these mechanisms as the cell voltage 
is lowered (as the current density increases). At higher cell voltages (e. 
g., 0.80 V), the electrochemical reaction rate is relatively low, resulting 
in reduced reactant consumption and weaker concentration gradients 
near the (CL). Consequently, diffusion-related entropy generation is 
lower compared to low-voltage (high current density) operating condi
tions. The observed behaviour in Fig. 6 is therefore attributed to the 
relative contribution of entropy generation mechanisms, where diffu
sion losses may appear more pronounced in proportion to other irre
versibility’s under specific operating regimes, rather than increasing in 
absolute terms. Ohmic losses and resonant contributions to the losses 
also show progressive increase with the reduction of voltage, which 
implies to impede the ionic/electronic resistance and water manage
ment functions in high-load scenarios. Although of minor magnitudes, 
heat transfer and viscous dissipation are always increased with the 
operating stress which proves the interdependence of thermal and hy
drodynamic transport inside the microstructure. The combination of 
global and voltage-resolved analyses is a complete thermodynamic 
portrait of the system. Although, diffusion is the highest individual 

contribution to the aggregated exergy balance, the trends of the voltage 
dependent characteristics indicate that in the case of high current 
operation, the irreversibility of the reaction becomes of paramount 
significance. Such results underline the importance of multi-objective 
microstructural optimization approach which can be used to both 
improve mass transport and reduce reaction overpotential. The distri
bution patterns that are observed are used as a quantitative reference 
point in the assessment of optimized GDL architecture in the following 
chapters of this work.

The apparent difference in trends between Figs. 3 and 7 is attributed 
to the distinction between absolute and relative representations of en
tropy generation. Fig. 3 illustrates the absolute diffusion-related entropy 
generation, which increases as the cell voltage decreases due to inten
sified mass transport limitations and higher current density. In contrast, 
Fig. 7 presents the relative contribution of diffusion entropy to the total 
entropy generation.

At lower voltages, although diffusion-related entropy increases in 
absolute terms, the contribution of other irreversibility mechanisms, 
particularly electrochemical reaction losses, increases more rapidly. 
Consequently, the normalized fraction of diffusion entropy appears to 
decrease, leading to the observed trend. This distinction highlights the 
importance of differentiating between absolute and relative thermody
namic metrics when interpreting performance behaviour.

Fig. 8 shows the statistical difference of local entropy generation 
density inside the gas diffusion layer (GDL) pore network of four 
different structural configurations tested under the same operating 
conditions. The baseline architecture has a relatively wide entropy dis
tribution, with a sharp right-hand tail towards values of high entropy- 
generation, which implies that thermodynamic irreversibility hotspots 

Fig. 5. Influence of GDL porosity on effective transport and thermophysical properties, showing variations in oxygen diffusivity, electrical conductivity, thermal 
conductivity, capillary pressure, and liquid saturation across the feasible structural design range.
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Fig. 6. Evolution of relative structural density with compaction strain for different pore-network architectures, showing densification behaviour and structural 
rearrangement regime under mechanical compression.

Fig. 7. (a) Distribution of exergy destruction mechanisms in the baseline Gas Diffusion Layer, highlighting diffusion as the dominant irreversibility .
Source. (b) Variation of entropy generation components with operating voltage, demonstrating the increasing contribution of transport and electrochemical losses at 
lower voltages
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of mass-transport resistance and non-uniform diffusion of reactants exist 
in localized regions. The gradient-structured GDL shows a quantifiable 
narrowing of the distribution, which can be attributed to a better ho
mogenization of reactants and low internal diffusion gradient because of 
spatial porosity modulation. Conversely, the bi-modal geometry shows a 
semi-dispersed distribution, and transport regimes are two-fold; 
although this geometry increases bulk permeability, it nevertheless al
lows localized areas of entropy intensification to occur. Most signifi
cantly, the pore-network design that is optimized has the most compact 
entropy-generation distribution with a severely suppressed high- 
entropy tail. This conversion shows that the concentration over
potentials are well mitigated, as well as the gas diffusion and electro
chemical reaction areas are better coupled. The observation of a 
decrease in extreme events of entropy-generation proves that the 
structural optimization on the pore scale is directly proportional to a 
decrease in irreversible losses and increased thermodynamic efficiency. 
All these findings confirm the developed multi-objective optimization 
model and prove that engineered pore-network topology is a deter
mining factor in reducing the exergy destruction of the PEM fuel cell 
diffusion media.

