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Abstract 

With the ever depleting traditional energy sources and increasing the carbon 

footprints, the new landscape of the renewable energy sources has evolved. With the 

versatility of required environmental conditions, topological locations, operating 

temperature, polymer electrolyte fuel cells (PEFCs) operating on hydrogen has been 

recognised as a prominent renewable energy technology. PEFCs offers the possibility 

of zero-emission and high power density electricity generation for a wide range of 

transport, portable, and stationary power applications. While technology continues to 

improve, there are still some challenges concerning durability, cost and performance. 

An improved understanding of the processes occurring within operational fuel cells 

and optimisation of the cell architecture will accelerate large-scale commercialization 

of PEFCs. The most powerful ways to understand and resolve these challenges is to 

understand the complex interplay of the internal workings of fuel cells and cell design 

and architecture and operating conditions. Hence, the current research aims to 

analyse the advancements in the fuel cell design and architecture using a thermo-

structural multiphase electrochemical modelling and the advanced characterisation 

techniques  
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Firstly, the intricate relationship between cell compression and the flow-field 

architecture is established by determining the morphological factors using X-ray 

computed tomography (CT) techniques. The results provide insight into the complex 

interplay of the morphological factors deciding fuel cell performance and durability. 

Also, this study provides insight into the extent at which the morphological factors 

decide water and thermal management of the fuel cell, which are key issues to tackle 

to broad-scale commercialisation of the technology. Further, the multiphase non-

isothermal two-dimensional numerical model was developed. The two-dimensional 

current, temperature and liquid water saturation profiles reveal the in-situ gradients 

and their correlations with the voltage decay with respect to an increase in cell 

compression. Finally, the effects of cell compression on the PEFC water dynamics 

were analysed using in-plane and through-plane in-operando neutron radiography. 

Neutron radiography provides a detailed understanding of what constitutes the 

thickness of liquid water present in the operating fuel cell. The Neutron radiography 

results were also used to validate the numerical models developed. Finally, this work 

also investigates the effect of secondary flow-field on the dead-ended anode 

performance and highlights the importance of the manufacturing and assembly 

tolerances on fuel cell efficiency.  

Collectively; this project delineates the comprehensive suite of characterisation 

techniques and numerical modelling to resolve the PEFC challenges and achieve the 

cell optimisation and durability required for wide-scale commercialisation of the 

technology. 
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Abstract 

This chapter presents the aims and objectives of the PhD project, placing it in a 

broader context. Firstly, the environmental context is discussed. With increasing global 

warming and the current target to deeply decarbonise the environment by 2050, 

investment in research and development activities combined with the need for 

renewable energy sources as a replacement to fossil fuels is higher than ever. 

Hydrogen fuelled fuel cells, which are practically free from any CO2 emission at point 

of use, are presented as one of the most suitable technology advancements towards 

the sustainable development goals (SDGs). 

After a brief history of fuel cells from their discovery in the 1800s’ to today’s 

developments, followed by a review of fuel cell technologies, the polymer electrolyte 

fuel cell (PEFC) is presented. The present chapter discusses the PEFC architecture 

and internal operations to form the foundation of the technology. Furthermore, this 

chapter also provides an overview of the techno-commercial challenges to the wide-

scale commercialisation of the technology, leading towards the aim and objective of 

the current project. Finally, the structure of the thesis is presented.  
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“Limiting global warming to 1.5 °C above pre-industrial levels would 

require transformative systemic change, integrated with sustainable 

development. Such change would require the upscaling and 

acceleration of the implementation of far-reaching, multilevel and 

cross-sectoral climate mitigation and addressing barriers. Such 

systemic change would need to be linked to complementary 

adaptation actions, including transformational adaptation, especially 

for pathways that temporarily overshoot 1.5°C.” 

 

The Intergovernmental Panel on Climate Change 

October 2018 

The Republic of Korea 
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1.1 Motivation 

As modern society relies on energy being available for transportation, industrial and 

residential use, and other day-to-day activities, the social-economic growth of society 

has resulted in the depletion of fossil fuel resources with ever-increasing consumption. 

The demand for energy, especially petroleum, and the accompanying greenhouse gas 

emissions (GHG) have been increasing almost steadily over the past century [1–4]. 

This would be likely to cause further warming, exacerbating global warming 

challenges, and increasing the irreversible impact on the entire ecosystem. In order to 

maintain future economic standards and minimize the environmental impact caused 

by energy production, the investigation and the investment in sustainable energy 

systems is mandatory. The recent report by the Intergovernmental Panel on Climate 

Change (IPCC) agrees on ‘warming of the climate system is unequivocal’ [4–6]; 

however, the report states with high confidence that limiting the global warming below 

1.5 °C is possible, and would need substantial social and technological 

transformations, dependent, in turn, on global and regional sustainable development 

pathways. IPCC further states that hydrogen is one of the means that lead to profound 

emission reductions, required in energy-intensive industries to limit temperature rise 

to the defined goal.  

Figure 1.1 provides an overview of the sources of GHG emission and global warming. 

Combined transportation and power sectors are responsible for almost 57% of GHG 

emissions, followed by the industry sector, with 22% share in GHG emission [7]. The 

power and the transportation sector have observed more than a 2-fold increase in the 

CO2 emission over the last century [3,4,6]. Hence, to mitigate the energy crisis and the 

carbon footprint, the sustainable development and the use of renewable energy 

sources for power generation and transportation, is crucial. The net requirement of the 

power sector can be mitigated by renewable energy sources, such as solar energy, 

wind power, hydro-power or the ocean energy. The share of wind energy and solar 
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photovoltaics (PV) in the renewable power generation sector has been ever increasing 

in the last three decades (1991-2016), recently reached 37.3% and 26.6%, 

respectively [8]. This represents a positive shift towards lowering the GHG emission 

and use of low-carbon energy generation techniques. However, it is essential to note 

that the majority of the renewable power generation techniques are dependent on 

environmental factors such as time of the day, local weather, season and the 

availability of resources. Hence, the requirement of renewable sources, free from the 

external/environmental factors is essential, especially for the power sector. 

Likewise, with the depletion in petroleum resources, alternative energy sources are 

required for the transportation industry, such as battery electric vehicles (BEVs), hybrid 

plug-ins and the fuel cell electric vehicles (FCEVs). However, there are currently 

various barriers to the widespread adoption of these technologies. For BEVs, the 

significant challenge is the relatively low energy density of the batteries and the 

consequent limited range. Therefore, BEVs are mainly suitable for personal vehicles 

and short-distance commuter vehicles [9]. With an increase in travel distance and 

vehicle size, FCEVs are more suitable [9–11] and claims to be the most significant 

stakeholder in the automobile sector.  

Hence, high efficiency and the higher power density have made fuel cell technology 

the dominant alternative to traditional power sources [12]. While technology continues 

to improve, there are still some challenges with respect to durability, cost and 

performance. An improved understanding of how fuel cell devices work, the processes 

occurring within operational fuel cells and optimisation of the cell architecture will 

accelerate large-scale commercialization of PEFC technology.  
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Figure 1.1– Global energy crisis and the mitigation strategies [3,8] 
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1.2 What is a fuel cell? 

Fuel cells are electrochemical energy conversion devices that convert the chemical 

energy of the fuel to DC electricity [13] with the common by-product of heat and water. 

Unlike other electrochemical cells, such as batteries that reduce and oxidises the 

electrode material, a fuel cell needs a constant flow of reactants to operate, as shown 

in Figure 1.2. Though H2 combustion is limited by Carnot efficiency, the 

electrochemical conversion in fuel cells is not limited by the ‘Carnot cycle’; hence, fuel 

cells operate at a higher efficiency than conventional internal combustion engines 

when operated at low temperature [13]. 

 

Figure 1.2– Operating principle of (a) a fuel cell and (b) a battery 
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1.2.1 A brief history of fuel cell development 

Since the first recorded invention of fuel cell technology by Sir W. Grove as a gas 

battery, dating back to 1839, the technology has gone through scientific developments 

for almost two centuries. The development of fuel cell technology can be broadly 

divided into three phases, namely, the phase of scientific curiosity when the 

environmental challenges were not in the foresight, reinvention of the technology that 

was tailored during the industrial era, and thirdly the beginning of a new industry where 

the technology is presented as potential candidate to achieve SDGs with large scale 

commercialisation. Figure 1.3 gives a brief overview of the fuel cell development 

timeline. 

During the invention/experiments of a gaseous voltaic battery by Sir Grove (1839), 

while the platinum electrodes and sulfuric acid were used as an electrolyte, hydrogen 

and oxygen were used as reactants. The fundamental principle behind this discovery 

was the use of reverse electrolysis to obtain electricity and water. During the scientific 

curiosity phase, in 1893, Friedrich Wilhelm Ostwald, experimentally determined the 

interconnection of various components of a fuel cell: electrodes, electrolyte, oxidizing 

and reducing agents, anions and cations, and provided the ‘working principal ‘ of the 

fuel cell. Over the era of industrial curiosity, the first operating fuel cell stack was 

developed. During World War II, Thomas Francis Beacon developed a fuel cell to be 

used in the Royal Navy submarines. With acquiring patent of Beacons' work, despite 

the high cost, the interest in fuel cells kept growing from a scientific curiosity to its use 

in the Apollo Space Program in 1960-1970.  

Around the same time, a material called Teflon (polytetrafluoroethylene or PTFE) was 

introduced. With the involvement of General Electric in the research, the era of low 

temperature ‘Proton Exchange Membrane (PEM)’ fuel cell started. General Electric 

(GE) developed the first PEM fuel cells with platinum electrodes and acid electrolyte, 

and/or with carbon electrodes and an alkaline electrolyte. Ever since then, the 
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technology has seen the tremendous growth in terms of working devices, types of 

membranes, operating temperatures, reactants and reformates, and materials for fuel 

cell internals.  

The birth of a new industry was witnessed in the 1990s, particularly in the shadow of 

the energy crisis, and with the target of reduction of CO2 emission. Although still 

considered by some, the energy for the future, fuel cells have seen sustainable growth 

over the last two decades, and attempts of market drilling in automobile, marine, 

aerospace and back-up power sectors.  
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Figure 1.3– Timeline of fuel cell development [13] 

Despite technology being older than the era of ‘thermodynamic engines’ presenting 

an internal combustion engine, the inherent engineering challenges resulted in the 

slow development curve for fuel cell technology. Also, the complexity of 

electrochemical fuel cells, cost of the electrode, the engineering challenges, durability, 

cost of the systems and mainly the infrastructure required for the deep penetration of 

the technology have hindered large scale commercialisation and development. 
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1.2.2 Types of fuel cell 

Various types of fuel cell technologies are being developed. Commonly known fuel 

cell types include, the solid oxide fuel cell [SOFC], the molten carbonate fuel cell 

[MCFC], the alkaline fuel cell [AFC], the phosphoric acid fuel cell [PAFC], and the 

polymer electrolyte fuel cells [PEFC]. Table 1.1 and Figure 1.4 provides a summary of 

the various types of fuel cells, their applications, advantages and disadvantages. 

 

Figure 1.4–Types of fuel cells and their operating temperature 

The noteworthy features of PEFCs include low operating temperature, high power 

density, ease of scale-up, and can be readily integrated into systems. Collectively, this 

makes PEFC technology a promising candidate for the next generation of power 

sources for transportation, stationary, and portable applications. 
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Table 1-1 – Fuel cell technologies and their applications [14] 

Type of 

fuel cell 

Electrolyte Power 

output 

(W) 

Operating 

temperature 

(°C) 

Efficiency 

(%) 

Application 

Polymer 

electrolyte 

(PEFC) 

Perfluoro 

sulfonic 

acid 

<1 kW 

– 100 

kW 

50-100 Motive 60% 

Stationary 

35% 

Backup power, 

Distributed 

generation, 

Motive, 

Consumer 

Electronics 

Alkaline 

(AFC) 

An 

aqueous 

solution of 

potassium 

hydroxide, 

soaked in a 

matrix. 

10 - 

100 

kW 

90-110 60% Military,Space 

Phosphoric 

acid 

(PAFC) 

Phosphoric 

acid, 

soaked in a 

matrix 

 

400 

kW 

100 

kW 

module 

150-200 40% Distributed 

generation 
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Molten 

Carbon 

(MCFC) 

The 

solution of 

lithium, 

sodium 

and/or 

potassium 

carbonates, 

soaked in a 

matrix 

300 

kW - 

3MW 

300 

kW 

module 

600-700 45-50% Electric utility, 

Distributed 

generation 

Solid oxide

  

(SOFC)  

Ytrtria 

stabilized 

zirconia 

1kW – 

2 MW 

700-1000 60% Auxiliary power, 

Electric       utility, 

Distributed 

generation 

1.3 Polymer electrolyte fuel cells 

1.3.1  System-level 

The PEFC technology has the potential to achieve higher efficiency than IC engines 

at lower operating temperature. Various PEFC designs available in the market can be 

categorised based on their operations. This section explains a broad classification of 

PEFC systems, based on the operating and cooling strategies.  

Heat is generated during the fuel cell operation, and in order to maintain the stack 

performance, generated heat should be removed with appropriate cooling 

mechanisms, such as a liquid or air cooling. Hence, the fuel cells are further classified 

based on an open-cathode or a closed-cathode design in which the cathode is either 
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open to the environment, and air diffuses to the system, or adequate air is fed by an 

external compressor.  

 

Liquid-cooled fuel cells use an external coolant loop to regulate the heat generation 

and maintain the stack temperature (Figure 1.5) [15]. These fuel cells are suitable for 

high power density systems preliminary used in stationary and/or automobile 

applications.  

 

Figure 1.5– Principles of the liquid-cooled closed-cathode fuel cell [16] 

 

Air-cooled fuel cells are usually smaller in size and suitable for portable applications 

with lower power requirement (Figure 1.6).  

In this system, two separate air loops are used. In the first air loop, pressurised air 

supplied by the compressor is used for the electrochemical operation to generate 

usable power. The second air loop requires air to maintain the stack temperature, and 
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prevent it from overheating. In this loop, the cooling air is supplied by a fan mounted 

on the system [17]. Despite being suitable for small portable applications, the system 

experiences higher parasitic losses. This leads to alternative simpler designs of air-

cooled PEFCs where cooling channels are used as the cathode flow-field. 

  

Figure 1.6– Schematic diagram of an air-cooled closed-cathode technique 

 

Being a prominent technology, air-breathing open-cathode PEFCs have received 

significant interest (Figure 1.7) [18–21]. This is comparatively simple technology to 

operate, giving high power density and lower parasitic losses compared to the closed-

cathode PEFCs.  

In open-cathode fuel cells, the stack temperature and the stack performance is 

sensitive, not only to the heat generated from within the stack but also to the ambient 

air temperature entering through cooling channels and the relative humidity (RH). 

Hence, though simplistic to design and operate, it demands a detailed trade-off study 

for the fuel cell output along with thermal and water management of the stack. 

O2 supply- Cathode

Stack cooling air 
(Ambient temperature)

Water 
separator

O2 recirculation

Heated 
air

O2 tank

O2 purgePressure 
regulator
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                                          (a)                                                                    (b) 

Figure 1.7– Open-cathode stack, with the fan installed on top: (a) front-side and (b) back-side [13] 

1.3.2 Cell-level architecture 

The modular architecture of the fuel cell facilitates PEFCs to scale up to the size 

tailored to the power requirement. The internal architecture of PEFC is as shown in 

the exploded view of Figure 1.8. The cell architecture comprises of multiple layers 

which are sandwiched together in a particular order. A membrane electrode assembly 

(MEA) typically consists of a polymer electrolyte membrane (typically Nafion) 

sandwiched between two thin electrodes known as catalyst layers (CL). Adjacent to 

the MEA is a microporous layer (MPL) and a gas diffusion layer (GDL) on either side 

of the MEA. The entire assembly is sandwiched between bipolar plates, in which flow-

field channels are machined for transportation of the reactant and product water. 

(a) (b)
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Figure 1.8– Exploded view of individual PEFC components used in the generic single-cell fuel cell, 

The green, red, and blue arrows represent the direction of air, hydrogen, and liquid water, 

respectively [22] 

This section discusses the fuel cell architecture in details, as shown in Figure 1.9. 
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Figure 1.9 – Schematic of the PEFC architecture (Not to scale) 

 

Polymer electrolyte membranes are widely divided into proton-conducting based 

membranes and anion-conducting based membranes. However, in this work, polymer 

electrolyte membrane refers to the proton-conducting membrane (PEM). A proton-

conducting polymer electrolyte membrane is the heart of a fuel cell. Typically, Nafion 

ionomer membrane developed by Dupont is used. It uses perfluoro-sulfonyl fluoride 

ethyl-propyl-vinyl ether (PSEPVE) [13]. This has excellent thermal and chemical 

stability [23,24]. The Nafion membrane thickness varies from 20-175 μm. The desired 

properties for a membrane include good chemical, mechanical, electrical, thermal and 

hydrolytic stability, higher proton conductivity to support high current, minimal resistive 

losses and no electronic conductivity, minimum permeability to reactant and gas 

species to maximise performance and efficiency and high durability and low-cost.  
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Figure 1.10– Representative chemical structure of Nafion® of 1,100 equivalent weight (EW), [24] 

The Nafion morphology has been rigorously researched [25–28]. The general form of 

the Nafion phase comprises of discrete hydrophilic and hydrophobic regions. The 

hydrophobic region is a continuous semi-crystalline Teflon region known as the 

‘backbone’ of the membrane, as shown in Figure 1.10 [24]. The hydrophilic regions 

are sulfonate groups which interact with water and protons. The ingress of water 

causes the membrane to expand during operation known as a ‘membrane swelling’. 

Membrane swelling is the function of water content that forms the continuous network 

required for proton conduction. Thus, two transport mechanisms are observed in the 

membrane, namely proton transport and water transport.  

Protonic-conduction is described by two phenomena, proton diffusion or ‘vehicular’ 

mechanism and proton hopping or the Grotthus mechanism [10,29].  

In the vehicular diffusion mechanism, hydrated protons, i.e. hydronium ions (H3O+) 

diffuse through an aqueous medium from high to low proton concentration regions. 

Hence, this mechanism mainly depends on the diffusivity of water in the membrane.  

Proton hopping mechanism takes place when sufficient water content is present, and 

the side chains of the Nafion backbone are connected. Protons produced at the anode 

CL get attached to the water molecules and form a hydronium ion, and one proton 

from the same hydronium ion hops on another water molecule, i.e. from one 

hydrolysed ionic site (𝑆𝑂3
− 𝐻3𝑂

+) to another, across the membrane (Figure 1.11). This 

is the most commonly used proton conductivity modelling approach, based on the 

empirical co-relation developed by Springer et al. (for Nafion 117 membrane) [30]. 
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Figure 1.11–Schematic of a proton hopping mechanism 

 

 
𝜎𝑚𝑒𝑚 = exp [1268 (

1

303
−

1

𝑇𝑐𝑒𝑙𝑙
)] (0.5139𝜆 − 0.326) (1.1) 

 

where 𝜎𝑚𝑒𝑚 [S m-1] is the protonic conductivity of the membrane and 𝜆 is water content, 

usually defined as the number of moles of water per mole of acid sites attached to the 

membrane, i.e. 𝑆𝑂3𝐻
+, and related to a water activity of the surrounding fluid [30–32]. 

This is derived by weighing membranes equilibrated above aqueous solutions of 

lithium chloride concentration at constant temperature 30°C and constant pressure 

conditions.  

The experiment suggested that the inherent discontinuity in the membrane water 

content exist between the membrane with liquid water and with saturated water vapour 

when measured at equilibrium. Unity water activity exhibits in both cases. This 

phenomenon is commonly referred to as ‘‘Schröeder’s paradox” (Figure 1.12) and 

observed in a wide variety of polymer materials and solvents [30–32]. 
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Figure 1.12– Water sorption isotherm as a function of water content and water vapour activity [30] 

The water molecules adhered protons result in an electro-osmotic drag (EOD). In the 

case of Nafion, it is also strongly dependent upon its water content [30,33]. The 

diffusion coefficient of water in Nafion and its dependence on water content are the 

critical inputs required for PEFC modelling. In addition to EOD water transport, “back-

diffusion” of water from the cathode to the anode is another crucial factor, defining 

water balance in a membrane. This is linked to the water diffusion coefficients as a 

function of membrane water content [34]. Proton and water transport in membranes 

play a vital role in articulating PEFC performance.  