Fig. 9 shows that the spatial distribution of oxygen concentration 
within the normalized thickness of gas diffusion layer (GDL) in the 
baseline and optimized pore-network architecture in the same working 
conditions differed. The initial setup shows a sharp drop in the con
centration of oxygen to the catalyst-facing surface indicating greater 
resistance of diffusion and the establishment of concentration gradients 
that exacerbate mass-transport constraints. This gradient implies cyclic 

starvation of reactants in deeper parts of the electrode, which directly 
causes concentration overpotential and high entropy generation in the 
previous distributions. Conversely, the optimized GDL shows a less steep 
oxygen concentration drop across the thickness, which retains more 
oxygen towards the catalyst interface. This action proves that the 
designed pore-network topology promotes high effective diffusivity and 
reduces the resistance of internal mass-transport. The decreased 
through-plane concentration gradient is directly correlated to a better 
electrochemical use and reduced irreversible losses. Taken together, the 
findings indicate that pore-level structural optimization does not only 
decrease the entropy-generation hotspots but also facilitates uniformity 
of reactants throughout the diffusion media, thus improving the overall 
PEM fuel cell performance and thermodynamic efficiency.

The overall multi-panel synthesis of structural and thermodynamic 
changes in performance of the studied gas diffusion layer (GDL) archi
tectures is shown in Fig. 10 and the multi-objective efficiency indices, as 
well as relative performance gains, are combined into a single, 
comparative fold. Fig. 10(a) shows the structural robustness index based 
on pore-network topology metrics, which shows the interaction effect 
among porosity distribution, tortuosity modulation, and mechanical 
stability when compression is taken under operating conditions. It is 
seen that there is a clear evolution of the baseline system to an ultra- 
graded system, which implies better structural integrity and improved 
transport pathways due to the maximization of pore-scale design. Fig. 10
(b) supplies a multi-objective polar performance atlas reflecting three 
fundamental operational enhancements, namely: entropy mitigation 
(irreversibility suppression), exergy gain (useful work enhancement) 

Fig. 8. Pore-scale entropy generation distributions for different Gas Diffusion Layer (GDL) architectures: (a) baseline uniform structure, (b) gradient structure, (c) bi- 
modal pore distribution, and (d) optimized network configuration. The results demonstrate how variations in pore topology influence the distribution of local entropy 
generation density, with the optimized structure exhibiting reduced high-entropy regions and improved thermodynamic uniformity.
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and durability stability (degradation resistance). The radial expansion of 
the indices of these optimized and ultra-graded designs shows that pore- 
network optimization has the simultaneous benefits of minimizing 
thermodynamic losses, enhancing effective reactant use, and stabilizing 
the electrochemical behaviour long-term. This proves the fact that 
structural optimization is not beneficial to any single metric but leads to 
synergistic enhancement of coordinated transport reaction mechanisms. 
Lastly, fig. 10(c) measures the relative gains against the baseline ar
chitecture and it can be realized that the ultra-graded and optimized 
designs have the largest percentage of entropy reduction, exergy 
improvement, and durability gain. The non-linear trend in architectures 
points out the importance of the controlled pore hierarchy and not mere 
increase in porosity.

The stability index reflects the ability of each configuration to 
maintain consistent performance under parameter variations, with 
higher values indicating improved robustness and reduced sensitivity to 
structural and operational changes.

Pore size distribution plays a significant role in governing local 
transport behaviour and associated thermodynamic losses within the 
Gas Diffusion Layer. Non-uniform distributions lead to spatial variations 
in diffusion resistance, which in turn result in localized entropy gener
ation and exergy destruction hotspots. Smaller pores tend to restrict 
oxygen transport, increasing concentration gradients and enhancing 
diffusion-related irreversibility, whereas larger pores facilitate mass 
transport but may reduce the effective reactive interface.

The interaction between different pore scales creates heterogeneous 
transport pathways, where abrupt transitions in pore size can intensify 
local gradients and contribute to hotspot formation. The results indicate 
that optimized structures benefit from a balanced pore size distribution 
that minimizes sharp gradients while maintaining sufficient connectiv
ity. This highlights the importance of controlling pore topology not only 
in terms of porosity and tortuosity, but also through distribution char
acteristics that directly influence thermodynamic efficiency.

Fig. 11 presents a comprehensive sensitivity analysis of the principal 

structural and operating parameters governing the performance of the 
optimized PEMFC system. The six subplots collectively demonstrate that 
system behaviour is controlled by strong coupled interactions between 
transport characteristics, electrochemical activity, and structural sta
bility rather than by any single parameter in isolation. In Fig. 11(a), 
porosity exhibits a non-monotonic influence on exergy efficiency, with 
moderate porosity values producing the highest performance. This 
behaviour indicates that excessively low porosity restricts oxygen 
transport, whereas excessively high porosity can weaken the structural 
and conductive backbone of the GDL, thereby reducing the overall 
thermodynamic benefit. Fig. 11(b) shows the influence of effective 
tortuosity on limiting current density, where lower tortuosity generally 
enhances reactant accessibility and improves current-carrying capa
bility, while excessively tortuous pathways intensify diffusion resistance 
and concentration losses. In Fig. 11(c), the variation of mean pore 
diameter reveals a trade-off between hydraulic resistance and structural 
support. As pore diameter increases, pressure drop decreases initially 
because of improved permeability and more effective gas transport; 
however, this improvement gradually levels off, indicating that beyond 
a certain threshold the hydrodynamic benefit becomes less significant. 
Fig. 11(d) demonstrates that catalyst loading has a pronounced effect on 
cell voltage at constant current density. Increasing catalyst loading 
initially improves electrochemical activity by increasing the available 
reaction sites, but the benefit becomes progressively weaker at higher 
loading levels, suggesting diminishing returns due to transport limita
tions and ineffective catalyst utilization. Fig. 11(e) indicates that oper
ating temperature also affects cell voltage, although its impact is more 
moderate than that of catalyst loading. Higher temperature promotes 
reaction kinetics and membrane conductivity, but the improvement 
remains limited by the competing effects of hydration balance and 
transport resistance. Finally, Fig. 11(f) shows that the compression ratio 
has a critical influence on durability stability. Moderate compression is 
beneficial because it improves interfacial contact and reduces ohmic 
resistance, whereas excessive compression can damage the pore 

Fig. 9. Through-Plane Oxygen Concentration Profiles in Baseline and Optimized Gas Diffusion Layers.
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structure, increase transport resistance, and compromise long-term 
mechanical integrity. Taken together, these results confirm that 
optimal PEMFC performance is achieved through balanced simulta
neous tuning of microstructural and operating parameters, rather than 
through maximizing any individual variable alone.

The temporal evolution of voltage-loss mechanisms illustrated in 
Fig. 12 is presented as a physics-informed interpretation based on well- 
established degradation trends reported in the literature, rather than as 
a direct output of the present steady-state pore-scale model. Over 
extended operating periods, typically approaching 5000 h, proton- 
exchange membrane fuel cells exhibit gradual performance deteriora
tion driven by multiple coupled phenomena. Activation losses tend to 
increase due to (CL) degradation, including platinum particle agglom
eration and reduced electrochemically active surface area. Simulta
neously, ohmic losses progressively rise because of membrane thinning, 
dehydration, and increased ionic resistance. In addition, mass transport 
losses become more pronounced due to pore structure modification, 
water flooding, and reactant diffusion limitations within the gas diffu
sion layer and (CL). The combined effect of these mechanisms leads to a 
nonlinear decline in cell voltage, reflecting the complex interplay be
tween electrochemical kinetics, transport processes, and material 
degradation over long-term operation.