 

The catalyst layers (CL) are located between the membrane and the gas diffusion 

layers (GDL). CLs are fabricated either by ink printing on a membrane or deposited on 

the GDL and then hot-pressed on the Nafion membrane [35]. CLs are typically 
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composed of Pt/C particles (in case of PGM alloy CLs). During CL fabrication, Pt 

nanoparticles are formed on comparatively larger carbon particles. The carbon 

ensures a high electronic conductivity and surface area support for catalyst 

nanoparticles; whereas the platinum is an adequate catalyst material for 

electrochemical reactions. Nafion is used as a binding agent that increases the extent 

of the triple-phase boundary (TPB). TPBs are the confined sites where electrolyte, 

reactant species and electrically connected catalyst regions connect. Electrochemical 

reactions occur at the TPB [36,37]. Therefore, four material phases are present in CLs, 

namely carbon, platinum, membrane phase and the void phase [38]. Figure 1.13 

provides the schematic of the electrode/electrolyte interface in a fuel cell, illustrating 

the TPB reaction site. 

 

Figure 1.13– Water sorption isotherm as a function of water content and water vapour activity [30] 

As an output of the focused research efforts, the cost of the CLs is no longer the 

primary barrier towards the commercialisation of PEFCs. However, CL properties such 

as reactant diffusivity, ionic and electrical conductivity have to be investigated carefully 

to achieve higher output and minimum CL degradation.  
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The GDL is a carbon fibre porous layer, sandwiched between the CL and flow-field 

channels. GDL thickness varies from 50-300 μm; density ranges between 0.21 to 0.73 

g cm-3 and porosity varies between 40% to 80% [39]. GDL does not directly participate 

in electrochemical reactions; however, it serves essential functions such as ensuring 

effective reactant diffusion to CLs [40,41], aiding in water management, ensuring the 

required humidity is maintained inside fuel cells, effectively removing the heat 

generated by electrochemical reactions, and effectively conducting electric current. 

GDLs protect CLs from corrosion/erosion caused by reactant flow and provides 

mechanical support to the MEA. Parameters that affect GDL performance are PTFE 

loading, porosity, electrical conductivity, compressibility and permeability. 

The transport phenomena inside the GDL depends on the local microstructural 

characteristics of the carbon fibre network. The microscopic structure of the GDL can 

be obtained from micro/nano-X-ray computed tomography (CT), as shown in Figure 

1.14, and discussed in details in Chapter 3 and Chapter 4. 

 

Figure 1.14– X-ray computed tomography (CT) images of two GDLs with PTFE and MPL [42] 
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GDLs can either be PTFE treated or untreated. Untreated GDLs are prone to flooding 

the cell and affecting cell performance. Therefore, GDLs are typically coated with 

hydrophobic PTFE .This is a crucial requirement for water management that improves 

stack performance at higher current densities [43]. Figure 1.15 shows the effect of 

PEFE treatment on fuel cell performance [44]. 

 

 

Figure 1.15– Experimental data of PTFE treated and untreated GDLs under 65°C, H2 stoichiometry 

= 1.2, O2 stoichiometry = 2.5, 0 psig [44] 

The effects of stack compression on GDL characteristics and stack performance has 

been an area of interest for various research groups [45–47]. The details of the effect 

of stack compression on fuel cell performance are discussed in section 2.4.1. 

Multiphase mass transport in the GDL is governed by capillary force, shear force, and 

evaporation/condensation. The relative magnitudes of these forces control two-phase 

distribution and mass transport [48]. Experimental studies [19,20] showed that water 
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management in diffusion layers could be improved significantly by adding a 

microporous layer (MPL). MPL increases water retention in the membrane; hence, 

improving the membrane conductivity. The MPL is highly hydrophobic in nature, and 

its thickness varies between 10 - 30 μm. The computational studies by Shimpalee et 

al. showed that fuel cell performance could be significantly improved by using MPL 

layers [51]. The results shown in Figure 1.16 highlights the substantial improvement 

in the performance at higher current density operation. 

 

  

Figure 1.16– Cell performance with and without MPL at Tcell = 60 °C; Tanode humidifier= 80 °C; 

Tcathode humidifier  = 30 °C; H2 stoichiometry = 2.5, O2 stoichiometry = 2.5 [48] 

Various studies [51–53] showed the lower diffusivity of MPL aids in even distribution 

of reactants to the CLs. This improves contact between CL and GDL, reducing the CL 

damage caused by the clamping force applied during the fuel cell assembly process.  

However, the MPL has some unfavourable impacts; it is less permeable to oxygen as 

compared to GDLs, and increased water pressure at CL could block the pathways of 
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gaseous oxygen [52]. These factors should be considered when designing the cell 

architecture [54]. 

 

In PEFC stacks, bipolar plates (BP) are multifunctional components that complete the 

electrical path between two adjacent cells by electrically connecting the anode of one 

cell to the cathode of the neighbouring cell. The component provides structural support 

to the stack, which composes 80% of the stack weight and is responsible for ~45 % of 

fuel cell cost [55,56]. 

BPs material properties for effective performance include [57] 

 Plate resistance should be less than 0.01 Ω cm-2, 

 Gas permeability should be less than 10-4 cm3 S-1cm-2, 

 Rate of corrosion should be less than 0.016 mA cm-2, 

 High compressive strength is required to take care of stack compression load 

and stack operation load. As a thumb rule, it should be higher than 0.15 MPa. 

BPs are broadly classified based on the material used, such as [55–58] 

 Non-metals, non-porous graphite.  

 Coated or non-coated metal plates are made up of an aluminium or austenitic 

or ferritic stainless steel. Titanium could be used to lower the stack weight. 

 Carbon or metal-based composites are used for higher strength.  

Flow-fields are imprinted on the back-side of the bipolar plates which ensure the 

delivery of the feed of reactants from an inlet to the active area of the cell, adequate 

cooling of the cell, and removal of water from the system, ensuring adequate humidity 

[59]. The flow-field designs and arrangements form the fuel-cell architecture. The 

impact of flow-field architecture on the performance is discussed in Chapter 2 and 

Chapter 4 . 
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1.4  Principle of operation 

PEFC operation is multi-physics in nature, highly coupled, and nonlinear in terms of 

species transport and electrochemical processes. 

1.4.1 Thermodynamic operating principle 

The basic principle of PEFC operation involves oxidation and reduction reaction 

(Figure 1.17).  

 

Figure 1.17– Schematic of oxidation-reduction reaction at proton-exchange PEFCs 

Hydrogen (H2) and air are supplied to the anode and cathode domains, respectively. 

H2 flows through the porous GDLs/MPLs and diffuses into the anode CL where it 

oxidises forming protons and electrons. This is known as the hydrogen oxidation 

reaction (HOR) or anode half-cell reaction. 
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 𝐻2 → 2𝐻+ + 2𝑒− (1.2) 

Protons migrate through a membrane towards cathode CL along with water molecules 

under electro osmotic drag (EOD). Electrons generated by HOR, conduct via GDL 

carbon fibres to the anode current collector. An external electrical circuit that connects 

two electrodes acts as a conducting path for electrons.  

Oxygen (O2) is supplied simultaneously to the cathode, either in the form of air or pure 

O2, where it is reduced to water by combining with the electrons and protons. The 

oxygen reduction reaction (ORR) or cathode half-cell reaction is 

 
2𝐻+ + 2𝑒− +

1

2
𝑂2 → 𝐻2𝑂 (1.3) 

Generated water is transported through the cathode GDL/MPL and taken out through 

the cathode outlet. This process is dominated by diffusion in the GDL/MPL and 

intensively studied under PEFC water management. 

Heat is generated mainly in the cathode CL due to the sluggish ORR, and it is 

conducted out of the cell through bipolar plates [29]. The complete PEFC reaction is, 

 2𝐻2 + 𝑂2 → 2𝐻2𝑂 (1.4) 

The ORR can be simplified as a ‘general reversible reaction’ that takes place under 

mechanical, thermal, and chemical equilibrium 

 𝑎𝐴 + 𝑏𝐵 ↔ 𝑚𝑀 + 𝑛𝑁 (1.5) 

A and B represent reactants, M and N are products. a, b, m and n represent the 

number of moles of A, B, M and N respectively. The change in Gibb’s free energy of 

the forward reaction is 
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∆𝐺 = −𝑅𝑇𝑙𝑛𝐾 + 𝑅𝑇𝑙𝑛

[𝑀]𝑚[𝑁]𝑛

[𝐴]𝑎[𝐵]𝑏
 (1.6) 

where R is the universal gas constant [J Kg-1 mol-1], K is an equilibrium constant for 

the reaction at temperature, T [K] and [X]X is the activity of species, X. This equation 

is known as Van’t Hoff’s isotherm and explains the change in Gibb’s free energy (ΔG) 

of the system is a function of a species activities [60]. 

The maximum electrical work (Wel,max) can be obtained from the change in Gibb’s free 

energy at a constant temperature, T and constant pressure, P. 

 ∆𝐺 = 𝑊𝑒𝑙,𝑚𝑎𝑥 = −𝑛𝐹𝐸 (1.7) 

where n is a number of electrons participating in the reaction, F is Faraday’s constant 

[C mol-1] and E is electrical voltage [V]. Hence, the reversible cell voltage varies as a 

function of chemical activities. 

 
𝐸 =

𝑅𝑇

n𝐹
𝑙𝑛𝐾 +

𝑅𝑇

𝑛𝐹
𝑙𝑛
[𝐴]𝑎[𝐵]𝑏

[𝑀]𝑚[𝑁]𝑛
 (1.8) 

The change in Gibb’s free energy at standard state (∆𝐺𝑜) can be defined in terms of 

the electromotive force at standard-state, also known as the standard-state potential 

(𝐸𝑜). Thus  

 
𝐸 = 𝐸𝑜 +

𝑅𝑇

𝑛𝐹
𝑙𝑛
[𝐴]𝑎[𝐵]𝑏

[𝑀]𝑚[𝑁]𝑛
 (1.9) 

It is known as the ‘Nernst Equation’. This equation relates to the concentration gradient 

of a reactant and a product to the electrical gradient obtaining reaction equilibrium. 
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1.4.2 Irreversible voltage losses 

The usable electrical energy can only be obtained from PEFC when a reasonably large 

current is drawn. Under such conditions, the cell potential decreases from its 

thermodynamic equilibrium potential due to various forms of irreversible losses. This 

voltage loss mechanism can be characterised by plotting the change in voltage as a 

function of an increase in current density, often referred to as a ‘polarisation curve’ or 

J-V curve. The cause of the irreversible losses includes electrode kinetics (Activation 

losses, ηact), Ohmic resistance offered by the electrode and electrolytes (Ohmic losses, 

ηohmic) and mass transport limitations (concentration losses, ηconc).  

 

At low current densities (0.001 – 0.1 A cm-2) the activation losses are mainly because 

of the irreversible voltage loss in a fuel cell. Activation losses explain the slowness of 

the reactions occurring at the fuel cell electrodes, i.e. anode and cathode CLs. The 

sluggish cathode kinetics is the prime cause of the overall activation losses [61]. 

Activation losses can be reduced by increasing the cell temperature, Tcell, increasing 

the electrochemical activity of the electrode with suitable catalysts and by increasing 

the electrochemically active surface area (ECSA) and surface roughness of the 

electrode. Assuming that the anode overvoltage is small compared to that of the 

cathode, the activation loss can be described as follows using the general form of the 

Tafel equation [13]. 

 
𝜂𝑎𝑐𝑡 =

𝑅𝑇

𝛼𝑛𝐹
(𝑙𝑛(𝑗) − 𝑙𝑛(𝑗𝑜)) (1.10) 

Here, R, F and T are universal gas constant [J kg-1 mol-1], Faradays constant [C mol-

1] and temperature [K], respectively, α is charge transfer coefficient, and n is a number 

of atoms participating in the reaction. j is the net current density and j0 is the exchange 
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current density corresponds to the rate at which hydrogen is oxidised and oxygen is 

reduced according to the reversible reaction given by Equation (1.5). 

 

At intermediate current densities,the irreversible losses are mainly due to Ohmic 

losses in the cell. These losses are caused by an ionic resistance to the flow of ions 

in the electrolyte and electronic conduction process in CLs and BPs. The Ohmic losses 

are present throughout the polarisation curve and follow Ohm’s law relationship. The 

Ohmic resistance is also related to the hydration of a membrane, as a well-hydrated 

membrane will enable the smoother flow of protons, reducing Ohmic losses. 

 𝜂𝑜ℎ𝑚𝑖𝑐 = 𝑗 × 𝐴𝑆𝑅𝑜ℎ𝑚 (1.11) 

ASR is the area-specific resistance. 

Increase in the proton water content in the electrolyte membrane results in an 

improvement in the ionic conductivity of the membrane [30,33]. Maintaining good 

electrical contact between electron-conducting components of the PEFC and selecting 

the adequate cell compression is a key to reduce Ohmic losses. 

 

At higher current densities, the resistance offered to the reactant transport to the active 

sites (TPBs), dominates the irreversible losses. With an increase in the rate of 

reaction, the amount of reactant available on the catalyst surface starts to deplete. At 

specific current density, called the limiting current density (jL), the reactant is 

consumed faster than it can reach the surface. An indirect side effect of increasing 

current density is an increase in water production. The water, if not adequately 

managed, ends up blocking the electrode surface, causing flooding; therefore, even 

further reducing the amount of reactant reaching the electrode surface. Hence, these 
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irreversible losses are also known as the concentration losses and can be calculated 

as follows, 

 
𝜂𝑐𝑜𝑛𝑐 =

𝑅𝑇

𝛼𝑛𝐹
( (𝑙𝑛(𝑗𝐿) − 𝑙𝑛(𝑗𝐿 − 𝑗)) (1.12) 

1.4.3 Polarisation curve 

The overall cell performance is given by subtracting reversible losses discussed in the 

preceding section from the open circuit potential of the cell. Therefore, 

 𝑉(𝑗)  =  𝐸𝑡ℎ𝑒𝑟𝑚𝑜  −  𝜂𝑎𝑐𝑡(𝑗)  −  𝜂𝑂ℎ𝑚𝑖𝑐(𝑗)  −  𝜂𝑐𝑜𝑛𝑐(𝑗)  (1.13) 

where Ethermo is the thermodynamic voltage (or open-circuit voltage, when ianode = 

icathode), for the pressure, temperature, the stoichiometry of reactants. 

 
𝐸𝑃,𝑇
𝑂𝐶𝑉 = 𝐸𝑜 +

𝑅𝑇

n𝐹
𝑙𝑛(
𝑃𝐻2(𝑃𝑂2)

0.5

𝑃𝐻20
) (1.14) 

where 𝐸𝑜 [V] is a standard state reversible potential of the fuel cell.  At standard 

temperature and pressure, the highest voltage attainable for PEFC (H2-O2 fuel) is 1.23 

V. The classical polarisation curve model can be derived using the equations stated in 

this section. 

 

 

 

 



Chapter 1 Introduction and motivation   

 

33 

 

Table 1-2 – Typical parameter values for Equation (1.13) 

Properties Values 

Cell potential at STP, E thermo  [V] 1.23  

Area Specific resistance, ASR [Ω cm-2] 0.01  

Exchange current density, j0 [A cm-2]  0.0001  

Transfer coefficient, 𝛼 0.5 

Limiting current density, jL [A cm-2] 2  

Temperature, T [K]  355  

No of atoms, n 2 

Universal gas constant, R [J mol-1 K-1] 8.314  

Faradays constant, F [C mol-1] 96485  

 

Figure 1.18(a) shows the contribution of each type of losses on the cell potential. This 

suggests activation losses are higher at low current density; whereas mass transport 

losses are higher at higher current density. The Ohmic losses increase with increases 

in current density. Details of individual losses are explained in Chapter 2. The 

polarisation curve and the power density curve obtained from the above empirical 

model is shown in Figure 1.18(b). 

 



Chapter 1 Introduction and motivation   

 

34 

 

 

Figure 1.18– (a) Contribution of potential losses, (b) basic polarisation and power density curve 

showing the regions dominated by the irreversible losses 
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1.5 Project objective and thesis structure 

The main objective of this project is to develop a better understanding of the effect of 

fuel cell architecture on PEFC performance. This dissertation presents a systematic 

approach to analyse the architectural and electrochemical factors affecting the fuel 

cell performance and develop a suite of experimentally validated robust computational 

models capable of analysing and predicting PEFC behaviour.  

The key objectives of this project are listed below,  

 Provide insight into the electrochemical kinetics and reactant transport 

phenomenon.  

 Study the impact of cell compression using X-ray CT technique and develop 

the set of the input parameters for computational modelling. 

 Identify the strengths and weaknesses of the previous modelling approaches 

and develop a 2D non-isothermal multiphase mathematical model predicting 

PEFC performance. 

 Develop the coupled structural – electrochemical continuum model predicting 

the effect of fuel cell mechanical compression on the performance. 

 Experimentally validate the models using novel techniques such as neutron 

imaging to map internal water distribution. 

 Emphasise the presence of the ‘secondary flow-field’ architecture in the cell and 

examine its effect under various cell compression conditions. 
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These objectives were achieved by developing a suite of a comprehensive 2D PEFC 

models accounting for seven main domains, namely, bipolar plates, gas diffusion layer 

and catalyst layer on anode and cathode side and the membrane. This dissertation is 

divided into nine chapters, as follows 

Chapter 1 

This chapter of the thesis discusses the fundamental motivation behind this research 

project, and briefly introduces PEFC technology. This chapter further discusses the 

aims and objectives of the research and provides an outline of the thesis. 

Chapter 2 

This chapter presents an in-depth review of the practical factors governing PEFC 

performance. It forms the foundation of the thesis presenting the way architectural and 

mechanical factors govern the performance. 

Chapter 3  

This chapter presents the experimental techniques used throughout this project. This 

includes the experiments developed/used to characterise PEFC to generate input 

parameters for the model and the experiments used for the model validation. 

Chapter 4 

This chapter provides X-ray CT characterisation of MEA subjected to various degrees 

of compression and provides the morphological properties of the MEA, which can be 

used as an input parameter in high-fidelity computational models. Part of this chapter 

has been published as a peer-reviewed journal article [62]. 

 

 



Chapter 1 Introduction and motivation   

 

37 

 

Chapter 5 

This chapter presents a literature review of different fuel cell modelling approaches 

and description of the fundamentals, principles and governing equations. It also 

provides the modelling framework used in this research. 

Chapter 6 

The effect of non-uniform compression on the performance of PEFCs is presented 

through the development of a comprehensive, multi-phase, non-isothermal two-

dimensional model. Part of this chapter has been submitted to a peer-reviewed journal. 

Chapter 7 

This chapter presents the effect of non-uniform compression on water dynamics in the 

PEFC using in-plane and through-plane in-operando neutron radiography. The 

experimental results are used to validate the computational models developed in the 

previous chapter. Part of this chapter has been published as a peer-reviewed journal 

article [63]. 

Chapter 8 

The presence of the ‘secondary flow-field’ architecture, how it is affected under various 

cell compression levels, how it affects the dead-ended anode operation is presented 

in this chapter via combined X-ray radiography and 3D modelling. Part of this chapter 

has been published in a peer-reviewed journal article [64]. 

Chapter 9 

The final chapter outlines the achievements and conclusions of this thesis and 

provides suggestions for further work. 
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Chapter 2                            

Practical factors governing PEFC 

performance 

  



Chapter 2 Practical factors governing PEFC performance   

 

40 

 

Abstract  

 

This chapter presents a comprehensive review that aims to provide a structured 

understanding of the practical factors that governs the performance and durability of 

PEFCs. The chapter is divided into three key underlying factors that can alter the 

PEFC efficiency. The first section of the chapter provides the details of the 

electrochemical kinetics with particular focus on the factor that constitutes individual 

losses, i.e. activation, Ohmic and mass transport losses. The second section of this 

chapter provides a detailed literature review on the operating parameters that govern 

the performance. Finally, the last section of the chapter provides a detailed review of 

the effect of mechanical and architectural parameters on the performance. This 

section also highlights the existence of secondary flow-field in the fuel cells. Overall, 

this chapter forms the foundation of the current research project. 
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2.1 Introduction 

PEFC technology has been thoroughly researched with the prime focus on developing 

commercially viable systems suitable for automotive and stationary power applications 

[65]. The main difference between fuel cells used for both of these applications is the 

load cycling that defines the durability requirements. The US DoE previously set a 

2020 target of 5,000 h and a long-term target of 8,000 h of operation for the passenger 

car application, while public transport application has a durability target of 25,000 h 

with 65% peak efficiency [66]. The target for stationary power application is specified 

at 45% electrical efficiency and 60,000 - 80,000 h durability of the equipment while 

maintaining tolerance to fuel impurities in the gas feed. While the differences in the 

ultimate commercialisation goals, the practical factors governing the performance and 

the durability of the PEFC are identical. The current review discusses the factors 

defining the performance and the architecture of PEFC independent of the application 

[67]. The performance of the PEFC is governed by a complex interaction of the 

electrochemical, structural/architectural and operating parameters and modes. Figure 

2.1 gives an overview of the factors that affect the life cycle of the fuel cell system.  
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Figure 2.1– Schematic of practical factors governing the fuel cell life cycle 
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2.2 Electrochemical kinetics 

The catalyst layer (CL) where HOR and ORR take place is strongly linked with the 

cost, performance, and the durability of PEFCs. This section discusses the catalytic 

factors that preliminary defines activation kinetics and cell performance.  