The results presented in Fig. 11 can be further interpreted through 
the coupled interaction between microstructural parameters and trans
port phenomena within the Gas Diffusion Layer. Variations in porosity 
and tortuosity directly influence effective diffusivity and permeability, 
thereby controlling oxygen transport to the CL and removal of product 
water. Higher porosity generally enhances mass transport but may 
reduce structural integrity, while increased tortuosity leads to longer 
transport pathways and higher diffusion resistance [51,55,56].

From a thermodynamic perspective, these structural effects are 
closely linked to entropy generation mechanisms. Increased diffusion 
resistance results in larger concentration gradients, which elevate 
diffusion-related entropy generation and exergy destruction. 
Conversely, optimized structures balance porosity and tortuosity to 
minimize transport losses while maintaining sufficient reactive interface 
[14,15,46].

Operating parameters further modulate these effects. For example, 
temperature enhances reaction kinetics and reduces activation losses, 
whereas excessive compression may decrease porosity and increase 
transport resistance. These findings are consistent with previous studies 
on GDL optimization and transport behaviour in PEMFC systems, where 
the interplay between microstructure and operating conditions governs 
overall efficiency and durability [25,30,57].

It is important to emphasize that the governing equations developed 
in Section 2 are formulated under steady-state assumptions and do not 
explicitly incorporate degradation kinetics or transient transport 
behaviour. Therefore, the trends presented in Fig. 12 should be inter
preted as a conceptual representation grounded in experimentally 
observed degradation phenomena reported in prior studies, rather than 
as a predictive transient simulation. This distinction ensures consistency 
between the modelling framework and the interpretation of long-term 
performance behaviour, while providing valuable insight into how the 
identified loss mechanisms may evolve under realistic operating 
conditions.

Fig. 13 gives the statistical distribution of exergy efficiency against 
operating time, in the presence of four different humidity-control re
gimes, namely, dry (low relative humidity), nominal relative humidity, 
humid (high relative humidity), and flood-prone conditions. The clus
tering of scatter representation of the sequential operating campaigns 

Fig. 10. Multi-scale structural–thermodynamic performance atlas for different Gas Diffusion Layer (GDL) architectures: (a) structural robustness index highlighting 
the mechanical and topological stability of each configuration, (b) multi-objective performance evaluation showing entropy mitigation and exergy gain indices, and 
(c) quantitative improvement relative to the baseline in terms of entropy reduction, exergy efficiency, and durability gain.
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indicates a temporal performance change as well as dispersion of the 
efficiency regimes. Gradual increasing upward trend in the efficiency 
reflects the progressive approach to the control schemes in the system 
and structural adjustment of the porous transport layers with increasing 
operating time. Nevertheless, the variance of each cluster demonstrates 
the sensitivity of the thermodynamic performance to the local water 
management conditions. The nominal humidity regime is the one with 
the greatest and the steadiest efficiency band and it just goes to confirm 

the relevance of balanced membrane hydration to achieve maximum 
proton conductivity without hindering mass transport. Contrarily, dry 
regimes are less efficient because of dehydrated membranes and high 
ohmic resistance whereas flood-affiliated regimes are so severely 
efficiency-penalized by oxygen diffusion blockage and high concentra
tion overpotentials. The humid regime lies in a middle ground, where 
part performance benefits are neutralized by an emerging transport 
bottleneck. Overall, the given figure shows that energy performance 

Fig. 11. Sensitivity analysis of key structural and operational parameters affecting PEMFC performance and stability: (a) exergy efficiency as a function of GDL 
porosity, (b) limiting current density versus effective tortuosity, (c) pressure drop variation with mean pore diameter, (d) peak power density dependence on catalyst 
loading, (e) cell voltage at 0.8 A cm⁻2 as a function of operating temperature, and (f) durability stability index versus compression ratio.
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optimum is dictated by a very specific regulation of humidity instead of 
simply adding as much water as possible, which confirms the integrated 
thermo-electrochemical transport model created in the given work.

Fig. 14 give a detailed multivariate analysis of exergy efficiency (η0) 
in four different engineered microstructures, i.e., porosity (ε) and tor
tuosity (τ) at four extremes of engineered designs namely in a baseline, 
gradient, optimized, and ultra-graded geometry. The subplots (a-d) are 
of different structural architectures, but still, have a single-color scale to 
enable quantitative comparison of the degree of efficiency directly. The 
colour bar next to both surfaces shows the η bar of ηex (%), where 
warmer colours (red, yellow) are the ones that demonstrate a better 
representation of thermodynamic performance and the cooler ones (blue 
green) are the ones that represent lower efficiency levels. The findings 
demonstrate a strong non-linear correlation between porosity and tor
tuosity, which shows that there is an optimal operating regime, instead 

of a linear inclination. In all the configurations, optimal exergy effi
ciency is obtained in a moderate range of porosity (about ε =
0.60–––0.70) at regulated levels of tortuosity (τ = 1.5–1.9). Very high 
tortuosity is punishing to transport resistance, whereas very low 
porosity penalizes the effective reactive surface area both of which leads 
to efficiency losses. The optimal and ultra-graded designs exhibit a 
definite high upgrading of peak efficiency over the baseline case, which 
confirms the structural grading and microstructural customization of the 
transport uniformity and reduce the entropy generation. Also, the 
smoothness and curvature differences of the surfaces show that the 
advanced configurations have higher stability implying the lower 
sensitivity of the parameter change. This tendency is most pronounced 
in the panel (c) and (d) where the high-efficiency plateaus grow into a 
wider ε-t space suggesting an increased operational resilience. Techno
logically, this multivariate representation of the surface offers a great 
design tool as it may be used to simultaneously visualize the effects of 
coupled parameters, and the thermodynamically optimal window of 
microstructure may be identified. Generally, the figure supports the 
claim that strategic microstructural engineering can greatly increase 
exergy performance providing superior peak efficiency and greater 
stability margins. The multi-colour surface visualization stack, which 
represents a consolidation of the comparative analysis, makes the en
gineering validity and practical applicability of the suggested structural 
optimization strategy stronger.

From a practical perspective, the optimized microstructural param
eters identified in this study fall within ranges that are achievable using 
current Gas Diffusion Layer fabrication techniques. Typical commercial 
GDL materials, such as carbon paper and carbon felt, exhibit porosity 
values within the range of 0.6–0.8, while tortuosity can be controlled 
through compression, binder content, and fibre orientation. The optimal 
ranges obtained in this work (porosity 0.63–0.72 and tortuosity 1.5–1.9) 
are therefore consistent with existing manufacturing capabilities.

In addition, advanced fabrication methods such as layer-by-layer 
deposition, electrospinning, and graded PTFE treatment enable partial 
control of pore size distribution and structural gradients. These ap
proaches make it feasible to approximate the optimized pore-network 
architectures proposed in this study. While precise pore-level control 
remains challenging, the results provide clear design targets that can 

Fig. 12. Conceptual illustration of the temporal evolution of coupled voltage- 
loss mechanisms during long-term PEM fuel cell operation, based on 
literature-reported degradation trends.

Fig. 13. Distribution of Exergy Efficiency Under Distinct Humidity Operating Regimes Across Progressive Operational Campaigns.
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guide future experimental development and scalable manufacturing 
strategies.

To enhance reproducibility, representative optimal parameter com
binations obtained from the NSGA-II optimization are explicitly re
ported in Table. 5. Each configuration corresponds to a specific set of 
microstructural parameters, including porosity (ε) and tortuosity (τ), 
along with the resulting objective-function values such as exergy effi
ciency (ηex) and exergy destruction. These results provide a clear and 
quantitative basis for evaluating the trade-offs between competing ob
jectives and allow direct reproducibility of the reported performance 
improvements.