Electrochemical performance of the fuel cell is dominated by the exchange current 

density (𝑗0), which can be calculated as [13], 

 

𝑗0 = 𝑗0
𝑟𝑒𝑓
𝑎𝑝𝑡𝑚𝑝𝑡 (

𝐶𝑟

𝐶𝑟
𝑟𝑒𝑓
)

 ϒ

𝑒
−(

𝐸0
𝑅𝑇
 (1−

𝑇
𝑇𝑟𝑒𝑓

))

 (2.1) 

where 𝑗0
𝑟𝑒𝑓

[A cm-2 Pt] is the reference exchange current density measured at the 

reference temperature and pressure per unit catalyst surface area, 𝑎𝑝𝑡 [cm2 mg-1] is 

catalyst surface area, 𝑚𝑝𝑡 [mg cm-2] is the Pt loading on the catalyst layer, 𝐶𝑟 [mol m-

3] is the reactant concentration, 𝐶𝑟
𝑟𝑒𝑓

 [mol m-3] is reference concentration, ϒ is reaction 

coefficient, which varies between 0.5 and 1, 𝐸0 [kJ mol-1] is an activation energy 

barrier. Hence, the factors governing activation losses are, 

 Activation barrier (𝐸0) 

 Surface roughness (𝑎𝑝𝑡𝑚𝑝𝑡) 

 Reactant concentration (𝐶𝑟) 

 Operating temperature (T) 

The effect of catalytic factors on the PEFC performance are discussed in details in 

Appendix A  
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2.3 Operating parameters 

The performance of PEFC is influenced by the operating parameters such as 

temperature, pressure or concentration, reactant stoichiometry, relative humidity (RH) 

ratio, and modes of operation. All these parameters have a substantial impact on 

PEFC performance, and they are related to each other nonlinearly, making the effect 

of the operating parameters and the mode of operation on the fuel cell performance a 

complex phenomenon. This section presents and discusses the findings from the 

previous studies showing the impact of these parameters on the polarisation 

performance.  

2.3.1 Temperature 

Both the operating temperature and the inlet temperature of the reactant feed influence 

the PEFC performance. An increased inlet temperature impacts the membrane 

hydration and enhances the electrode kinetics, improving the performance of the fuel 

cell. Section 2.3.4 discusses the effect of relative humidity on the performance in more 

details 

The performance of the fuel cell is strongly dependent on the operating temperature 

irrespective of the electrode and the membrane material.  Operating temperature 

affects both irreversible cell voltage and kinetic losses associated with the fuel cell 

operation. Reversible cell voltage, 𝐸𝑟𝑒𝑣 [V], at constant pressure can be calculated as, 

 
𝐸𝑟𝑒𝑣 = 𝐸0 +

∆�̂�

𝑛𝐹
𝑇 (2.2) 

 

where 𝐸0 [V] is a standard state reversible potential of the fuel cell, equivalent to 1.23 

V. ∆�̂� [J mol-1 K-1] is the change in entropy during the rection For H2-O2 operated fuel 
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cells with H2O(g) as a product,  PEFC, ∆�̂� is -44.34 J mol-1 K-1. Hence when cell 

operating temperature increase from 25 °C to 100 °C, the reversible cell potential 

decreases, as shown in  Figure 2.2. 

 

Figure 2.2– The effect of operating temperature on the reversible cell potential 

 

Therefore, reversible cell potential decreases with an increase in operating 

temperature. However, low-temperature PEFCs generally operates between 50 °C to 

80 °C. The change in operating temperature between 50- 80°C lowers reversible cell 

potential by approximately 30 mV. Operating temperature also affects the kinetic 

losses associated with the fuel cell. Operating temperature defines the membrane 

hydration, which decreases with an increase in the temperature, decreasing the proton 

conductivity of the membrane [68,69]. An experimental study by Williams et al. [70] 

highlighted an influence of operating temperature (Tcell) on the fuel cell performance 

when Tcell varied between 60 °C to 80 °C, independent of humidification factor at fixed 

anode and cathode stoichiometric flow rates, (1.3 and 1.5, respectively). The study 

suggests the relationship between Tcell and the performance varies nonlinearly under 
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a dry condition with performance increased steadily up to 75 °C, with further increase 

in the temperature resulted in a sharp increase in the membrane resistance (from 

0.079 to 0.133 Ω cm-2, at 0.4 A cm-2 and hence lowered the cell performance. 

Nevertheless, this study suggested that the effect of Tcell  can be mitigated by balancing 

the cathode and anode stoichiometry and relative humidity; for example, the 

membrane drying phenomenon at high operating temperature can be reversed by 

humidifying only the anode stream while cathode feed remains dry. A similar 

conclusion has been derived by 2D multiphase modelling study by Natarajan et al. [71] 

and the experimental analysis by Yan et al. [72].  
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Figure 2.3– The effect of operating temperature on the mass transfer/concentration over-

potential and activation overpotential [73] 

The parametric modelling study by Esfeh et al. showed the effect of operating 

temperature on the activation and mass transport losses when Tcell varied from 23 °C 

to 120 °C [73], as shown in Figure 2.3. The effect of operating temperature on the 
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activation losses was observed to be nonlinear. Higher activation over-potential was 

observed at the lowest temperature of 23 °C. The activation over-potential lowered 

with an increase in the cell temperature up to 80 °C; however, it increased again at 

100 °C before reducing at 120 °C. This nonlinearity in the activation over-potential 

could be due to the effect of temperature on the localised over-potential on both the 

electrodes (Figure 2.3.(a)). The concentration over-potential, i.e. mass transport 

losses decrease with an increase in temperature; however, an increase in current 

density increase mass transport losses exponentially, highlighting the significance of 

it at the higher current density (Figure 2.3(b)). This study also highlights that operating 

temperature influences the exchange current density (j0) and ECSA. Increase in Tcell 

result in an increase in j0, both for anode and cathode electrodes. However, an 

increase in Tcell above 60 °C resulted in a loss of ECSA, which could be due to the 

combined effect of membrane drying at higher temperatures and carbon corrosion 

(Figure 2.4). These results agree with the modelling study presented by Shimpalee et 

al. [74]. 
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Figure 2.4– The effect of operating anode and cathode apparent exchange current density 

(AECD) (Adapted from [73])  

Direct water visualisation study by Ous et al. suggested increasing the operating 

temperature is the effective means to water management in the cell where Tcell > 60 

°C was sufficient to evaporate all the water in the flow-fields while enhancing the cell 

performance and maintaining membrane humidification [75]. A modelling study by 

Hottinen et al. suggested the effect of operating temperature is linked with the cell 

architecture, such as flow-field arrangements and cell compression, and the non-

uniform cell compression results in the non-uniform distribution of cell temperature 

affecting the cell performance [76]. These studies suggest that the operating 

temperature affects the fuel cell performance by altering activation, Ohmic and mass 
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transport losses; however, these effects are closely linked with other operating 

parameters and cell architecture. 

2.3.2 Reactant pressure 

The pressurised reactant entering in the system defines the performance of the fuel 

cell, and the range of the pressure varies from the atmospheric pressure for air-

breathing fuel cell way up to 6 – 7 bars [13]. Effect of pressure on reversible cell voltage 

can be obtained from the Gibbs Free energy (Equation (1.7)). However, pressure, like 

temperature, have the minimal effect of reversible cell voltage [60].  According to the 

Nernst equation, as shown in Equation (2.3), increases in the partial pressure of the 

reactant, i.e. the cell operating pressure results in increasing the activation 

overpotential of the cell and hence improves the overall performance of the system. 

 
𝐸 = 𝐸0 +

𝑅𝑇

𝑛𝐹
ln (

𝑃𝐻2𝑃𝑂2
0.5

𝑃𝐻2𝑂
) (2.3) 

Similarly, the surface concentration of the reactants is directly proportional to the 

operating pressure. Hence, according to Equation (2.1) and (2.4), an increase in 

operating pressure results in an improvement in the exchange current density [𝑗0]. 

 
𝑗0 = 𝑗0

𝑟𝑒𝑓
(
𝑃

𝑃𝑂2
)

𝛾

 (2.4) 

Thus, the cell potential elevates at the increased operating pressure. The theoretical 

treatment defining the effect of pressure is given by Equation (2.5) 

 
∆𝑉 =

𝑅𝑇

𝑛𝐹
ln [(

𝑃𝐻2
𝑃0
) (
𝑃𝑂2
𝑃0
)
0.5

] +
𝑅𝑇

𝑛𝐹
ln (

𝑃

𝑃0
) (2.5) 
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The experimental study by Yan et al. investigates the effects of operating parameters 

on the fuel cell performance [72]. An increase in operating pressure from 1 atm to 4 

atm, improved the fuel cell performance, highlighting the significant effect operating 

pressure has on the performance. Secondly, the increased operating pressure results 

in an increased bulk concentration of the reactant; hence, increasing the limiting 

current density (𝑗𝑙𝑖𝑚). Therfore, the operating pressure affects all three losses defining 

the fuel cell performance. The similar results have been observed with both 

experimental and the numerical studies by various researchers [77–80]. 

 

Figure 2.5–The effects of air pressure on fuel cell performance (25 cm2 fuel cell with triple-

serpentine flow pattern, hydrogen stoichiometry = 1.2, air stoichiometry = 2) [72] 
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2.3.3 Reactant flow rate 

The reactant flow-rates at the inlet of a fuel cell must be equal or higher than the rate 

of reactant consumption in the cell. Fuel cells are generally operated either on the 

constant flow rate of the constant reactant stoichiometry. At constant flow rate mode, 

the same amount of reactant is supplied to the cell, regardless of the current drawn, 

while at constant stoichiometry mode the rate at which the reactant is supplied to the 

system depends upon the current drawn. The reactant stoichiometry (ξ) is a ratio of 

the amount of reactant available in the flow stream to the amount of reactant used in 

the electrochemical reaction of interest, as shown in Equation (2.6). 

 
ξ =

�̇�𝑓𝑒𝑒𝑑

�̇�𝑟𝑒𝑎𝑐𝑡𝑎𝑛𝑡
 (2.6) 

 
�̇�𝑟𝑒𝑎𝑐𝑡𝑎𝑛𝑡 = 

𝑖

𝑛𝐹
 (2.7) 

where, �̇�𝑓𝑒𝑒𝑑 (mol s-1) represents the rate at which reactant enters in the system and 

�̇�𝑟𝑒𝑎𝑐𝑡𝑎𝑛𝑡 (mol s-1) represent the rate of reactant consumption to generate the required 

output. Hence, at constant flow rate mode, the system efficiency varies with the current 

drawn as the amount of excess reactant available at the mass transport region is much 

lowered compared to the activation region. This results in affecting mass transport 

losses. On the other hand, in constant stoichiometry mode, the system is always 

provided with the fixed excess rate irrespective of the operating load.  

Kim et al. performed the experimental study to investigate the effect of fixed reactant 

stoichiometries (anode/cathode) on the polarisation performance of the fuel cell [81]. 

The polarisation curves were obtained at three stoichiometric conditions, (a) baseline 

case corresponding to anode/cathode stoichiometries to 1.2/2.0, (b) anode-rich 

condition (2.4/2.0), and (c) cathode-rich condition (1.2/3.0). As water is generated at 
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the cathode catalyst layers, high stoichiometric cathode flow facilitates an efficient 

water removal from the cathode domain, allowing O2 to reach active sites and 

improving the fuel cell performance. The polarisation curves shown in Figure 2.6 

confirm that the cathode flow stoichiometry governs the cell performance at variable 

reactant flow-rates.  

 

Figure 2.6– Polarisation curves for various stoichiometric flows of the anode/cathode.(▲) 

1.2/2.0, (●)2.4/2.0, and (■)1.2/3.0 [81] 

Turhan et al. analysed the effect of reactant stoichiometries on the water accumulation 

in the cell using neutron imaging technique [82]. The experiments conditions on 

parallel channel PEFCs and images were obtained at j= 0.35 A cm-2. Fully humidified 

reactants were supplied to the cell at two stoichiometries, 2 and 5. At the low 

stoichiometry condition, a significant amount of liquid water accumulation in the 

channel was observed, as shown in Figure 2.7. On the contrary, at higher 

stoichiometry condition, the liquid water accumulation in the channel almost entirely 

diminished. Consequently, the total water mass in the cell decreased significantly 
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(30%) on increasing stoichiometric ratio from 2 to 5, suggesting an improvement in the 

rate of removal of product water by increasing the stoichiometric ratio. Hence, water 

management in the fuel cell that defines the fuel cell performance and durability is also 

governed by the reactant flow rates.  

 

Figure 2.7– The effect of reactant stoichiometry on the water content in the cell obtained at j = 

0.35 A cm-2, using the neutron radiography technique. [82] 

2.3.4 Relative humidity 

The high inlet humidity conditions are generally observed for the stationary application 

while lower humidity inlet condition is more common for the automotive applications 

[66,83] Humidified feed gases allow maintaining PFSA membrane humidification that 

defines the proton conductivity. Both experimental and numerical studies have been 

done in various research evaluating the effect of relative humidity on fuel cell 

performance [69,70,84–90]. Jeon et al. studied the effect of low and high 

humidification conditions on various flow-field designs [91]. At low humidity conditions, 

irrespective of flow-field arrangements, the contribution of cathode overpotential was 

dominant in the activation region; however, a prominent increase in the Ohmic losses 
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was observed with an increase in current density, due to low membrane water content 

(λ). At high humidity conditions, the effect of cell flooding and mass transport losses 

was more prominent along with the flow-field design that governs the water removal 

efficiency. A neutron radiography study was performed on a 50 cm2 active area cell by 

Iranzo et al. to evaluate the effect of a varying anode and cathode humidification on 

the voltage, Ohmic losses and GDL/MEA water content [92]. The galvanostatic study 

showed that the cathode humidification has a more significant influence on cell 

performance compared to the anode RH. However, an increase in anode 

humidification raised the water content in the GDL/MEA while the Ohmic losses 

lowered, suggesting improved membrane humidification. It is widely recognised both 

by the experimental and the numerical analysis that maintaining relatively high RH of 

reactant streams throughout the active area of the cell is vital to have stable 

performance and long durability. As PEFCs operate in a narrow water management 

region between cell flooding caused by too much water and membrane 

dehydration/cell drying due to too little water, it is crucial to develop the cell architecture 

that maintains the balance between water entering through the feed gases, i.e. RH, 

water generated by an electrochemical reaction and water removal efficiency. The 

dynamic response of air humidity on the PEFC performance was shown by Yan et al. 

[72]. The experiments were performed at the cathode humidity level varying from 0%, 

i.e. dry gas to 100% RH, i.e. fully saturated air at 80 °C. An improvement in the 

instantaneous performance was observed at high humidity conditions, as shown in 

Figure 2.8. The galvanostatic operation observed a higher rate of voltage drop at lower 

humidity conditions, highlighting the significance of the humidity conditions on the 

PEFC performance.  
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Figure 2.8– Dynamic responses of the fuel cell voltage operating with different air humidity to the 

step changes of current density (25 cm2 fuel cell with triple- serpentine flow pattern, hydrogen 

stoichiometry = 1.2, air stoichiometry = 2)[72] 

2.3.5 Mode of operation 

The hydrogen required at the PEFC anodes is produced externally in the form of the 

reformate and needs to be stored inside the system. The system operating at higher 

hydrogen stoichiometry i.e. 𝜉𝐻2>1 results in increased the operating cost of the system 

due to frequent refilling of the reformat. Hence, for the system optimisation, the 

hydrogen losses should be minimal throughout the operation. This leads to two 

commonly used modes of operation: the through-flow mode and the dead-ended 

anode (DEA) mode of operation [93]. 
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In the through-flow mode, the downstream anode valve is ON, and the flow through 

the system is controlled by a mass-flow controller (MFC) . Such a system often needs 

extra external equipment to maintain cell humidification such as humidifiers and 

heaters. In through-flow mode, the hydrogen is often supplied at the stoichiometric 

ratio higher than unity [94–97]. The extra reactant is either circulated in the system 

and reused as fuel, as shown in Figure 2.9(a), or rarely vented in the atmosphere, 

reducing fuel efficiency. For example, if the anode stoichiometry is 4, only 25% of fuel 

will be utilised to generate the desired output and remaining 75% of the fuel will either 

be vented in the open atmosphere, increasing the operating cost of the system or it’s 

recirculated in the system.  

 

Figure 2.9– Schematic of a fuel cell system with (a) flow-through anode mode and (b) dead-ended 

anode mode of operation [93] 
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In order to improve the system efficiency / fuel utilisation, the dead-ended anode mode 

is used where the pressurised hydrogen is supplied at the anode inlet, and the 

downstream valve is closed, i.e. in the OFF position. This allows the system to operate 

at unit hydrogen stoichiometry, improving fuel utilisation to almost 100% [98]. DEA 

mode simplifies the system, increases fuel efficiency, reduces operating cost, and 

significantly lowers the parasitic power consumption. However, numerous researchers 

have observed a gradual voltage loss during the DEA operation [93,99–103]. The 

system efficiency can be regained by the intermittent opening of the purge valve, the 

result of which is shown in Figure 2.10. The voltage loss is influenced by several 

factors such as accumulation of back-diffused water in the anode compartment, and 

non-uniform membrane hydration; however, nitrogen crossover from the cathode to 

anode has been reported as the prominent cause of voltage loss (Figure 2.10). The 

performance of the fuel cell can be regained by intermittently opening the purge / 

through-flow vale, yet lowering the fuel efficiency. Meyer et al. [104] performed dead-

ended/ purge cycling experiments on the commercial open cathode self-humidifying 

fuel cell, to investigate the effect on the voltage drop when examined at constant 

current. This work observed the nitrogen accumulation increases from 0.25% to 0.5% 

during dead-ended operation mode. Similar results were observed by Strahl et al. [21] 

showing that the nitrogen accumulation increases with membrane dryness, causing 

an increase in nitrogen crossover rate.  
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Figure 2.10–The effect of dead-ended/purge cycling on voltage loss at current density (j) =0.75A 

cm-2 [104] 

2.4 Mechanical and architectural factors 

The effects of mechanical factors such as cell compression, flow-field designs and 

arrangements have been found to play a vital part in influencing the fuel cell 

performance [62]. Each of these factors is associated with the fuel cell performance 

losses. In this section, such mechanical factors governing the performance are 

introduced.  

2.4.1 Fuel cell compression 

The individual components of the fuel cell stack, such as MEA, GDL and bipolar plates, 

should be held together with sufficient mechanical pressure to prevent leaking of the 

reactants and improve electrical contacts between the layers. Typically, the cell or 

multiple cells are stacked together and sandwiched between the endplates with the 
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help of tie rods. Various compression methods have been utilised in the past, such as 

hydraulic and pneumatic presses [105], compression springs [106], clamping plates or 

compression torque [107]. However, these methods are designed for pressure-based 

compressions, and the extent of dimensional change of the MEA cannot be directly 

measured or controlled. The degree of cell compression can also be controlled by 

varying the thickness of ‘incompressible’ sealing gaskets [108]. This method ensures 

the cell is evenly compressed and leak-free, as shown in Figure 2.11(a). Practically, 

the way in which the cell/stack is brought into mechanical compression also has an 

effect on performance as it has an effect on the structure of components (how much 

they are compressed/deformed). The fuel cell is compressed between 10% and 40% 

of its initial thickness for adequate electrical contact and adequate sealing [109,110], 

with the MEA components taking the majority of the compressive dimension change. 

However, it’s important to note that the over-compression has typically argued as a 

most common occurrence in the commercial fuel cells, leading to detrimental results 

such as loss of performance, loss of cell durability, flooding, etc. 

Corrugations on the bipolar plate (the alternating lands and channels) result in non-

uniform compression of the GDL leading to constriction of the GDL under the land 

regions and the protrusion of carbon fibres onto the gas channels (‘tenting’), creating 

distinct ‘under the land’ and ‘under the channel’ zones, as shown in Figure 2.11(b). 

Such non-uniform and excess compression can lead to irreversible morphological 

changes which can significantly influence the mass transport across the porous 

medium [45,76,111–113]. The effect cell compression on the GDL morphology have 

been extensively investigated using scanning electron microscopy (SEM) [114–116], 

and X-ray CT techniques [47,117–119]. Mason et al. performed a study on the effect 

of compression on Ohmic resistance and investigated the compression reversibility of 

non-PTFE carbon fibre GDLs [109]. 
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                                                                 (a) 

 

                                                                  (b) 

Figure 2.11 (a) Schematic of the cell compression that ensures proper sealing is achieved, Adapted 

from [120], (b) schematic of non-uniform compression resulting in under-the-channel and under-

the-land (rib) zones [121] 

The SEM images of the GDL subjected to 2.5 MPa compressive load resulted in the 

distinguishable compressed (under the land) and uncompressed (under the channel) 

GDL (Figure 2.12(a)). The close-up study visually revealed that the carbon fibres 

under the land are broken and compacted, increasing the fibre-to-fibre contact and 

reducing the porosity. This resulted in an improved electrical contact under the land 

region. However, the region under the channel has remained at its initial morphology. 

(Figure 2.12(b)). 
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Figure 2.12 SEM images of non-PTFE Toray paper showing: (a) the impression of the flow-field 

land made upon compression to 2.5 MPa with the black vertical lines as a visual aid, (b) a close up 

of the compressed zone under the land area showing broken fibres and (c) showing the 

uncompressed region from under the flow channel [109]  

 The X-ray CT study provides better insight into the morphology evolution under 

compression. The X-ray CT study by James et al. revealed that the compression leads 

to the effective properties of the porous medium such as porosity, electronic 

conductivity, permeability, being different under the land and the channel region [47]. 

The GDL porosity under the channel was 20% higher than under the land region when 

measured at 40% compression. This change in porosity affects the permeability and 

gas diffusivity. While increased compression reduces porosity, permeability and gas 

diffusivity under the land, GDL ‘tenting’ typically increases these properties under the 

channel, inducing an uneven distribution of effective properties that affect the cell 

performance. X-ray CT compression study by Atkinson et al. showed that an increase 

in compression to 41% resulted in a reduction in the average pore size radius by 24 
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μm and lowered the GDL porosity, for SGL 29BC commercial carbon paper GDE [122]. 

The X-ray CT study by James et al. showed that an increase in cell compression 

improves the electrical and thermal conductivities of GDLs; however, it adversely 

results in a loss of pore volume, primarily in the region under the land [47]. This results 

in a loss of GDL porosity and permeability, and an increase in mass transport 

resistance [45,76]. 

The effect of compression on fuel cell performance was studied experimentally by 

Mason et al. using electrochemical impedance spectroscopy (EIS) [121]. The study 

was performed at three different compressive loads ranging from 0.5 MPa to 2.5 MPa. 

It was seen that the increase in compression lowered the fuel cell performance, 

preliminary at the higher current densities (Figure 2.13).  

 

 

Figure 2.13 The effect of cell compression on fuel cell performance (a) polarisation performance 

obtained by repeated tests for various compressions. (Tcell 80 °C, anode and cathode flow rate 100 

ml min-1 at 100% RH, (b) Representation of the performance regions in the form of differential 

resistance showing the different loss dominated regions and highlighting the limiting currents under 

different compressions, Adapted from [121] 
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An increase in cell compression results in lowering the limiting current that promotes 

early mass transport, as shown in Figure 2.14. The effect of compression on the 

increase in mass transport losses have been supported by various experimental and 

modelling studies [80–83]. 

 

Figure 2.14 Effect of cell compression on limiting current, Adapted from [121] 

Effect of compression on water management was studied by Wu et al. using neutron 

radiography in xz plane (i.e. plane parallel to the active area of the fuel cell) [125], the 

findings from which supports the trade-off situation between electrical contact 

resistance and mass transport limitation due to flooding. While increasing the cell 

compression improves the electrical and thermal conductivities of GDLs, it adversely 

results in a loss of pore volume, primarily in the region under the land. A careful 

balance has to be struck in achieving effective water management and performance 
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improvement in a fuel cell. The cumulative effect of the cell compression on fuel cell 

performance is graphically presented in Figure 2.15.  

 

Figure 2.15 Schematic of the effect of GDL compression on the performance 

2.4.2 Flow-field configurations and pattern design 

The key functions of the flow-field are to deliver an even distribution of reactant species 

over the active area of the electrode and removal of the by-products, water and 

temperature management, and providing mechanical support to the MEA while 

ensuring good current collection [59,127–129]. The flow-field channel configurations 

and arrangement has a significant impact on PEFC performance. Numerous research 

has claimed to improve as much as 50% in the PEFC performance by altering the 

flow-field designs or arrangements [130–132]. The majority of PEFCs depend on the 

conventional flow-field for reactant distribution; although some fuel cell designs 

dispense with a conventional flow-field and rely on the lateral flow of reactant through 
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the GDL or around it edges [103,133–137]. Thus, broadly, the flow-field configurations 

can be divided into two groups, namely primary flow-fields and the secondary flow-

fields. 

 

Primary flow-fields are conventional and intentionally designed flow-fields that may 

vary in shape, dimensions, orientation and configuration [13,132]. The flow-fields are 

typically rectangular or square in cross-section, which is ideal for the laboratory or low-

temperature PEFC applications; however, rarely other configurations such as 

trapezoidal (moulded carbon composite plate), semi-circular or triangular, sinusoidal 

(stamped metal plates) are observed [132,138–140]. Zhu et al. and Lorenzini-

Gutierrez et al. numerically studied the effect of channel cross-section on the water 

transport highlighting the significance channel cross-section on the dynamic water 

transport behaviour and overall pressure drop in the system [140,141]. Figure 2.16 

shows the typical cross-section of the fuel cell, irrespective of the flow-field designs.  

 

Figure 2.16 Schematics of (a) trapezoidal, (b) semi-circular, and (c) square channel cross-section 

for flow-field plates.  

The three most conventional primary flow-field designs reported in the literature are 

parallel, serpentine and interdigitated [Figure 2.17]. A number of studies investigated 

the effects of primary flow-fields designs on fuel cell performance, highlighting the 
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change in flow-field patterns affect the pressure drop and water management in the 

fuel cell [142–148].  

Various experimental and numerical studies suggested the flow-field channel 

geometries such as channel length, width, height and the coatings affect the rate of 

water removal in the fuel cell altering the performance [82,131,140,145,149]. An 

analytical model by Kornyshev et al. showed that the dependence of channel length 

on the reaction rate parameters and defined by the smallest flow-field length either at 

the cathode or at the anode domain [147]. The analytical modelling study by Dohle et 

al. confirmed the dependence of the performance of flow-field length [150]. The 

characteristic length defines the length of availability of the fuel or reactant in the flow-

fields. The current density can be maximised using an adaptive width approach. In 

lower humidity operating conditions, bigger channel width at the inlet, and 

comparatively narrower channel width at the region away from the inlet should result 

in maximising current density [151]. 

 

Figure 2.17 Schematics of parallel (left), serpentine (middle), and interdigitated (right) channel 

architectures for flow-field plates. Red and green arrows represent inlet and outlet channels, 

respectively, and black arrows represent the direction of flow, adapted from [148] 
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Accurate and reproducible cell/stack assembly is the key to ensuring good 

performance and durability. Depending on the tolerance of the manufacturing 

processes and the components used, integration of a membrane electrode assembly 

(MEA) into a cell can lead to a narrow gap between the GDL and the gasket/sealing 

or the edge of the bipolar plate. This gap can act as a ‘secondary flow-field’ (SFF) with 

unexpected results, which can be potentially advantageous or damaging to PEFC 

performance [103,152]. This feature has been widely neglected in the literature. Figure 

2.18 shows the narrow gap between gasket and GDL in a generic fuel cell design.  

In the case of bipolar plate designs without a macroscopic (conventional) flow-field, 

the SFF offers a path of low resistance to reactant transport through the GDL [103]. In 

such designs, the reactant diffuses laterally through the GDL, and the SFF may act as 

a primary flow-field [103]. The presence and extent of the SFF depend on the cell 

design, fabrication and assembly, GDL material, component positioning accuracy and 

the compression process. 
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Figure 2.18 The cell assembly process resulting in a thin gap between the MEA and a sealing 

gasket, referred as the ‘secondary flow-field’ (SFF), observed in the generic fuel cell design with 

serpentine flow-field arrangement 

Flow-field arrangements discussed in the literature can be broadly classified in the two 

groups, namely symmetrical and asymmetrical arrangement of the flow channels. At 

the symmetrical arrangement, the primary flow-fields on either side of the membrane, 

and land and channels are in perfect alignment, as shown in Figure 2.16. However, 

few designs adopt the asymmetrical approach where a flow-field channel is only 

present on one side, as is the case in many commercial fuel cell designs. In these 

designs, hydrogen supply to the anode occurs laterally through the GDL, without a 
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macroscopic flow-field and may rely on a secondary (peripheral) flow-field 

[98,103,104].  

 

Figure 2.19 Schematic of the effect of cell compression during cell assembly process that results in 

the lateral and in-channel deformation of GDL, partially blocking the primary and the secondary 

flow-field 

2.5 Conclusion 

The review presented in this chapter provides a background of the practical factors 

governing PEFC performance. The purpose of this review is to establish an 

understanding of the role that design, operating and manufacturing processes have 

on PEFCs performance. The conclusions from this chapter are as graphically 

illustrated in Figure 2.20 

 Catalytic factors - Catalytic factors form the backbone of the electro-kinetic 

properties of the fuel cell defining the activation performance which further 
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contributes to the performance loss or system failure that occurs as a 

consequence of structural and electrochemical degradation of the cell.  

 Operating parameters – Operating parameters such as temperature, pressure, 

reactant flow-rates, humidity defines the activation and transport losses in the 

fuel cell altering the cell performance.  

 Operating cycles and modes of operation – start-stop cycles, sub-zero 

operating conditions, and modes of operation collectively contribute to the 

degradation of catalytic factors, defining the fuel cell durability and 

performance. 

 Mechanical and architectural factors: factors such as fuel cell compression, 

flow-field designing and arrangements and assembly process collectively forms 

more than 40% of the fuel cell designing and operation cost. These factors 

define the Ohmic and mass transport losses, affects water and temperature 

management, the localised performance of the cell, and the system durability. 

The fundamentally important phenomenon of electrochemical transport and water 

management has been identified as the key factor deciding the performance and 

life span of the fuel cell. However, these factors can be altered by optimising the 

balance between the complex interplay of mechanical and architectural factors. 

Thus, the focus of the following chapters is on the advancement in the 

understanding the influence of mechanical and architectural factors on PEFC 

performance, through advanced characterisation and numerical modelling 

methods. 
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Figure 2.20 Factors governing the fuel cell performance - the graphical conclusion 
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Abstract  

This chapter provides the details of various performance evaluation and 

characterisation techniques used in this research and the methodologies used to 

evaluate the generated data. The first section of the chapter provides the details of the 

sample preparation and an overview of the experimental methodologies used in the 

research to characterise the fabricated MEAs and evaluate the performance of fuel 

cells developed in-house. This section also discusses the novel non-destructive 

diagnostic methodology implemented in this research to investigate and optimise the 

effect of fuel cell compression and the architecture on the liquid water accumulation. 

The second section of the chapter provides theoretical and experimental details of the 

software used and to evaluate the results, and subsequently, a detailed summary of 

the metrological approaches or ‘metrics’ used to evaluate and generate the useful data 

from that can be used to develop the computational models. 
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3.1 Experimental methodologies 

PEFC performance can be evaluated by the most established electrochemical 

technique for fuel cell characterisation, i.e. a polarisation curve which can be combined 

with the advanced characterisation techniques such as current / temperature mapping, 

liquid water visualisation, electrochemical impedance spectroscopy (EIS), etc.  

3.1.1 MEA fabrication 

MEA fabrication process comprises of three steps, selection and/or printing the 

suitable GDL and membrane material, hot pressing and conditioning, as outlined in 

Figure 3.1. In the present study, a 6.3 cm2 MEA was fabricated in-house by hot 

pressing commercial GDLs with a platinum catalyst loading of 0.4 mg cm−2 (HyPlat, 

South Africa) and a 50 μm thick ionomer membrane (GORE, USA) using a 12-ton 

thermal press (Carver, 4122CE, US). The membrane was used without any pre-

treatment, and the assembly was pressed at 130 °C for 3 minutes with an applied 

pressure of 450 psi. The hot pressing conditions were chosen based on previous work 

[153]. The fabricated MEA samples were further conditioned with the parameters 

detailed in Table 3-1. 

For the X-ray CT microstructural evaluation, the cylindrical MEA samples were cut to 

the dimension using a suitable biopsy punch. These were fresh samples cut-to-

dimension before conditioning. 
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Figure 3.1–Schematic of the MEA fabrication process 

Table 3-1 – Cell conditioning parameters  

Operation Conditions 

Polarisation range OCV to 0.3 V  

Cell conditioning  10 min (fast polarisation) 

Hold time per current increment (0.1 A cm-2) 1 min 

Flushing time 10 min 

3.1.2 Fuel cell components 

Figure 3.2 shows an exploded view of a closed-cathode PEFC with an active area of 

6.3 cm2 used in the study. The cell comprised of aluminium end-plates, current 

collectors and flow-fields. The end-plates, current collectors and flow-fields were gold-

coated to increase corrosion resistance and decrease electrical resistance. PTFE 

gasket sheets were used to seal the perimeter of the MEA on either side of the 
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membrane. Tygaflor gasket sheet (70 μm thickness) was used for electrical insulation 

between the current collector and the end-plate. VITON rubber O-rings were used to 

provide a gas/liquid seal at the interface between current collectors and flow-fields. 

Incompressible PTFE sheets of 50 μm and 75 μm thickness were laser-cut to the cell’s 

dimension. Multiple sheets stacked together were used to achieve the required degree 

of compression.  The particular compression levels were chosen to evaluate the typical 

range of cell compression that assures adequate sealing and the performance of the 

fuel cell. The initial torque of 1.5 Nm was used to tighten the bolts. A micrometre (RS 

Pro, accuracy ±5 μm) was used to reassure the changes in GDL thickness with 

compression.  

 

Figure 3.2– Exploded view of a closed-cathode PEFC with an active area of 10 cm2, red and 

green arrows represent hydrogen and air respectively 

A parallel flow-field arrangement was used to give a clear visualisation of water 

emerging into the channel. This is not possible with a serpentine configuration where 

meanders overlap in the in-plane direction. The bifurcating reactant delivery channels 

were designed on the back of the flow-field to ensure uniform gas distribution across 

individual parallel gas channels, as shown in Figure 3.3 [131,148,154]. 
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Figure 3.3– The parallel flow-field design for the reactant delivery to the active area and the 

bifurcating reactant delivery channels on the backside of the flow-field to ensure uniform reactant 

delivery to individual parallel gas channels  

3.1.3 Fuel cell diagnostics – polarisation curve 

A polarisation curve captures the evolution of the voltage from the cell activation 

current density to a high current density (or vice-versa), allowing the various voltage 

losses (overpotential) as discussed in the previous chapters. It can either be 

performed in potentiostatic (constant voltage) or galvanostatic (constant current) 

mode. As one of the easiest and widely used diagnostics used to measure and 

compare the fuel cell performance, the effect of the current density of the voltage 

losses has been extensively measured [15,155–159]. 

The initial fuel cell conditioning and testing were carried out using a commercial fuel 

cell test station (850e, Scribner Associates, USA). A schematic of the experimental 

setup is outlined in Figure 3.4. Fuel cell temperature, inlet gas flow rate, relative 

humidity, and electronic load were regulated using a commercial setup. The anode 

(𝜉𝐻2) and the cathode (𝜉𝑂2) stoichiometric ratio were maintained at 1.2 and 3, 

respectively, by controlling the gas flow rate. The fuel cell temperature and relative 

humidity (RH) of the inlet gas were set to 70 ⁰C and 100%, respectively. During 

operation, the gas line temperature was kept higher than the humidifier temperature 

to prevent any condensation prior to entering the fuel cell.  



Chapter 3 Experimental methodology and characterisation techniques   

 

79 

 

 

Figure 3.4– Simplified schematic of the experimental setup used in this study to evaluate the 

fuel cell performance. MFC stands for digital mass flow-controller. 

3.1.4 Liquid water visualisation  

As discussed in the previous chapter, effective water management is the key to attain 

efficient fuel cell technology. Liquid water visualisation in the PEFCs allow 

understanding of the water formation, transport, and removal mechanisms, and gain 

insight into the effect of fuel cell architecture on the performance and possible 

modifications in the architecture. Various experimental techniques have been 

developed in the past decades that allow in situ visualisation of the water content in 

both the MEA and flow-field channels such as fluorescence microscopy [160,161], X-

ray tomography and radiography [162–165] and neutron radiography [88,92,103,166–
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168]. Though all the techniques allow visualisation water in the fuel cell, the suitability 

of a visualisation technique should be determined by the required spatial and temporal 

resolution. 

 

Neutron imaging is a versatile non-destructive liquid water visualisation technique and 

has been used to analyse challenges regarding in-situ and in-operando water 

management in the fuel cell. Neutrons can penetrate deeply through standard fuel cell 

structural materials and have a high sensitivity to light elements such as hydrogen, 

hydrogenous substances, or lithium [168–172]. The higher attenuation by light 

elements is due to the fact that neutrons interact predominately with the nucleus, 

rather than the electron density, as in the case of X-rays. These qualities allow 

investigating different aspects of water management such as the effect of different 

flow-field geometries [131,149,173], materials [166,174,175], operating conditions 

[176,177], architecture [63,103], degradation [24,25]. 

 

In the current project, neutron radiographs were generated at the V7-low energetic 

(cold) neutron radiography (CONRAD-2) beamline facility at Helmholtz-Zentrum Berlin 

(HZB). The neutron radiography setup is shown in Figure 3.5. The cold neutron facility 

provides high attenuation contrast for thin hydrogenous based (hydrogen-containing) 

layers of the fuel cell, making it the best option to generate in-operando radiographs 

of the fuel cell [180–183]. The beam formed by a pinhole of 3 cm at a distance of 5 m 

is transmitted through the PEFC. The detector consisted of a digital camera with 

sCMOS chip (Andor Neo 2560 × 2160 pixel) facing a 200 µm scintillator screen. The 

cell mounted on a fixture was placed on a rotating table, allowing radiographs in both 

the in-plane and through-plane orientation.  
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Figure 3.5– Schematic view of V7 CONRAD beam facilities at HZB [180] 

An imaging field-of-view of 40×34 mm2 with 15.2 μm pixel-1 resolution was achieved 

using the imaging set-up previously developed by Kardjilov et al. [180]. In-plane 

imaging at a resolution of 15.2 m pixel-1 cannot unequivocally separate the GORE 

membrane from the catalyst layers and are thus grouped and referred to as the 

‘membrane electrode assembly (MEA). Each image was taken with an exposure time 

of 5 s. The liquid water image was generated by normalising the wet image to the dry 

fuel cell image taken at the beginning of each experiment and any non-uniformity in 

the beam-intensity was corrected with an open-beam image. The quantification of the 

water thickness from neutron images was performed using the Beer-Lambert law: 

 

𝛿𝑤𝑎𝑡𝑒𝑟 =
−𝑙𝑛 (

𝐼
𝐼𝑜
)

𝜖𝑤𝑎𝑡𝑒𝑟
 

(3.1) 
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where 𝛿𝑤𝑎𝑡𝑒𝑟 refers to the liquid water thickness in cm, 𝜖𝑤𝑎𝑡𝑒𝑟 is the attenuation 

coefficient of the neutron in liquid water, measured in the given setup as 5.3 cm-1, I0 is 

the intensity of the dry image taken before the cell operation starts, and I is the intensity 

of the wet image taken during the cell operation. The radiographs presented have 

initially been grey-scale images which were masked with a yellow-to-blue ‘parula’ 

colour-map, blue representing the presence of higher levels of water, discussed in 

chapter 7. 