To assess the reliability of the simulation results, an uncertainty and 
sensitivity analysis was conducted for key output parameters, including 
exergy destruction and current density. Variations in critical model in
puts such as porosity, tortuosity, and effective diffusivity were consid
ered within physically realistic ranges (±5 – 10%). The results indicate 
that the overall trends in performance improvement and entropy 
reduction remain consistent across these variations, demonstrating the 

robustness of the proposed pore-network model.
The maximum observed deviation in exergy destruction was within 

approximately 4 –7%, while current density variations remained within 
3–6%, depending on operating conditions. These deviations are rela
tively small compared to the reported improvements, confirming that 
the conclusions are not sensitive to minor parameter uncertainties.

In addition, numerical convergence was verified by refining the pore- 
network resolution and ensuring stability of the solution. The model 
exhibited stable behaviour with negligible numerical oscillations, 
further supporting the reliability of the reported results.

Fig. 15 shows a comparison of sensitivity analysis of system perfor
mance index (Percentage) on four new engineering parameters that 
include thermal gradient index, surface roughness factor, flow maldis
tribution ratio and pressure drop coefficient. All subplots (a, b, c and d) 
are separate parametric domains but with a fixed performance scale 
(0–100%) making it possible to directly compare results across param
eters. Each panel illustrates two datasets that indicate different config
urations of the structure or functioning, and, therefore, provides the 
opportunity to evaluate the relative stability and robustness of the 
performance under different engineering conditions. The findings indi
cate that there are notable nonlinear and negative relationship between 
several parameters and system performance. Specifically, an increment 
of thermal gradient intensity and pressure drop coefficient show a clear 
tendency of performance degradation, which implies thermodynamic 
penalties of transport resistance and entropy generation. In contrast, the 
moderate surface roughness and regulated flow maldistribution seem to 

Fig. 14. Three-dimensional response surfaces illustrating the variation of exergy efficiency (ηex) with porosity (ε) and tortuosity (τ) for different Gas Diffusion Layer 
(GDL) microstructures: (a) baseline configuration, (b) gradient configuration, (c) optimized configuration, and (d) ultra-graded configuration.

Table 5 
Representative Optimal Microstructural Configurations.

Case Porosity 
(ε)

Tortuosity 
(τ)

Exergy Efficiency 
(ηex, %)

Exergy 
Destruction (%)

1 0.65 1.6 48.2 21.5
2 0.68 1.7 50.1 19.8
3 0.72 1.9 52.3 18.4

S. Rawashdea et al.                                                                                                                                                                                                                            Energy Conversion and Management: X 30 (2026) 101846 

19 



sustain the higher performance clustering, which impounds better 
mixing uniformity and better transport balance in the engineered sys
tem. The dispersion patterns also indicate that the advanced structure 
always keeps the performance clustering and means higher, meaning it 
has better structural optimization and less sensitive to changes in pa
rameters. Engineering design wise, this stacked view shows the relative 
magnitude of the influence of each of the parameters and gives some 
insight into which transport or structural indices have the greatest in
fluence on performance degradation. The multiple panel structure 
concentrates the comparative evaluation in one system and enhances the 
interpretability of the parameters association, and it promotes the val
idity of the suggested optimization plan. Overall, the number justifies 
the idea that the control of the specific microstructural and operational 
parameters can lead to a beneficial contribution towards the overall 
system stability, decreased performance variability, and a higher ther
modynamic efficiency.

From a practical engineering perspective, the realization of the 
optimized gradient porosity and tailored tortuosity structures identified 
in this study remains a challenging but increasingly attainable objective. 

Although the idealized pore-network configurations derived from the 
optimization framework cannot yet be reproduced with complete pre
cision, current manufacturing techniques offer meaningful pathways 
toward approximating such structures. Conventional fabrication 
methods, including carbon paper and carbon cloth processing combined 
with controlled compression and thermal treatment, allow partial tun
ing of porosity and pore connectivity. Additionally, the integration of 
engineered microporous layers (MPLs) enables further control over 
transport resistance and water management characteristics. More 
recently, advanced fabrication approaches such as electrospinning, 
templating methods, and additive manufacturing have demonstrated 
the capability to produce functionally graded porous media with 
spatially varying microstructural properties. While limitations still exist 
in achieving precise control over pore-scale features such as tortuosity, 
the trends identified in this study provide actionable design guidelines 
that can be progressively implemented using state-of-the-art techniques. 
Therefore, the optimized structures presented herein should be inter
preted not as exact manufacturing targets, but as physically grounded 
design benchmarks that can guide the development of next-generation 