3.1.5 Microstructural evaluation- X-ray computed tomography 

Since the first publication on the pivotal work by W.C. Roentgen in 1896 [184], X-ray 

radiography has seen ever-increasing growth in the research interests, 

instrumentations and the applications. Initially, it started with the fundamental role in 

the field of medicine; however, in past few decades, it’s been widely used in the 

research of material science, earth sciences, archaeology, etc.  

Nevertheless, 2D projections provide the in situ information of the sample; X-ray 

radiographs are limited in order to provide the information in the third dimension, which 

is crucial to generate understanding of the sample. This led to the development of X-

ray computed tomography (CT). Ever since the first successful use of X-ray CT was 

recorded the 1970s, the substantial improvement has been observed in CT 

instruments, ranging from lab-based to the synchrotron-based CT sources, 

reconstruction algorithms and the analysis techniques. This section briefly discusses 

the details of lab-based X-ray CT technique used in this research to generate the 

images of fuel cell internals and the data analysis techniques implemented. 

 

Synchrotron-based CT instruments provide parallel X-ray beams and therefore result 

in higher resolution and better image contrasts [185,186], while lab-based X-ray CT 
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sources are not able to generate parallel beams. Instead, they use a point source 

which produces a small angle cone X-ray beam in the object area, as seen in Figure 

3.6. In this work, lab-based X-ray CT instrument Zeiss xRadia Versa 520D (Carl Zeiss, 

USA) is used.  

The lab-based X-ray CT imaging technique consists of three steps: (i) image 

acquisition; (ii) back projection and 2D slice reconstruction and; (iii) 3D reconstruction 

and volume rendering. 

 

Figure 3.6–Schematic of X-ray CT image generation process. 
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During the image acquisition, the sample object placed on the revolving disk in front 

of an X-ray source and rotated step-by-step (Figure 3.6). Increasing the number of 

projection by rotation steps, the localization becomes more defined, as illustrated in 

Figure 3.7. Therefore, an increasing number of projections increases the accuracy of 

the X-ray CT image; however, increases the computational time and cost 

proportionally. 

Better contrast and image quality can be achieved by optimising the transmission 

voltage and current. However, increasing the X-ray voltage results in X-ray over 

transmission, meaning that projections become over-bright, especially when the X-ray 

passes through soft materials, affecting the phase contrast, and hence the quality of 

the image. Therefore, the image acquisition parameters has to be chosen effectively 

in order to generate the good quality images that captures morphological details of the 

component, The image acquisition parameters used in the current research are 

detailed in Table 3-2. Greyscale projections are then generated using an X-ray 

detector array which is based on the level of X-ray attenuation and reflects the 

localised density of the sample. The generated radiographs are further assembled to 

reconstruct the 3D volume. 

 

Figure 3.7– Effect of the number of projections on the image quality. 
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Table 3-2 – X-ray CT image acquisition parameters 

Operation Conditions 

Source voltage 80 kV 

No of projections 1801 

Field-of-view 3 mm × 3 mm 

Magnification 4X 

Resolution 1.6 μm 

 

Further, the 2D slices have to be reconstructed using a tailored algorithm. The CT 

techniques involve reconstructing 2D projections of an object viewed from different 

projection angles derived from Radon function. Radon function computes the line 

integrals from multiple sources along parallel beams or paths in a specific direction, 

assuming that projection of a 2D image (function) is a set of lines (line integrals) 

[18,187,188]. Therefore, with a sufficient number of projections, an inverse Radon 

transforms the detailed 3D digital image of the sample object can be generated. 

However, use of Randon function is computationally expensive; hence, in practice, 

computationally less expensive methods such as back projection methods are used. 

Backprojection methods project each recorded image back into the object space at 

the angle at which the original image was recorded. Thus, to generate the detailed 

high-resolution digital image of the sample object the balance between a number of 

projections and scanning time has to be achieved. Thus, in current research, 

reconstruction of the radiographs into a 3D volume was achieved using a cone-beam 
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filtered back-projection algorithm (Xradia XMReconstructor) resulting in a voxel size 

of 1.63 μm. 

 

In order to generate useful information from the 3D volume rendering data, the images 

have to be phase segmented according to the greyscale values. The image analysis 

process is detailed in Figure 3.8.  

One of the crucial steps in the X-ray CT-based digital reconstruction is adequate noise 

reduction and the thresholding, in which structures are evaluated in voxels with 

greyscale values and segmented to distinguish solids phases from empty pores using 

threshold values. The generic method for image segmentation, i.e. global thresholding, 

has been documented in previous studies [52,153,188,189]. This approach is useful 

for the initial segmentation of the phases; however, it is not always very accurate 

where greyscale values of the component overlap. This can be due to either the 

phases with similar absorption or the artefacts or noise during the scanning. Hence, a 

conservative bulk threshold was used to segment the majority of the materials and the 

‘magic wand’ tool was used to fine-tune the phases where grey values were similar 

[18,190]. A systematic approach with a slice-by-slice segmentation was used to 

ensure the validity of the phase separation throughout the volume. Although a robust 

segmentation approach was implemented, it is essential to note that the 

segmentations are sensitive to chosen threshold values, and these sensitivities can 

affect the valid bulk parameters [112,188].  
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Figure 3.8–Image-based quantification of the effective properties was performed using Avizo 

Fire. Non-local means (NLM) filter was used in this study to mitigate the effect of image 

artefacts. Greyscale image thresholding was used for phase separation and segmentation. 

The segmented images were further used for image-based quantification. 
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The post-processing of the volume rendering data was performed using Avizo Fire 

(Thermo Fisher Scientific) and the geometrical calculations were calculated using 

Fiji/ImageJ open-source code, discussed in details in section 3.2. 

3.2 Image processing and image-based quantification 

3.2.1 Image processing software  

The two-dimensional and three-dimensional images generated through neutron 

imaging and X-ray CT were post-processed using three software packages, namely 

Fiji (ImageJ), Avizo and MATLAB. This section provides brief information to these 

software packages. 

 

ImageJ is a freeware developed by the National Institutes of Health, Fiji, (NIH, 

Maryland, USA). This is a standard open-source image-processing software 

tool based on Java with a long history of scientific image analysis [191]. This cross-

platform compatible tool enables implementing issue-tailored plugins. In conclusion, 

an extensive collection of macros and plugins are already available, which can be used 

for the bespoke applications. Using ImageJ is, therefore valuable for the here-

proposed open-source approach for visualising, pre/post-processing, aligning, and 

preparing the images from data acquired via various characterisation techniques used 

in this project [192].  

 

The visualisation, processing, filtering, registration, and 3D rendering of the generated 

X-ray CT data was carried out using Avizo 9.4/9.5 (ThermoFisher Scientific, Oregon, 

USA). This software allows the import of proprietary filetypes such as ‘.txm’ from the 

https://www.sciencedirect.com/topics/earth-and-planetary-sciences/image-processing
https://www.sciencedirect.com/topics/earth-and-planetary-sciences/software-development-tools
https://www.sciencedirect.com/topics/earth-and-planetary-sciences/software-development-tools
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lab-based X-ray CT instrument used in this research, as well as standard image 

formats such as .tif stacks. The bespoke filters such as “non-local means” and 

“unsharp masking” were used to denoise the images and improve the image 

segmentation ability [193,194]. The built-in registration module “Register Images” is 

also extensively used, which was applied after manually aligning 3D datasets close to 

their optimum alignment. More details can be found in the Avizo user guide [195]. 

Secondly, the algorithms such as local thickness mapping, volume fraction, image-to-

stack density function, i.e. z-projection algorithms, were comprehensively used in to 

generate the result datasets.  

3.2.2 Matrices 

Various standard length, areal, and volumetric matrices can be obtained / extracted 

from 3D X-ray CT reconstructions. One of the most common matrices extracted from 

the 3D reconstruction is the volume data or phase fraction (Vphase). Phase faction can 

be calculated as the summation of all the assigned segmented voxels divided by the 

total number of voxels in the entire volume, given by: 

 
𝑉𝑝ℎ𝑎𝑠𝑒 =

𝑁𝑝ℎ𝑎𝑠𝑒

𝑁𝑡𝑜𝑡𝑎𝑙
  (3.2) 

where Nphase is the number of voxels assigned to the particular phase, and Ntotal is the 

total number of voxels. The volume fraction on the empty phase or air phase is termed 

as the porosity (ε) of the domain that determines the effective transport properties in 

the fuel cell, as discussed in Chapter 2. The volume fractions of the solid phases give 

the idea of % composition of the heterogeneous material and could be useful deriving 

the advanced matrices from the reconstructed data such as triple point boundary.  

Similar to the volume matrix, spatial surface information can also be derived from the 

3D reconstructed volumes. In this work, the information derived from the surface data 

is used to investigate the distribution of the material fraction and the porosity along the 
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width of the fuel cell. This gives the detailed map of the porosity and volume fraction 

distribution of the porous material, under the influence of fuel cell architecture and the 

assembly process. 

3.2.3 Representative elementary volume (REV) 

The porous materials in the fuel cells are inherently heterogeneous; hence, it is 

essential to assess the validity of sub-sectional datasets to determine whether the 

dataset adequately represents the macroscopic properties of the entire domain. 

Various techniques have been adopted in the literature to perform REV, that includes 

a growing cuboid approach [196,197]; multiple sampling regions [118,198], or 

statistical correlation methods. 

In this research, the MATLAB-based The open-source software ‘Taufactor’ was used 

to determine the REV using tortuosity factor and porosity [197,199]. Here, to determine 

the REV, the thickness of the top GDL was kept constant while changing the volume, 

which is the z-constant algorithm (Figure 3.9). This method was chosen due to its 

ease-of-use and to retain consistency in approach. 

 

Figure 3.9–Height (z) constant REV algorithm 
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3.3 Conclusion 

In this chapter, three main experimental characterisation and diagnostic techniques 

used in present research was explored, namely, polarisation curve, Neutron 

radiography and X-ray computed tomography. The chapter also provides the details 

of MEA fabrication methodology adapted during this project. Additionally, the basic 

theory behind X-ray imaging, microstructural characterisation using computed 

tomography and in-situ visualisation techniques such as neutron imaging was 

explored in this chapter. Finally, image processing and image-based quantification 

techniques were described. The following chapter is the first of the results chapters 

and describes experiments carried out in a lab-based CT system, where numerous 

image-based quantification techniques described here were applied. 
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Abstract 

The performance of PEFCs is governed by a complex interaction of the structure of 

the membrane electrode assembly (MEA), cell compression, and operating 

parameters. Adequate cell compression for improved current collection and gas 

sealing can structurally deform MEA with adverse consequences. Non-uniform MEA 

compression exerted by the flow-field design and arrangement induces 

heterogeneous transport properties. Hence, understanding morphological evolution 

and effective transport properties as an effect of MEA compression is an important 

factor for improving fuel cell performance and durability. In this paper, an X-ray 

computed tomography study of the entire MEA compression is presented, comprising 

of gas diffusion and microporous layers, catalyst layers, and the electrolyte membrane, 

subjected to non-uniform compression under two distinct flow-field arrangements. This 

study presents a comprehensive dataset of the non-uniform effective properties 

required for robust computational modelling; including porosity, permeability, 

tortuosity, and diffusivity, along with the extent of blocking of the flow channel due to 

cell compression and effect of compression on the structural properties of the 

membrane. 
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4.1 Introduction 

Chapter 3 discussed the importance of effective parameters on defining PEFC 

performance. These effective parameters are affected by the way in which the flow-

fields are designed, and the cell is mechanically compressed [57,200,201]. Significant 

research has focused on flow-field designs to ensure even reactant distribution over 

the active area of the cell, adequate removal of product water, and effective current 

collection [13,56,135,202]. The majority of systems are dependent on the primary flow-

fields that vary in shape, dimension, orientation, and configuration, some systems rely 

on the reactant flowing laterally through the gas diffusion layer (GDL), taking 

advantage of the ‘secondary’ flow-field, specifically the narrow gap between the GDL 

and the sealing gasket [103,152,203,204]. The effect of non-uniform compression on 

the fuel cell performance and the GDL morphology has been discussed in details in 

Section 2.4.1. As discussed previously, multiple researchers have used the non-

destructive X-ray CT approach to evaluate the effect of compression on the GDL. 

Atkinson et al. showed a nonlinear relationship between GDL compression and PEFC 

performance [122]. Nitta et al. highlighted the nonlinear effect of compression on the 

electrical contact resistance [126], while, similarly, Ge et al. showed that compression 

has a significant effect on performance at higher current density, where mass transport 

becomes critical [46]. Mass transport in the fuel cell, specifically reactant diffusion and 

liquid water transport through the capillaries, is governed by the materials used in the 

critical components of the MEA and their morphology (e.g., porosity, tortuosity, pore 

size, and level of deformation). In order to fully understand and optimise the assembly 

of these components, specifically under compression, it is essential to effectively 

determine these parameters and quantify their effect on cell performance. Zenyuk et 

al. used X-ray computed tomography (CT) to evaluate multiple commercial GDLs 

under uniform compression, showing decreasing porosity and pore sizes [205]. Tӧtzke 

et al. expanded the study by examining the differences between uniformly and non-

uniformly compressed GDLs [206]. Non-uniform compressions come from the design 
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of the flow-fields, often composed of discrete channel and land zones. Compression 

by these corrugations leads to constriction of the GDL under the lands and potential 

protrusion of the carbon fibres into the active channels. This phenomenon, referred to 

as ‘tenting’, can result in partial blocking of the primary flow-fields [109]. Lu et al. 

highlighted that the flow-field arrangements could affect the structural stresses in the 

MEA, potentially leading to anisotropic deformation of the membrane [139]. This 

deformation may induce cracks in the catalyst and microporous layer, which will affect 

the performance and durability of the fuel cell [207,208]. 

X-ray CT, used in conjunction with computational modelling, has expanded the 

understanding of crucial processes taking place inside fuel cells [111,189,209–214]. 

The technique has been useful particularly for examining the effect of compression on 

PEFCs, but the majority of the studies have focused on the GDL under even 

compression [47,119,205,215,216], and ignored the effect of compression on other 

layers of the MEA that play a critical role in the fuel cell performance. Therefore, in this 

chapter, the entire MEA under non-uniform compression exerted by multiple flow-field 

arrangements is considered. This work aims to provide a comprehensive data-set of 

structural and morphological properties of the entire MEA and derive effective 

parameter values that can be used as inputs to computational models of PEFC 

performance. Importantly, the study examines not only ‘symmetrical’ compression, 

where the land and channel on both sides of the MEA are correctly aligned, but also 

‘asymmetrical’ compression where a flow-field channel is only present on one side, as 

in the SFF dominated designs [103,104,217]. 

4.2 Experimental 

In this work, two commonly used flow-field arrangements were compared, namely 

symmetrical and asymmetrical flow-fields (Figure 4.1(a and b)). The symmetrical flow-

field is comprised of parallel flow channels on either side of the MEA [127,218,219]; 
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whereas asymmetrical flow-field arrangements have a flow channel on one side of the 

MEA with a flat plate on the other side [104,220]. 

 

Figure 4.1– (a) Schematic of the MEA compression with partial blocking of the flow-field 

channel by the GDL, the interface between individual components and their typical 

thicknesses (not to scale); (b) imaging set-up with the compression stage; (c) asymmetrical 

flow-field, and (d) symmetrical flow-field arrangement. 

The MEA was prepared as per the method discussed in section 3.1.1. The in-situ 

compression rig (MICROTEST 5 kN, Deben, UK) (Figure 4.1(b)) offers compression 

by displacement through the movement of the bottom piston towards the fixed upper 
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plate. In this study, four different compressions were imposed on the entire MEA 

ranging from 0% (no compression) to 60% compression, in steps of 20%. Separate 

experiments were carried out for each flow-field arrangement, using freshly prepared 

MEA samples.  

 

Figure 4.2– Image visualisation and segmentation (a) 3D rendering of the reconstructed 

greyscale data for 60% compression in the asymmetrical arrangement; (b) greyscale ortho-slice 

showing an xz-plane; and (c) volume rendering of the segmented data with an exploded view of 

each separate layer in the MEA. The colour legend used for the segmented images is common 

throughout the thesis. 
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X-ray tomographs of the sample were obtained using a laboratory-based X-ray CT 

system, ZEISS Xradia 520 Versa (Carl Zeiss). The details of the instrument, the 

experimental methodology and image post-processing techniques are presented in 

Chapter 3. Figure 4.2 shows the volume rendering image of the entire MEA with 

individual phase segmentation. Each sample image was segmented into five distinct 

phases; specifically the carbon fibre GDL and PTFE binder phase (blue), the 

microporous layer (green), the catalyst layer (yellow), and the Nafion membrane (red). 

The void space forms the fifth phase but is not shown in the 3D rendering for clarity. 

(Figure 4.2(c))The z-direction passes through the thickness of the MEA and is the 

direction in which the compression was applied. 

4.3 Results and discussions 

In this section, the X-ray CT analysis of the compressed MEA is presented. The 

influence of non-uniform compression exerted by flow-field arrangements on the 

morphology of the MEA is evaluated. The qualitative and quantitative analysis 

generates a database of the effective parameters required for the numerical modelling 

of PEFCs.  

4.3.1 Representative elementary volume (REV) 

The characteristic properties of the compressed MEA are non-homogenous and differ 

between the channel and the land areas. To better understand the smallest volume at 

which the effective properties are representing that of the sub-domain, a discrete 

representative elementary volume (REV) analysis has been applied to the GDL under 

the sub-domains as shown in Figure 4.3. The smallest volume above which the 

standard deviation of the properties is lower than 5% is defined as the REV. The REV 

is above 70% of the entire sub-domain, i.e. under the land and the channel. 
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Figure 4.3– Determination of the representative elementary volume (REV) for uncompressed (0% 

compression) carbon-fibre commercial GDL (HyPlat, South Africa) under the land and the channel, 

based on tortuosity factor and porosity (a) height (z) constant algorithm that changes volume 

keeping height of sample constant; (b) REV analysis for the sub-domain under the land; (c) REV 

analysis for the sub-domain under the channel. (Black and red dash lines highlight the region of 

acceptable standard deviation for a material fraction and tortuosity factor, respectively and the blue 

vertical dashed line represents acceptable REV, i.e. above 70% of the maximum volume available.) 
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4.3.2 Material fraction 

The solid phase fraction describes the distribution of an individual phase across the 

normalised thickness (Figure 4.4). A thickness of zero represents the bottom of the 

subdomain, while one represents the top. Depending on the location of the subdomain, 

this could be the interface between the GDL phase and air in the channel or the GDL 

phase and the piston. 

The catalyst layer and the membrane were relatively unaffected by arrangement and 

sampling location. A number of phases experience significant overlap. During the 

manufacturing of the gas-diffusion medium, the catalyst ink is deposited on the 

microporous layer. The ink penetrates into the microporous layer, leading to the phase 

overlap. This overlap remains relatively unaffected by the compression and 

arrangements.  

Secondary overlap exists between the microporous layer and carbon fibre GDL. At 

40% compression, irrespective of the arrangement, the entire microporous layer 

invades 65% of the GDL phase under the land (Figure 4.4(c and d)), and 

approximately 52% under the channel (Figure 4.4 (e and f)). The extent of MPL 

intrusion into GDL carbon fibres is mostly dependent on the material recipe, fabrication 

process, and the method of MPL deposition onto the carbon fibres. These complex 

interactions between the GDL and the micro-porous layer have been previously 

reported by Odaya et al., Atkinson et al. and García-Salaberri et al. for carbon fibre 

GDLs [118,122,210]. 
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Figure 4.4– X-ray CT of 40% compression revels solid-phase material fraction of the individual 

phases along the normalised thickness (z-direction) (a,b) volume rendering image of asymmetrical 

and symmetrical arrangement; (b,c) solid-phase material fraction under the land at 40% 

compression; (e,f) solid-phase material fraction under the channel; and (g,h) change in the solid 

fraction of the GDL along the thickness under the channel with an increase in the compression from 

20% to 60% at the asymmetrical and the symmetrical flow-field arrangement, respectively. 

Depending on the arrangement, the overlap behaved differently on either side of the 

membrane. Relatively uniform overlap was observed in the symmetrical arrangement, 

while in the asymmetrical arrangement, the overlap was 25% higher in the bottom 

region of the subdomain. This was due to the restricted space offered by the 
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asymmetric arrangement, which prevented the expansion of the GDL on the bottom 

side of the sample. 

The GDL thickness distribution forms a characteristic ‘W’ shape due to inherent 

heterogeneities incurred during the fabrication process. Previous ‘GDL only’ studies 

on Toray carbon fibre paper, as well as fibre-based, felt type Freudenberg GDL had 

seen similar results [112,113,210]. Fishman et al. attributed this behaviour to the ‘ply 

moulding process’ commonly used in GDL fabrication [53], where others have 

suggested this could be due to the typical agglomeration of the binder and PTFE in 

the gas diffusion layer [210]. This characteristic is less pronounced under the land, 

possibly due to the preferential realignment of the GDL fibres under compression.  

Figure 4.5(a and b) shows the change in GDL material fraction with compression for 

the subdomain under the channel. At lower compression (20%), the fibres spread 

relatively evenly on either side of the membrane, independent of arrangements. With 

the asymmetrical arrangement, the previously explained restricted expansion results 

in distinct fibre density distributions on either side of the membrane. For the 

symmetrical arrangement, the GDL expands into the channels with compression in 

both directions, lowering the solid phase volume on either side of the membrane. The 

manufacturing heterogeneities in the gas diffusion medium, such as large pores and 

PTFE loading, may affect the microstructural behaviour of the sample at higher 

compression by the augmentation of the space between the GDL’s fibres near large 

pores (Figure 4.5(b)) [47,122,205,221–223]. The xz-ortho-slices in the detailed view 

give a pictorial representation of the compressed sub-domain under the channel. 
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Figure 4.5– Change in the solid fraction of the GDL along the thickness under the channel with an 

increase in the compression from 20% to 60% at the asymmetrical and the symmetrical flow-field 

arrangement respectively. 
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4.3.3 Partial blocking of the flow-field and membrane deflection 

X-ray CT ortho-slices, shown in Figure 4.6(a and b), illustrate the effect of compression 

on the vertical and lateral deformation of the GDL. The vertical deformation clearly 

shows the GDL protruding into the flow channel, potentially blocking the primary flow-

field. The lateral deformation of the GDL leads to partial blocking of the secondary 

flow-field. The extent of the blocking was calculated as the reduction in void volume in 

the flow-field. 

 

Figure 4.6– Partial blocking of the active flow channels, ortho-slices showing partial blocking 

of the flow-field with compression at (a) the asymmetrical flow-field and (b) symmetrical flow-

field, measured at 20%, 40% and 60% cell compression. Note: At 60% compression in 

symmetrical flow-field, the top piston laterally slipped by 60 μm inside the compression stage. 

The degree of blocking of the primary flow-field was affected by both the arrangement 

as well as the degree of compression (Figure 4.6 (a)). In the asymmetrical case, 45% 

of the primary flow-field was blocked; versus 25% of the total channel space in the 

symmetrical arrangement (15% top and 10% bottom) was blocked. These 

measurements were made at the typical case of 40% compression. GDL deformation 

in the secondary flow-field was primarily caused by compression, while the flow-field 
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arrangement did not play a key role (Figure 4.7(b)). The deformation increased with 

increasing compression. 

Figure 4.6(a and b) also shows the effect of the compression and the different 

arrangements on the membrane deformation. To the authors’ knowledge, this is the 

first time that the X-ray CT has been used to quantify the effect of the arrangement on 

the structural deformation of the membrane under compressive load, in isolation from 

chemical / hygro-thermal stresses [139,224,225]. 

Here, membrane deflection refers to non-uniform deformation of the membrane. This 

phenomenon can be seen clearly on the far right of Figure 4.6(b), 60% compression. 

The deflection was quantified as the vertical distance between the initial and final mid-

plane position of the membrane, correcting the bottom piston’s movement. Membrane 

deflection was significant under the asymmetrical arrangement, mainly due to 

restricted compression of the GDL on the opposite surface. Conversely, in the 

symmetric arrangement, the GDL is able to expand in both directions, leaving minimal 

membrane deflection until extreme compressions (Figure 4.7(a)). 

Under 60% compression, the symmetric arrangement experienced misalignment, 

shifting by 60 µm. This resulted in the membrane deflection increasing by 30% as well 

as the sample delamination, as shown in the highlighted view of Figure 4.6(b). 

Therefore, the membrane deflection is not only subject to the flow-field arrangement 

and compression, but also to the accuracy of the cell assembly process (Figure 4.7(c)). 
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Figure 4.7– Extent of blocking of the active flow-fields (a) partial blocking of the primary flow-field, 

(c) partial blocking of the secondary flow-field, (d) schematic of MEA deformation in vertical and 

lateral direction, (d) quantification of membrane deflection in +z direction. Membrane deflection 

schematic shows the location where membrane deflection was measured. B-spline passing through 

the data points is included as a guide to the eye. Note: At 60% compression in symmetrical flow-

field, the top piston laterally slipped by 60 μm inside the compression stage. 

4.3.4 Structural thinning of the membrane 

The localised membrane thickness was calculated based on the local thickness 

method derived from the binary image; defined by the diameter of the largest sphere, 

that entirely fits in the domain (Figure 4.8(a)). A region where a distinct membrane 
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phase could not be segmented, i.e. the thickness was below the material resolution, 

was not considered and appeared white Figure 4.8(a).  

Non-uniform compression exerted by the flow-fields results in localised membrane 

thinning. There was an inherent initial membrane thickness distribution (at zero 

compression) with a standard deviation of 25.99 µm and 25.76 µm (average thickness 

of 45.6 µm and 43.04 µm) for the symmetrical and asymmetrical arrangements, 

respectively. This is a consequence of the MEA fabrication process, where the hot 

pressing results in varying levels of impregnation of MPL/GDL into the membrane, as 

identified in previous studies [115,153]. 

The change in membrane thickness was quantified by using a chord length function 

[226]. Chords refer to the straight lines drawn at each membrane voxel element, and 

their length represents the membrane thickness at particular coordinates. The 

resulting probability density function distribution can be seen in Figure 4.8(b) for the 

asymmetrical and Figure 4.8(c) for the symmetrical arrangements. The peak of every 

distribution represents the expected thickness of the membrane at any given location. 

Two distinct peaks in the thickness distribution could the collective consequence hot-

pressing conditions and inherent variation in the membrane thickness [115]. 
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Figure 4.8– Thinning of the membrane; (a) thickness map of the membrane as a function of 

compressive load comparing the two different flow-field arrangements, the perforated black line 

represents the division between the land and the channel regions; (b) thickness distribution in the 

membrane subjected to asymmetrical cell compression; (c) thickness distribution in the membrane 

subjected to symmetrical cell compression 
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Comparative illustrations of the change in membrane thickness measured under the 

channel and land region are shown in Figure 4.9. No noticeable change in the 

membrane thickness was observed under the channel, irrespective of the 

arrangements but significant membrane thinning was detected under the land. At the 

typical case of 40% compression, the membrane thinning measured under the land 

was 6%, regardless of the arrangements. This increased to 7.5%, again, regardless 

of the arrangement, at 60% compression; suggesting that the overall thickness of the 

membrane under the land reduces with compression. This has not been previously 

observed in-situ through X-ray CT. 

 

Figure 4.9– Overall reduction in average membrane thickness measured under the land and 

under the channel. ○ represent symmetrical and □ represent asymmetrical arrangement, the 

‘solid’ points represent under the land and open points represent under the channel 

subdomain. B-spline passing through the data points is included as a guide to the eye. 
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The thickness of the membrane can significantly affect cell performance. A thinner 

membrane exhibits lower Ohmic losses, while also needing lower cell humidification 

due to a higher rate of water back-diffusion. At the beginning of a cell’s life, these 

properties will improve cell performance; however, a thinner membrane will also be 

subjected to higher gas crossover and overall inferior mechanical durability. The rate 

of electrochemical degradation of the membrane is also a function of its thickness. 

Thinner membranes are subjected to higher in-situ stresses leading to membrane 

cracking and pinning, further increasing degradation. Similarly, irregularities in the 

membrane thickness would result in unbalanced behaviour of the aforementioned 

properties, inducing higher stresses on the mechanical structure of the membrane. 

The initial irregular thickness of the membrane and the thinning under compression 

would affect the transport properties required for the robust modelling of PEFC 

systems. For example, the gas crossover is inversely proportional to the membrane 

thickness [100]. Therefore, if the cell is compressed at 40% under the symmetrical 

arrangement, 6% thinning in the membrane thickness under the land would increase 

the rate of the gas crossover under the land region. Similar data derived from these 

results would help to fine-tune the membrane parameters required for continuum 

modelling. 

4.3.5 Contact surface area 

The 3D reconstructed volume provides information regarding the effect of the 

compressive load on the interfacial contact between GDL fibres and the current 

collector (aluminium piston). The electrical contact resistance was determined by the 

surface area and the ‘quality’ of the contact. This is affected by force exerted between 

the contacting layers that, along with the nature of the materials, influence the surface 

contact resistivity. The contact resistance is given by [227–229] 
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𝑅 = ∑ (∑
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𝜌𝑖

𝑛

𝑖=1

)

−1

𝑠𝑢𝑟𝑓𝑎𝑐𝑒𝑠

 (4.1) 

where R, A, and ρ are the contact resistance, accumulative contact area, i.e. quality 

of contact and the interfacial contact area between fibre and piston, and the resistivity 

of the contact element, respectively. Increase in compression improves not only the 

quality of contact between adjacent fibres that improve charge transport capacity but 

also increase the interfacial contact area between the piston and GDL fibres. The 

contact resistance is inversely proportional to the accumulative contact area. 

Therefore, an increase in contact area reduces the contact resistance by the same 

factor.  

The xy-ortho slices shown in Figure 4.10(a) illustrate that the GDL phase density 

increases with compression when measured under the land. Increased fibre packing 

density increases interfacial contact between GDL fibres and the piston (current 

collector) as well as between adjacent GDL fibres. In the present study, the contact 

area was calculated as the interfacial surface area adjacent to the piston. The contact 

area was quantified at the region highlighted in red in Figure 4.10(b). For a fair 

comparison between arrangements, the bottom contact area highlighted in green was 

not considered in the analysis.  

For the symmetrical arrangement, the contact area increases by approx. 1.2 mm2 with 

compression (Figure 4.10(c)). Similar observations have been reported in the 

experimental and modelling studies by Ihonen et al. and Zhou et al. [106,230]. For the 

asymmetrical arrangement, higher GDL tenting results the fibre reordering under the 

land as well as under the channel. This increases the interfacial contact area between 

the channel surface and the GDL fibres concluding in exponential (11%) increase in 

the contact at higher compression.  
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Figure 4.10– Effect of compressive load on the contact surface area between the current 

collector (piston) and GDL fibres; (a) ortho-slice showing the interfacial surface for the 

asymmetrical flow-field, the area under the red square shows increase in fibre phase density 

with compression; (b) the contact sub-domain of GDL fibres and the top piston (red) was 

considered for the quantification of the contact area, and (c) the change in interfacial contact 

area between GDL fibres and piston with compression. B-spline passing through the data 

points is included as a guide to the eye. 

Higher contact area results in a subsequent improvement in charge transport and 

current collection performance at the cost of a reduction in the free-flow area for the 

reactant. Hence, the combined effect of the compressive load on the change in the 

interfacial contact area should be considered as a design parameter while designing 

the flow-field architecture. Moreover, the flow-field arrangements distinctly affects the 

contact surface area, mainly at higher compression. This emphasises the importance 

of using adequate flow-field arrangements during contact resistance measurement 

experiments. 
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4.3.6 Effective parameters 

Most continuum models predicting PEFC performance rely on a single value of the 

effective parameters to analyse the mass transport properties of the diffusive media. 

GDL fibre alignment, non-uniform compression and flow arrangements result in spatial 

variations in effective properties. These values are crucial, mainly in two-phase 

models, where liquid water generation, accumulation, and super-saturation are 

predicted. In this section, the spatial effective properties that define the reactant 

transport in the porous domain are discussed. The datasets presented here can be 

used as the input parameters for the computational modelling of PEFC performance. 

 

The porosity distribution affects mass transport in the fuel cell, thus the PEFC 

performance [45,210,228,231]. Both the bulk and spatial porosity distribution should 

be considered during GDL selection and computational modelling of PEFCs. Figure 

4.11 and Figure 4.12 show the effect of the compression and different arrangements 

on the bulk and spatial porosities of the sample, respectively. Bulk porosity is 

calculated as the volume fraction of empty pores in the domain; whereas spatial 

porosity is the void fraction of the ortho-slices in particular directions.  

In under-the-land region, fibre packing density increases with compression. This 

lowers the bulk porosity by 40% and 50% (at 40% compression) for symmetrical and 

asymmetrical arrangements, respectively (Figure 4.11 (a)). In contrast, the GDL 

tenting under the channel results in a linear increase in bulk porosity with compression. 

The initial porosity of 45% increases to 67% with compression, irrespective of the 

arrangement (Figure 4.11 (b)).  
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Figure 4.11– The effect flow-field arrangement on the bulk porosity, symmetrical (red) and 

asymmetrical (black) flow-fields, (a) bulk porosity under the land; (b) bulk porosity under the 

channel. Bulk porosity is a ratio of void phase voxel to the total number of voxels. The spline 

passing through the data points is included as a guide to the eye.  

 

Figure 4.12(a and b) illustrate in-plane porosity variation at 40% compression, 

measured at yz-ortho-slices along the width of the sub-domains. This remained almost 

constant with a standard deviation of 1.2% under the channel and 0.98% under the 

land, irrespective of the arrangement. The average in-plane porosity matches well with 

the bulk porosity value.  

The through-plane porosity is a function of the material fraction distribution along the 

normalised cell thickness (Figure 4.12(c and d)). The location of catalyst layers, 

microporous layers, and the membrane correspond to the lowest through-plane 

porosity region. Uniform porosity distribution, irrespective of the arrangement, was 

observed under the land. However, the through-plane porosity distribution under the 

channel was affected by the arrangement. The uniform distribution was observed in 

the symmetrical arrangement, contrasting to the distribution at the asymmetrical 
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arrangement. Comparatively lower through-plane porosity on the bottom side of the 

membrane at the asymmetrical arrangement was a function of the restricted GDL 

expansion on the bottom face.  

 

Figure 4.12– The effect flow-field arrangement spatial porosity, symmetrical (red) and 

asymmetrical (black) flow-field. Spatial porosity distribution at 40% compression; (a) in-plane 

porosity under the land; (b) in-plane porosity under the channel; (c) through-plane porosity under 

the land; and (d) through-plane porosity under the channel. 
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The permeability is a function of porosity, often calculated using the Carman-Kozeny 

equation [232–235]. Here permeability was calculated by ‘pressure-driven flow 

simulation’ using the Lattice-Boltzmann Method (LBM) [118,233,236–238]. LB 

simulations were implemented using Sailfish FD [239] open-source Python package. 

The simulations utilized the standard Bhatnagar-Gross-Krook (BGK) collision operator 

with a D3Q13 lattice and were solved for each principle direction of the sub-domain, 

resulting in three velocity fields for each sub-domain at each compression. The fluid 

was held at rest initially, and the movement was initialized by applying a fixed pressure 

gradient across the computational volume. The simulation converged when the 

average proportional deviation, after the iteration, was below 1×10-7.  

The spatial permeability decreases with compression under the land and increases 

under the channel. Arrangements have a marginal effect on the spatial permeability 

under-the-land (Figure 4.13(a and c)). For the under the land sub-domain, in-plane 

permeability reduced by approx. 4 ×10-12 m2 , while through-plane permeability by 

3×10-12 m2 over the compression range for the asymmetrical arrangement.  

Arrangements affected the spatial permeability under the channel (Figure 4.13(b and 

d)). The in-plane permeability for the asymmetrical arrangement increased over the 

compression by 30×10-12 and remained almost constant in the through-plane direction. 

However, at the extreme symmetrical compression, the in-plane permeability 

increased by 130×10-12 m2 and the through-plane permeability by 16×10-12 m2. The 

sudden increase in symmetrical permeabilities at extreme compression was due to the 

augmentation of the space between GDL fibres near large pores and the delamination 

observed.  
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Figure 4.13– Change in directional permeability with compression and flow-fields: (a) in-plane 

permeability under the land; (b) in-plane permeability under the channel; (c) through-plane 

permeability under the land; and (d) through-plane permeability under the channel. The B-spline 

passing through the data points is added as a guide to the eye. 

 

Tortuosity and diffusivity of the GDL were calculated on the binarised dataset of 

individual samples. Generally speaking, tortuosity is inversely proportional to the 

porosity; hence, the decrease in bulk porosity with compression increases the tortuous 
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path for the reactant transport and decreases the effective gas diffusivity and vice 

versa. Therefore, these properties were mainly affected by the location of the sub-

domain and were marginally affected by the arrangement. (Figure 4.14) 

In this study, the tortuosity factors were calculated using the MATLAB based 

application ‘tauFactor’ that uses segmented voxel data for the finite difference 

simulation. The steady-state scalar diffusion equation was solved with the Dirichlet 

boundary conditions applied at the opposite faces of the volume (C = 0 and 1 on the 

bottom and top face, respectively). The approach is described by Cooper et al. [197]. 

The tortuosity factor (𝜏) in the specific direction was calculated using the following 

equation; 

 
𝜏 =  휀

𝑄𝑐𝑜𝑛𝑡𝑟𝑜𝑙 𝑣𝑜𝑙𝑢𝑚𝑒
𝑄 𝑝𝑜𝑟𝑒 𝑛𝑒𝑡𝑤𝑜𝑟𝑘

 (4.2) 

where Qpore is the segmented pore network volume, Qcontrol volume is fully dense control 

volume with the same outer dimension, and 휀 is the volume fraction of the conductive 

phase. The intrinsic diffusivity (D) was calculated using Fick’s second law on the same 

segmented voxel data used for calculating the tortuosity factor, where the 

concentration on opposite faces was prescribed using the Dirichlet boundary 

conditions. The equation used was 

 𝜕𝑐

𝜕𝑡
=  𝐷0∇

2𝐶 (4.3) 

Furthermore, the effective diffusivity (𝐷𝑒𝑓𝑓) was calculated based on the tortuosity 

factor using the following expression, 

 𝐷𝑒𝑓𝑓 = 𝐷0
휀

𝜏
 (4.4) 
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Irrespective of the arrangements, the in-plane tortuosity factor under the land 

increased by approximately 27% over the full compression range; whereas under the 

channel is decreased by approximately 24% (Figure 4.14(a and b)). Similarly, the 

through-plane tortuosity factor increased by five times under the land and lowered by 

2.5 times under the channel over the entire range of compression. (Figure 4.14(c and 

d)). Again, irrespective of the arrangements, an increase in compressive load 

decreased the in-plane diffusivity by approx. 34% under the land and increased it by 

44% under the channel. Similarly, through-plane diffusivity under the land decreased 

with compression by 90% and increased under the channel by 44% irrespective of the 

arrangement.  

Compression has a significant effect on the tortuosity and diffusivity in the through-

plane direction, due to the random alignment of the gas diffusion fibres in the xy plane. 

Fibres realign themselves under compression, thus affecting these properties. The 

arrangements have minimal impact on these parameters, emphasizing the nonlinear 

relationship between spatial property distribution, porosity, and fibre alignment. 
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Figure 4.14– Directional tortuosity and diffusivity factors calculated on the binarised image of 

the GDL as a function of compression and flow-field design; (a) in-plane properties under the 

land; (b) in-plane properties under the channel; (c) through-plane properties under the land; 

and (d) through-plane properties under the channel. Left y-axis represents diffusivity (m2 s-1), 

and the right y-axis represents the tortuosity factor. B-spline passing through the data points is 

added as a guide to the eye. 
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4.4 Conclusion 

Lab-based X-ray CT was used to study the geometrical and morphological 

heterogeneity of the entire MEA under non-uniform compression. Generated datasets 

can be used as inputs for the continuum modelling of fuel cell operation, incorporating 

the effect of non-uniform MEA compression. Also, the results can be used to aid 

system design and optimisation. The key findings from this study are: 

 Non-uniform compression results in partial blocking of the active flow-fields. 25 

– 40% blocking of the primary flow-field would not only affect the reactant 

transport capacity of the flow-field but also, it would affect the cell cooling 

characteristics. This emphasises the importance of considering the 

compression ratio while designing and modelling flow-fields and their 

arrangements. The results presented in this study can be used for design 

guidance.  

 The electrolyte membrane undergoes deflection due to non-uniform 

compression, and the extent of membrane deflection is dependent on the 

arrangement. The lateral shift of the piston at the extreme symmetrical 

compression results in delamination of the MEA. This highlights the importance 

of channel alignment during cell assembly and manufacturing tolerances. 