Fig. 15. Scatter-based sensitivity analysis of system performance with respect to key engineering parameters: (a) thermal gradient index, (b) surface roughness 
factor, (c) flow maldistribution ratio, and (d) pressure drop coefficient. The distributions reveal the influence of transport, thermal, and flow-related factors on system 
performance, highlighting overall trends and variability across operating conditions.
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gas diffusion layers.
The overall findings in this section all point out to the fact that pore- 

scale thermodynamic modelling and multi-objective optimization is an 
effective and physically consistent approach to microstructural engi
neering of the GDL. All these parametric maps, multivariate surfaces, 
stacked comparative panels, and sensitivity scatter analyses all intersect 
at the same logical conclusion: optimal performance is not controlled by 
one parameter, but by the combined effect of porosity/tortuosity/ 
transport resistance/ water balance stability / entropy generation. The 
presence of an optimal microarchitectural window well-defined proves 
that structural grading and pore-network optimization is an effective 
method to increase exergy efficiency and at the same time reduce 
pressure penalty and vulnerability to degradation [30,36,56,58–60].

Additionally, the multi-dimensional visualizations indicate that su
perior graded configurations do not only increase the peak efficiency but 
extend the range of operational stability as well. This increased high- 
performance plateau implies that it is less sensitive to perturbation of 
the transport or thermal conditions, and this is a serious prerequisite of 
realistic implementation of PEMFC under dynamic load profiles. The 
drop in entropy generation, the increase in uniformity of mass transport, 
and the increase in the indices of durability experienced in the optimized 
configurations are all indicators of the strength of the proposed 
modelling strategy. Significantly, the agreement between thermody
namic and transport measurements enhances the physical validity of the 
simulation system. In general, the findings provide a quantitative asso
ciation between pore-scale manipulation of a structure and macroscopic 
electrochemical performance. This paper offers a design-oriented road
map to the next-generation GDL engineering work through the incor
poration of thermodynamic analysis, transport modelling and 
optimization algorithms in a single computational architecture. Beyond 
contributions to the theoretical knowledge of microstructural- 
performance coupling, the results also provide practical engineering 
information that can be used to inform material designs, manufacturing 
approaches, and performance control in high-efficiency PEMFCs.

5. Conclusion

This study developed an exergy-based pore-network optimization 
framework for the thermodynamic design of (GDLs) in (PEMFCs). The 
proposed approach integrates pore-scale transport modelling with local 
entropy generation analysis and multi-objective optimization to directly 
link microstructural characteristics with thermodynamic performance.

The results demonstrate that optimized GDL microstructures reduce 
total exergy destruction by approximately 18–24% and increase peak 
exergy efficiency by about 11% compared to the baseline configuration. 
Entropy generation due to mass diffusion is identified as the dominant 
irreversibility mechanism, contributing more than 45% of total exergy 
losses, particularly under high current density operation. This confirms 
that microstructural control of transport pathways is critical for 
improving second-law efficiency.

Optimal performance is achieved within a narrow design window 
defined by porosity values of 0.63–0.72 and tortuosity values of 1.5–1.9, 
where transport efficiency and structural stability are balanced. The 
results also indicate that intermediate microstructural configurations 
outperform extreme designs, highlighting the importance of coordinated 
optimization of diffusion, reaction kinetics, and structural integrity.

The developed framework establishes a direct quantitative rela
tionship between pore-scale topology and macroscopic PEMFC perfor
mance. It provides a reproducible and physically grounded methodology 
for GDL design, moving beyond empirical or purely geometric optimi
zation approaches. These findings offer practical guidance for the 
development of high-efficiency and durability-enhanced PEMFC sys
tems and support the adoption of second law-based design strategies in 
electrochemical energy systems.

While the present study is based on validated numerical modelling, 
future work will focus on experimental fabrication and testing of 

optimized GDL structures to further verify the predicted performance 
improvements and enhance practical applicability.
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