 This study presents the heterogeneity in the membrane that occurs from the 

MEA fabrication and hot pressing and considers structural thinning of the 

membrane under the land, due to non-uniform compression. This would affect 

the membrane durability, gas-crossover rates and subsequent water 

management.  

 Cell compression and arrangements affect the extent of interfacial contact area 

and quality of the contact, which defines the contact resistance. GDL tenting 

increases the contact area through carbon fibres touching the flow-channel 

surface. The increase in contact area with compression would lower the contact 
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resistance at the cost of flow-field blocking. This emphasises the nonlinear 

relationship between contact resistance and cell performance. 

 The X-ray CT data presented in this study prove that the bulk porosity values 

used in the modelling is valid only in the in-plane direction and does not 

represent the through-plane behaviour. Through-plane behaviour is critical in 

predicting water transport in the porous medium.  

 Spatially resolved tortuosity, diffusivity, and permeability follow well-defined 

trends, such as the reduction in the porosity under the land area resulting in an 

increase in tortuosity, and a reduction in diffusivity and permeability. The values 

obtained from the study can be used as the input parameters in continuum 

modelling. 

Thus, the present work provides a comprehensive data-set of the structural and 

morphological properties of the MEA, as well as effective parameters that can be used 

as inputs to higher fidelity computational models predicting PEFC performance, and 

provides detailed insight to the structural behaviour of the membrane under 

compression. 
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Abstract 

The electrochemical performance of the fuel cell is defined by the activation, Ohmic 

and mass transport losses. Each of these losses is represented by the multiple 

physical phenomena such as reactant species transport, heat transfer, mass transport 

coupled with the electrochemical reactions taking place at the electrodes. The fuel cell 

performance can be mathematically explained by coupling the electrode kinetics with 

mass, momentum, energy and charge transport. Numerous attempts have been made 

by researchers to develop detailed fuel cell models depending on various approaches 

and dimensionality. This chapter outlines PEFC modelling strategies, techniques and 

challenges, followed by the detailed discussion of the governing processes and 

equations, and further develop the modelling framework to be used in the rest of the 

thesis.  
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5.1 Overview of the modelling efforts 

PEFC operation involves the complex interaction of morphological and 

electrochemical factors, as discussed in the previous chapters. The complicated PEFC 

physics includes three-dimensional heat transfer, species and charge transport, 

multiphase flows, electrochemical reactions, and water management. These are in situ 

phenomenon, and due to complex fuel cell design, the effect of the individual process 

on PEFC performance is difficult to investigate (deconvolute). Though novel 

experimental techniques can act as powerful diagnostic tools, multiple experimental 

techniques should be combined to build a complete picture of fuel cell operation [217]. 

However, experiments are time-consuming and sometimes expensive to perform for 

all the design variations and material changes. This highlights the need for 

comprehensive, robust and experimentally validated fuel cell modelling tools that 

allows a better understanding of the parameters affecting fuel cell performance. While 

much progress has been made in recent years in computational modelling of fuel cells, 

genuinely functional and predictive capabilities remain a challenge due to the very 

complex nature of fuel cell operation. 

5.1.1 Multifaceted transport phenomenon  

Computational modelling of the fuel cell is preliminary based on the multiple transport 

processes (Figure 5.1). These processes are coupled and involve synchronicity of 

various physical and chemical reactions that defines fuel cell dynamics. The transport 

phenomenon concerning water and thermal management are particularly intricate, 

including multi-phase flow coexisting gas and liquid phase, multi-species transport, 

phase-change of water such as water condensation and evaporation, and water 

uptake mechanisms by the membrane such as water adsorption and desorption. 

Coexistence of multiple transport phenomenon has always been recognised as one of 
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the primary challenges in the development of comprehensive fuel cell models [240–

245].  

 

Figure 5.1–Schematic showing the complex coupling of the transport phenomenon in PEFC 

[240] 

5.1.2 Transient nature 

The time-dependent polarisation curve is a fundamental diagnostic technique used to 

understand PEFC performance. Operability of the fuel cell shrinks with time, i.e. fuel 

cell degradation. Hence, steady-state computational models may give the details of 

instantaneous reactions but fail to predict the continuous effect of the operation. 

Hence, co-existence of a wide range of characteristic length and time scales, with 

electrochemical and thermodynamic reactions, make transient modelling of fuel cells 

challenging and computationally expensive [240,246–249]. 



Chapter 5 Modelling framework   

 

129 

 

5.1.3 Characteristic time and length scale 

The electrochemical processes occurring in the fuel cell can be described by different 

length scales of the computational domain / control volume, varying from cell level or 

stack level domains to the material interface and molecular level. To represent the 

detailed PEFC physics, not only length scales but also time scales should be 

considered, this is reflected in the computational expense, as shown in Figure 5.2. 

 

Figure 5.2– An overview of the cost and length scales characteristic of PEFC modelling 

techniques, white boxes represent the type of modelling and blue boxes represent the physics 

to be modelled 
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Modelling and simulation across the entire length and the time scales would provide 

an exceptional opportunity to understand phenomena and properties, which are 

inaccessible and difficult to address experimentally; however, it comes with 

computational expense. Hence, a balance has to be stuck between the scale of the 

model, complexity of the physics to solve, and modelling techniques. 

5.1.4 Model validation 

Model validation is a fundamental step in order to develop trust in the model. The 

majority of models in the literature are based on the stand-alone validation against a 

simple polarisation curve [127,243,250–252]. Though the polarisation curve is the 

most commonly used electrochemical method to characterise fuel cells, it provides 

information on overall performance losses without differentiating the sources of the 

losses. Fouquet et al. recorded the polarisation curves at nominal, flooded and dried 

conditions, as shown in Figure 5.3 [253]. The performance at the activation dominant 

region was not affected by the operating conditions as it is determined by the CL 

properties. With an increase in operating load to, both flooded fuel cell and dry fuel 

cell observed loss in the polarisation performance to the similar extent; however, it is 

challenging to identify the cause of the performance loss between flooding conditions 

and drying conditions over Ohmic and mass transport dominant regions. Therefore, 

for the models predicting the water transport behaviour or the processes affecting 

water transport in the PEFC, the polarisation curve can only be used as a crude 

indicator of fuel cell operation. Hence, various advanced diagnostic techniques such 

as EIS [254], neutron radiography [103,168], electro-thermal mapping [217] can be 

used to validate certain aspects of the performance. 
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Figure 5.3– Measured polarisation curves for a fuel cell working under flooded, dry and 

nominal conditions [253] 

5.1.5 Spatial dimensions of the model 

The computational/numeric models can be characterised as one-dimensional, two-

dimensional, and three-dimensional models, based on the spatial dimensions. Figure 

5.4 gives an overview of the spatial dimensions of PEFC modelling. 

https://www.sciencedirect.com/topics/engineering/polarization-curve
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Figure 5.4– Schematic illustration of different computational domains (1D in Y-direction, 2D in 

X-Y and Y-Z direction and 3D computational domains [249] 

1D models describe the spatial electrochemical phenomenon in a specific direction 

and can broadly be categorised as ‘through-the-MEA’ models and ‘along-the-channel’ 

models. In the pioneering attempts of model development in the early 1990s, the 

simplified models developed adapted the through-the-MEA approach. These models 

typically consider the membrane, catalyst layer and gas diffusion layer as the 

computational domain. The fundamental assumptions in these models are the 

homogeneous materials and the use of isotropic effective transport properties. 

Through-the-MEA models can be used to understand water transport mechanisms, 

diffusion analysis, degradation prediction, transient operation, and models for control 

strategy. Models developed by Springer [30], Bernardi and Verbrugge [255], Baschuk 

and Li [256], represent the pioneering work in this segment. The second type of one-

dimensional models is the ‘along-the-channel’ model, which focuses on transport and 

depletion of the gases along the channel length and its effect on the current density 

and voltage profile [147,257,258]. Figure 5.5 explains the difference between through 

these two approaches. 
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Figure 5.5– 1D modelling approaches, the model can be ‘though the MEA’ model or ‘along the 

channel’ model (Not to scale) 

The majority of one-dimensional models focus on the polarisation curve. These 

models are computationally less expensive, fast, and complicated physics can be 

incorporated to solve dynamic behaviour [258]. Though these models show functional 

validation against experimental data, they fail to capture the mass concentration 

effects that result in the concentration losses when compared to experimental 

polarisation curves. 

Bernardi–Verbrugge [255] developed a steady-state one-dimensional model using an 

electrode bonded to a membrane approach. The model comprises a solid electrolyte 

membrane, active CL, GDLs and channels. An active CL was modelled as a one-

dimensional macro-homogeneous layer. This is the preliminary model explaining the 

electro-osmosis process based on the pressure-driven water transport in the fuel cells 

and uses dilute solution theory (Section 5.2.2) incorporating the Nernst-Plank 
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approach for ionic transport. The pressure gradient for liquid phase uses a modified 

form of Schlogl’s velocity. Stefan-Maxwell multi-component diffusion solves the gas 

diffusivity. The critical assumption is the proton concentration inside a membrane is 

uniform; hence, the model does not account for protonic diffusion, making the 

membrane uniformly hydrated. The pressure and potential profiles throughout a 

membrane thickness are linear, making velocity constant. 

Springer et al. [30] developed a semi-empirical model using in-house experiments for 

transport parameters. The model comprises an anode and cathode GDLs and a 

membrane while CLs were treated as an interface between the GDL and the Nafion 

membrane. This model also adopts the dilute solution theory. The species 

conservation equations for anodic and cathodic species are a function of water activity 

at the membrane and acts as a convergence parameter for numerical solution. The 

Stefan-Maxwell approach with Bruggeman correction was used to solve 

multicomponent diffusion in porous GDLs. The model is steady-state, isothermal and 

isobaric; hence, any pressure-driven migration of the species was not considered, 

assuming constant pressure on both sides of the membrane. EOD and use of a water 

sorption isotherm at a membrane resolved the change in water content and proton 

conductivity along with a membrane thickness.  

Baschuk et al. [256,259] presented the literature on mathematical modelling of PEFCs. 

This model comprises a membrane, cathode CL, GDL and flow channels. This is a 

one-dimensional steady-state isothermal model, and the membrane is assumed to be 

fully hydrated. Cathode CL was assumed evenly loaded. Species diffusion was 

modelled using conservation of species and Fick’s law of diffusion. The model 

evaluated PEFC performance at variable degrees of flooding and showed good 

agreement with the experimental data available in the literature. With an increase in 

cell pressure, the water flooding in the electrode increases significantly. The same 

model was further extended for two-dimensional steady-state isothermal operation. 
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This model adopts the approach taken by Scattergood and Lightfoot to model the 

transport of water and ions in the electrolyte [260].  

Marr and Li [261] studied the steady-state performance of cathode CL by including 

both mass transport through CL and an electrochemical reaction at the cathode CL. 

This study investigates the composition and the performance of CL loading. The model 

assumes fully hydrated / flooded ionomer layer and the void spaces; a fourth-order 

shooting method was used to solve the algorithm.  

Djilali and Lu [262] developed a one-dimensional steady-state isothermal model to 

investigate PEFC performance and water-management over the range of the 

operating-current densities. The model adopted Stefan-Maxwell multicomponent 

diffusion of the gas species diffusing through the GDLs and considers the effect of 

non-uniform pressure and temperature distribution on the diffusion process. Effect of 

Knudsen diffusion was considered for CL modelling. The model studied water in both 

liquid and vapour form and considers the effects of water transport by back-diffusion 

and EOD. However, while working at higher current density, the model ignores the 

possibility of membrane drying, that is the main limitation of the model. 

One-dimensional steady-state, single-phase, non-isothermal model was developed by 

Falcao et al. [263,264]. The model solves water transport through the membrane and 

comments on thermal management. This model assumes the water transport through 

a membrane is the combined effect of back diffusion and EOD, similar to the Springer 

model. The model considers the heat transfer via conduction process through a total 

of sixteen layers, including aluminium endplates, current collectors, and flow channels, 

an acetate sheet (to isolate aluminium plate from the current-collector), GDLs, CLs, 

membrane. Stefan-Maxwell multicomponent diffusion approach was used to solve 

diffusion-dominant transfer at GDLs and CLs, and water transport through the 

membrane was solved by the Fick’s law of diffusion. Proton conductivity of a 
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membrane was modelled using water content (λ), similar to the Springer model. The 

CL was modelled with a pseudo-homogeneous film approach.  

The combination of two one-dimensional models, known as Pseudo 2D or the 1D+1D 

approach is well discussed in the literature. Instead of solving the coupled 

conservation equations in a two-dimensional domain, the one-dimensional model is 

solved at each mesh point along the channel. This reduces the computational expense 

without the complexity of solving the equations in a two-dimensional domain [265]. 

The notable pseudo-two-dimensional models were developed by Nguyen and White 

[266] and Fuller and Newman [267] accounting for the variation in temperature and 

the membrane hydration conditions along the flow channels. Both the model assumed 

a well-mixed concentration of the reacting and product species in the flow-channels. 

Nguyen and White investigated the effectiveness of the reactant humidification on 

maintaining the membrane hydration, and hence, on cell performance [266]. This 

model was further modified by Yi and Nguyen [268] by including both liquid and gas 

phase along the flow channels and the temperature distribution in the solid phase. This 

model highlights the importance of counter-flow mode to effective heat removal. The 

model developed by Fuller and Newman adopted concentrated solution theory, itself 

based on the Stefan-Maxwell diffusion approach for solving the transport mechanism 

at the membrane [267]. This model highlights the rate of heat removal is the critical 

parameter deciding the PEFC performance.  

With the improvement in the computational facilities, various researchers developed 

the multidimensional model that solves the multiple coupled PDE using commercial 

CFD tools such as Ansys-Fluent fuel cell module [264,269,270], COMSOL Battery and 

Fuel cell module [271,272], AVL Fire fuel cell module [129], etc. 

In the aforementioned transport phenomenon in PEFCs, the morphologies of the 

porous domains (CLs, MPLs, and GDLs) and migration processes in the membrane 

are extremely complicated and three-dimensional in nature. Hence, three-dimensional 
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modelling is the obvious choice for the majority of the recent modelling efforts [51,127–

129,240,264,269,273–275]. The main advantages of three-dimensional models are 

illustrative for the distribution of reactant, current density, water generation and the 

flooding or drying. Models can be validated with experiments such as neutron-imaging 

[82,133,167] or current and temperature mapping [220], etc. Despite significant 

advancement in computational capacity and tools, to date, the three-dimensional 

models are computationally challenging and time-consuming. 

Nguyen et al. [137] developed a complete three-dimensional CFD PEFC model with 

serpentine reactant channels. This model solves the main transport phenomena, such 

as convective and diffusive heat and mass transfer, electrode kinetics and potential 

fields. The model implements a ‘voltage to current’ algorithm that solves for the 

potential fields and computes local activation potential distribution. The coupling of the 

local activation overpotential distribution and the reactant concentration predicts the 

local current density distribution accurately. The simulation results reveal current 

distribution patterns that are significantly different from those obtained, assuming 

constant surface overpotential. At higher load, the current density is maximum under 

the channel area, and at lower load, the current density is maximum under the land 

region. 

Shimpalee and Dutta [276] developed a three-dimensional, non-isothermal, straight 

channel, steady-state model to predict the thermal behaviour of the fuel cell as the 

result of electrochemical reactions and phase transport of water. The model uses 

Navier-Stokes equations for bulk transport of the reactant in the flow channels, source 

terms for mass transport criteria, phase change and heat generation to mimic the 

electrochemical process. This model predicts that the fuel cell performance depends 

on the inlet humidity conditions, membrane thickness and fuel cell operating 

temperature. The model considers five species, including CO2
 and liquid water as a 

function of phase change. Commercial code Ansys-Fluent is used. Here, evaporation 

is modelled as the function of partial pressure and a saturated pressure. 
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Lum et al. [277] made one of the initial efforts to model three-dimensional 

homogeneous CL PEFC model using in-house code Fuel3D. A multistage validation 

approach was adapted to build the model using validation data available in the open 

literature and further locally validated with the experimental data obtained from 

segmented cell experiments. This model uses Shimpalee’s modelling approach 

discussed previously. A membrane model is adapted from Springer’s one-dimensional 

model, equating water activity at both CL to obtain water profile inside the membrane. 

Berning et al. [278] developed a three-dimensional non-isothermal computational 

model for mass transport in PEFCs using commercial code CFX4.3. The single-phase 

model accounts for all significant transport mechanisms, except phase change and 

emphasises on the fundamental understanding of the transport processes with 

reactant concentration, current distribution, temperature, and water retention areas. 

This model solves Stefan–Maxwell multi-species diffusion, Nernst-Plank equation for 

the transport of protons through a membrane, the ‘Schlogl approach’ for liquid water 

transport through a membrane and Butler–Volmer equation for electrode kinetics; 

however, the model neglects the effect of gas crossover, assuming an impermeable 

membrane. This model assumes two separate pores in GDL for gas diffusion and 

water diffusion; hence, there is no interaction of gases with liquid water. This model 

provides a good insight into liquid water saturation and water flooding under various 

operating conditions; however, it does not account for water content through a 

membrane. 

Al-Baghdadi et al. [279] performed PEFC optimisation study using a detailed three-

dimensional, multiphase, non-isothermal PEFC model that incorporates both gas and 

the liquid phase in the GDL domain, allowing the implementation of phase-change. 

The realistic local activation losses were predicted by solving the significant species 

transport phenomenon and electrochemical reactions that allows an improved 

prediction of the local current density distribution 
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Baca et al. [127] developed a detailed three-dimensional steady-state non-isothermal 

model using a single-phase approach. This is a seven domain model with the separate 

cathode and anode CL modelled as the homogeneous domain. The water content and 

proton conductivity in a membrane were solved using Springer’s approach to calculate 

current distribution. The unique approach taken in this model is water absorption and 

desorption on the polymer fraction inside the CL based on the difference between 

equilibrium water content in the polymer fraction of CL. The model is restricted to 

30,000 computational elements and solved using commercial code STAR-CD v3.24. 

Iranzo et al. [133,269,275] used commercial fuel cell simulation module developed by 

ANSYS- Fluent and results were validated against neutron imaging to detect water 

fraction in the fuel cell. This model uses a fitting parameter of reference exchange 

current density (𝑗0 ,𝑎/𝑐
𝑟𝑒𝑓

). The study emphasises the need for a mesh independency 

analysis to model fuel cell operation phenomenon that requires several million 

elements. Also, the study addresses the computational power as the prime limiting 

factor in fuel cell modelling. 

Fink et al. [129] used AVL-FIRE commercial code to develop three-dimensional model 

solving for the real-world automotive application. This model uses a thin CL interface 

approach to model the electrochemical reaction. Similar to the commercial code 

FLUENT-fuel cell module, the fitting parameters are used to separate activation, 

ohmic, and mass transport losses in order to achieve the adequate performance of the 

model.  

While three-dimensional models could better represent reality, these models are 

computationally expensive. Though the one-dimensional model cannot solve the 

domains with high fidelity, they often allow solving more complex physics. Hence, the 

trade-off between the complexity of the physics to be modelled and the computational 

expense can be achieved by the two-dimensional or quasi-2D model framework. Two-

dimensional models are preliminary on the cross-section of the fuel cell inclusive of all 
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the layers either in ‘along-the-channel’ orientation or ‘through-the-MEA’ orientation. 

Along-the-channel 2D models could better represent the heat-transfer in the fuel cell, 

the effect of reactant depletion along the channel length. The effect of under the 

channel and under the land regions are approximated in ‘along-the-channel models. 

‘Through-the-MEA’ approach solves for all the layers in the cell including the effect of 

under the channel, and under the land regions; however, the effect of channel length 

and orientation is approximated in the model.  

The five-layer steady-state, isothermal, and two-dimensional model developed by Kim 

et al. [81] examines the effect of operating parameters such as humidity and the 

stoichiometry on the fuel cell performance and membrane/ionomer water content. The 

study provided insight into how the anode and cathode stoichiometry impacts the back 

diffusion of water. This model assumes micro-homogeneity of GDLs and CLs, 

assuming all the components in the porous domains are evenly distributed. The model 

used a concentration-dependent form of the Butler-Volmer equation for the current 

modelling as discussed in 5.3.1 and Stefan –Maxwell multicomponent diffusion for the 

species transport. 

A multi-species, two-dimensional non-isothermal and transient model was developed 

by Dadda et al. to investigate the influence of heat and mass transfer on the potential 

variation in the PEFC membrane [280]. This model successfully delineated the time 

and space-dependent temperature and water concentration and showed that the 

voltage loss is more critical in the regions with less water content. The aim of this 

model was to evaluate the influence of different cases of boundary conditions on water 

concentration and heat transfer variation and test the reliability of the proposed 

computational fluid dynamic (CFD) code. However, the model was a single-phase 

simplistic model where water transport through the membrane was simply treated as 

the water molecules instead of the dissolved phase of water; hence, the model could 

not solve all the coupled physical phenomenon in the cell. 
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Tiss et al. presented ‘the cathode only’ two-dimensional CFD model to solve 

electrochemical, mass and heat transfer processes [281]. This model includes the 

effect of water content in the membrane swelling phenomenon. The study highlighted 

that the membrane/ionomer water content (λ) is a function of cathode-domain 

parameters such as humidification temperature and inlet velocity of the reactant. With 

the increase in the humidification temperature of the reactant, the membrane/ionomer 

water content increases, increasing the protonic conductivity of the membrane. At 

higher inlet velocity of the reactant, the convection and diffusion of water from GDL to 

membrane become more significant than EOD, and the membrane/ionomer water 

content thus increases. The higher reactant Reynolds number implies the removal of 

liquid water by convection. Numerically, the PDEs in the model was solved using the 

‘Successive over Relaxation’ (SOR) method where two momentum equations 

corresponding to the axial and the longitudinal velocities are solved first without the 

pressure solution. This led the numerical conversions at 10-4 error. 

Chaudhary et al. developed a two-phase, non-isothermal, transient and two-

dimensional model solving water uptake mechanisms by the membrane[252]. The 

model solved two approaches of water-uptake by the membrane, such as one 

approach considers Schroeder’s paradox and the second approach considers 

individual contributions of water vapour and liquid water. The model suggested the 

water uptake mechanism by the membrane affects the current density, 

membrane/ionomer water content and the in-cell temperature. Transient rate of 

sorption or desorption of water by membrane responds to the membrane/ionomer 

water content on the application of voltage change  

Xing et al. developed a two-dimensional, isothermal, two-phase flow agglomerate 

models to explore the effect of dry Nafion ionomer volume fraction and cathode relative 

humidity on membrane/ionomer water content, the membrane swelling and the cell 

performance[251,282]. The results showed an increase in dry Nafion ionomer volume 

fraction, increases membrane/ionomer water content. The model also showed that the 
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optimum cathode RH should be between 60% and 80% for dry Nafion ionomer volume 

fraction of 40%. At higher current densities, an increase in the ionomer content in the 

membrane results in decreasing the cathode RH, initially, that eventually increases 

with increases in current density. The same model was further enhanced with the non-

isothermal energy transport without including the effect of membrane swelling [250]. 

This model highlights the effect of channel/land arrangement of the water saturation 

and the in-cell temperature. The model also suggested that at higher anode operating 

temperature and enlarging the width ratio of the channel/land arrangement could 

improve the cell performance. However, the model does not account for the effect of 

change in effective properties with respect to the region under the land and under the 

channel and the effect of flow-field arrangements on the structural properties of the 

MEA. As discussed in the previous chapters, the morphology of the fuel cell materials 

that define the effective properties in the fuel cell is significantly affected by the cell 

compression, affecting the water and thermal management in the operating fuel cell. 

Hence, in order to include these effects in the modelling, two-dimensional ‘through-

the-MEA’ approach could be adapted. 

5.2 Membrane modelling 

Transport processes in the electrolytic solution govern the rate of electrochemical 

reactions and the overpotential performance of the fuel cell. Membrane modelling 

comprises mass transport phenomenon that solves ohmic and mass transport losses 

in PEFCs.  

The performance of the PEFC is determined by the constitutive relations governed by 

the membrane/ionomer water contents. Hence, the water profile established across 

and along the membrane at steady state is thus a critical step / assumption to develop 

comprehensive and robust PEFC performance model [267]. The mass transport due 

to the electrochemical reaction can be modelled with two main approaches, the 



Chapter 5 Modelling framework   

 

143 

 

concentrated solution theory and the dilute solution theory. The applications of these 

theories are discussed in this section. 

5.2.1 Concentrated solution theory 

Concentration solution theory is known as the fundamental approach to solving the 

transport phenomenon for PEFC modelling. The preliminary assumption in this 

approach is that the species transport is governed under the electrochemical gradient. 

The diffusion can be solved by, 

 
𝐶𝑖∇𝜇𝑖 =∑𝐾𝑖𝑗(𝑣𝑖 − 𝑣𝑗)

𝑗

=  𝑅𝑇 ∑
𝑐𝑖𝑐𝑗

𝑐𝑇𝐷𝑖𝑗

𝑛

𝑖≠𝑗

(𝑣𝑗 − 𝑣𝑖) (5.1) 

where 𝐶𝑖 is the concentration of species i, 𝛻𝜇𝑖 is an electrochemical gradient of the 

species i, 𝐷𝑖𝑗 is the binary diffusion coefficient, 𝑢𝑖 is the electrochemical potential of 

species i, 𝑣𝑖 is the average velocity of the species [m s-1], and Kij is the frictional 

coefficient of species pair i,j. The frictional coefficient accounts for the local 

concentrations of pairs of constituent species and the diffusion coefficient of the 

species pair; 

 
𝐾𝑖𝑗 =

𝑅𝑇𝑐𝑖𝑐𝑗

𝑐𝑇𝐷𝑖𝑗
 (5.2) 

The molar flux of a given species can be defined by species concentration and velocity.  

 �̇�𝑖 = 𝑐𝑖 (𝑣𝑖−𝑣𝑟𝑒𝑓) (5.3) 

where the reference velocity accounts for the bulk fluid motion. Hence, the standard 

form of the flux equation for concentrated solution theory that forms the basis of a 

number of PEFC models is given as [267,283–285], 
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 𝐶𝑖∇𝜇𝑖
𝑅𝑇

=  ∑
𝑐𝑖�̇�𝑗 − 𝑐𝑗�̇�𝑖

𝑐𝑇𝐷𝑖𝑗

𝑛

𝑖≠𝑗

 (5.4) 

The transport across the Nafion membrane can be solved by accounting for the ternary 

system composed of dissolved water, electrolyte and protons. Thus, the 

electrochemical potential gradient can be given by, 

  
∇𝜇𝑖 = 𝑧𝑖𝐹∇∅ + 𝑅𝑇

∇𝑐𝑖
𝑐𝑖

 (5.5) 

5.2.2 Dilute solution theory 

The dilute solution theory can be derived from the concentrated solution theory. The 

fundamental difference between the two approaches is that the dilute solution theory 

assumes that the concentration of the solvent is much higher than the concentration 

of the solutes. Therefore, the transport of each solute species can be assumed 

negligible. If the solute species is j then Equation (5.4) can be expressed as; 

 
�̇�𝑖 = −

𝐶𝑖∇𝑢𝑖
𝑅𝑇

𝐷𝑖𝑗 + 𝑐𝑖𝑢𝑖 (5.6) 

The particular form of the Equation (5.6) is used to represent the transport of dissolved 

water through the Nafion membrane. Here, the polymer electrolyte is stationary; 

hence, the velocity of the polymer electrolyte, 𝑢𝑖 = 0 reducing Equation (5.7), 

 
�̇�𝑖 = −

𝐶𝑖∇𝜇𝑖
𝑅𝑇

𝐷𝑖𝑗 (5.7) 

where 𝐷𝑖𝑗 is the diffusion coefficient of water in the polymer electrolyte and should take 

into account the fact that it can swell during water uptake. In dilute solution theory, the 

flux equation is solved using the Nernst-Plank equation. This describes the transport 
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of the diluted species by three processes: migration due to the electrochemical 

potential gradient, diffusion due to the concentration gradient, and convection due to 

the bulk velocity of the solvent. 

 

The mass transfer in the electrolytic solution is the function of ionic species transport, 

material balance, potential balance and fluid dynamics, known as a species flux 

transfer. The flux density of each dissolved species in an electrolyte can be obtained 

by substituting Equation (5.5) into Equation (5.6). This is known as the Nernst-Plank 

equation. 

 𝑁𝑖 = −𝑧𝑖𝑢𝑖𝐹𝑐𝑖∇∅ − 𝐷𝑖∇𝑐𝑖 + 𝒖𝑐𝑖 (5.8) 

where 𝑁𝑖 is a flux density of species i [mol cm-3s-1] that defines the direction of species 

transport, 𝑧𝑖 is the number of proton charges carried by the ion, 𝑢𝑖 is an average 

velocity of the species in an electrolyte solution, i.e. mobility of the species, 𝒖 is the 

average velocity of the solute [m s-1] and 𝛻∅ is a potential gradient. This Equation 

defines three main mechanisms of mass transfer in the electrolyte: migration, diffusion 

and convection. As the transport of charged particles develops the current, 

 𝑖 = 𝐹∑𝑧𝑖𝑁𝑖
𝑖

 (5.9) 

where current i [A] is a function of total charge per mole in the system. The material 

balance in the individual species can be defined by, 

 𝜕𝑐𝑖
𝜕𝑡

=  −∇𝑁𝑖 + 𝑅𝑖 (5.10) 
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Accumulation of the species with respect to the time in an electrolyte is the difference 

between net input of the species flux and rate of production of the species (𝑅𝑖). In 

PEFCs, H2O production is restricted at a cathode CL; hence, 𝑅𝑖 in a membrane is 0. 

This makes the system electrically neutral, except at the boundaries. Mathematically 

it can be represented as, 

 ∑𝑧𝑖𝑐𝑖 = 0

𝑖

 (5.11) 

Convection term in Equation (5.8) needs an average velocity of the solute species. 

This velocity is due to the concentration of the species in an electrolyte. In a 

concentrated solution approach, as discussed in section 5.2.1, the average velocity of 

the fluid is considered by the velocity of solvent and solute both; however, if the 

solution is the dilute solution [section 5.2.2] average velocity equals to the velocity of 

solvent. Hence, the general form of the Nernst-Plant equation can be represented as, 

 𝜕𝑐𝑖
𝜕𝑡

=  ∇ (𝐷𝑖∇𝑐𝑖−𝒖𝑐𝑖+
𝐷𝑖𝑧𝑖𝑒
𝑘𝐵

𝑐𝑖∇∅) (5.12) 

where 𝑡 is a time [s] that defines the direction of species transport, 𝑧𝑖 is the number of 

proton charges carried by the ion, 𝒖𝒊 is an average velocity of the species in an 

electrolyte solution, i.e. mobility of the species, u is the average velocity of the solute 

[m s-1] and 𝛻∅ is a potential gradient. 

Mass transport through the membrane is a combination of three processes, electric 

force generated from the migration of protons from the anode to the cathode, and two 

water transport mechanisms. Electro-osmotic drag transport due to the potential 

gradient and a back-diffusion of water caused by the concentration gradient of water 

across the membrane. The water flux due to the electro-osmotic drag is proportional 

to the protonic flux, and the back-diffusion of water is a function of the water diffusion 
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coefficient through the ionomer and the concentration gradient of water between 

anode and cathode domains, as shown in Figure 5.6. 

 

Figure 5.6– Schematic of mass transport phenomenon through the membrane that mainly 

constitutes of three mechanisms namely back diffusion of water, electro-osmotic drag and transport 

of protonic flux  

An assumption of electroneutrality governs the proton conservation. The proton 

occupies the fixed SO3
+ charge sites, distributed homogeneously throughout a 

membrane. This results in a constant proton concentration throughout a membrane. 

The protonic flux is indicated as protonic current (icell/F). 

One-dimensional modelling approach assumes a single-phase flow through the 

membrane. This assumption is driven by the pore size in the membrane being smaller 

5 nm; hence, the capillary forces can be neglected neglecting velocity of the mixture 

in a membrane. The pressure gradient across a membrane is assumed linear, and the 

membrane does not participate in any electrochemical action. Though this is a 

reasonable assumption for steady-state modelling, for transient modelling and the gas 

crossover models such as N2 blanketing models, this assumption will impact the 

results considerably. 
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Based on the electroneutrality assumption and the homogeneous distribution of 

charged sites, the mass conservation of protons is expressed as, 

 𝜕𝑐𝐻+

𝜕𝑧
= 0  (5.13) 

Hence, whilst the current is withdrawn, the membrane keeps proton concentration 

constant. This equates to the fixed charged sites available in the solid phase. The 

diffusive molar flux of proton is, 

 
𝐽H+ = −

𝐹

𝑅𝑇
𝐷H+𝑐H+

∂∅m
∂z

 (5.14) 

∅m is a membrane potential and 𝐷H+ represents proton diffusivity. Hence, the total 

molar flux of protons is, 

 𝑁H+ = 𝑖H+ + 𝑐𝐻+𝑢
𝑚 (5.15) 

Based on the conservation of momentum principle, the generalised Darcy’s relation is 

used as the momentum equation. 

 
𝑢𝑚 = −

𝐾𝑘𝑟
𝑔

𝜇
[
𝜕𝑝

𝜕𝑧
− 𝜌𝑔 (𝑐𝑜𝑠 𝜃)] (5.16) 

This equation accounts for the gravitational force on the moment and an angle of 

species transport with respect to gravitational direction. K is the absolute permeability 

of the porous medium and 𝑘𝑟
𝑔
 is the relative permeability of the gas phase. 𝜌 is the 

density of the mixture and µ is the dynamic viscosity of the mixture. 
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5.3 Electrochemical modelling (𝒆−, 𝑯+) 

An electrochemical reaction takes place within the CLs. Three fundamental 

approaches have been undertaken in the literature to model the catalyst layers in the 

PEFC, namely the CL interface model [30], thin-layer model [26,127,262,286], and 

detailed agglomerate model [218,250,252,287,288]. The CL interface model is 

simplified and computationally inexpensive; however, it limits the functioning while 

predicting the influence of operating parameters on the catalyst layer performance. 

The thin-layer model is the most common approach used for modelling catalyst layers 

and assumes the catalyst layers have separate pores for both liquid water transport 

and the gaseous transport. These models also assume uniform properties of the 

catalyst across the active area. Such models form a good approximation for the 

performance models but fail to solve the effect of microscale catalyst layer properties 

on the performance. The third and comparatively new trend used in the present 

modelling is solving the structure of the catalyst layer in the form of spherical 

agglomerates. This section discusses the electrochemical model to solve the 

homogeneous catalyst layer using the Butler-Volmer kinetics and its modification to 

obtain the agglomerate structure. 

5.3.1 Butler-Volmer kinetics 

The electrode potential affects the kinetics of the reaction and the activation losses. 

The fuel cell operation is based on redox reactions that occur at the interface between 

the ionically conductive membrane and electrically conductive electrodes.  

 𝑖𝑓 = 𝑘𝑓𝑐𝑂𝑥; 𝑖𝑏 = 𝑘𝑏𝑐𝑅𝑑 (5.17) 

𝑖𝑓 and 𝑖𝑏 are known as the forward and the backwards current, respectively. 𝑐𝑂𝑥 and 

𝑐𝑅𝑑 represents the surface concentrations of the reacting species, and k is the 
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respective reaction rate constant. Equation (5.17) defines the flux of the forward and 

the backwards reaction. These reactions either release or consume electrons during 

the operation. The net current obtained is the difference between electrons released 

and electrons consumed during the process. Hence, the net current generated is the 

difference between the forward and the backwards current. 

 𝑖 =  𝑛𝐹(𝑘𝑓𝑐𝑂𝑥 − 𝑘𝑏𝑐𝑅𝑑) (5.18) 

At electrode equilibrium conditions, despite the reaction taking place in both forward 

and reverse direction, the rate of reaction for oxidation is equal to that of reduction and 

no external current is generated. The current density at this equilibrium condition is 

known as ‘exchange current density’. 

The reaction rate coefficient (k) is expressed by transition state theory as a function of 

Gibbs free energy (𝛥𝐺), Boltzmann’s Constant, kB (1.38 × 10-23 J K-1), and Plank’s 

constant (h) is (6.626 × 10-34 J s). 

 
𝑘 =

𝑘𝐵𝑇

ℎ
𝑒𝑥𝑝 (

−∆𝐺

𝑅𝑇
) (5.19) 

Gibbs free energy, 𝛥𝐺 represents the change in activation energy for the oxidation and 

reduction reactions. For reduction reaction,  

 ∆𝐺𝑖 = ∆𝐺𝑐ℎ + 𝛼𝑅𝑑  𝐹 ∅ (5.20) 

and for oxidation reaction, 

 ∆𝐺𝑖 = ∆𝐺𝑐ℎ − 𝛼𝑂𝑥 𝐹 ∅ (5.21) 

where ∆𝐺𝑐ℎ [J mol-1] is the Gibbs free energy for the chemical component, ∅ [V] is the 

potential and 𝛼 is the transfer coefficient for reduction and oxidation reaction which is 

a ratio of the number of electrons transferred during the electrochemical process to 
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the number of times the rate-determining step must occur during one overall reaction. 

The value of PEFC anode transfer coefficient is generally 0.5 with 2 electrons involved, 

and the value for PEFC cathode transfer coefficient varies between 0.1 to 0.5; 

however, Newman et al. states that the transfer coefficient can increase up to 2 [283]. 

The net current density is obtained by substituting Equation (5.19) and Equation (5.20) 

into Equation (5.18) [258]. 

 
𝑗 = 𝑛𝐹 (𝑘0,𝑓𝐶𝑂𝑥𝑒𝑥𝑝 [

−𝛼𝑅𝑑𝐹∅

𝑅𝑇
] − 𝑘0,𝑏𝐶𝑅𝑑𝑒𝑥𝑝 [

𝛼𝑂𝑥𝐹∅

𝑅𝑇
]) (5.22) 

At equilibrium, the forward and the backward reaction takes place simultaneously, 

generating zero net currents. 

 Based on exchange current density ( 𝑗0) and assuming only one electron transfer 

takes place. 

 𝛼𝑅𝑑 = 𝛼𝑜𝑥 =  𝛼  (5.23) 

 
𝑗 = 𝑗0 (𝑒𝑥𝑝 [

−𝛼𝐹ɳ𝑟𝑒𝑣
𝑅𝑇

] − 𝑒𝑥𝑝 [
(1 − 𝛼)𝐹ɳ𝑟𝑒𝑣

𝑅𝑇
])  (5.24) 

This is known as the Butler-Volmer equation. ɳ𝑟𝑒𝑣 is an equilibrium potential or a 

reversible potential. The reversible potential at the anode operating on pure hydrogen 

is 0 V, and that at the cathode is 1.229 V at 25 °C and atmospheric pressure. The net 

difference between electrode potential and reversible potential is commonly known as 

the overpotential (ɳ). In the multi-step process, 𝛼𝑟𝑒𝑑 ≠ 𝛼𝑜𝑥; hence, the generic form of 

the Butler-Volmer equation is used to define the electrochemical process. 

 𝑗 = 𝑗0 (𝑒𝑥𝑝 [
−𝛼𝑅𝑑𝐹ɳ

𝑅𝑇
] − 𝑒𝑥𝑝 [

(𝛼𝑂𝑥𝐹ɳ)

𝑅𝑇
])  (5.25) 
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The difference between electrode potential and the equilibrium potential is referred to 

as the overpotential, ɳ, in Equation (5.25). As the Butler-Volmer equation is valid to 

represent both anode and the cathode electrochemical reaction, 

 𝑗𝑎 = 𝑗0,𝑎 (𝑒𝑥𝑝 [
−𝛼𝑅𝑑,𝑎𝐹ɳ𝑎

𝑅𝑇
] − 𝑒𝑥𝑝 [

(𝛼𝑂𝑥,𝑎𝐹ɳ𝑎)

𝑅𝑇
])  (5.26) 

and 

 𝑗𝑐 = 𝑗0,𝑐 (𝑒𝑥𝑝 [
−𝛼𝑅𝑑,𝑐𝐹ɳ𝑐

𝑅𝑇
] − 𝑒𝑥𝑝 [

(𝛼𝑂𝑥,𝑐𝐹ɳ𝑐)

𝑅𝑇
])  (5.27) 

The anode overpotential is positive, while cathode overpotential is negative. This 

makes the first term in the bracket of Equation (5.26) negligible, and leads to a 

negative anode current density, while the second term in the bracket of Equation (5.27) 

becomes negligible, obtaining positive cathode current density. 

The exchange current density (𝑗0,𝑎/𝑐) is the function of the species concentration, 

operating temperature, and a function of the reference current density, electrode 

catalyst loading and ECSA.  

 

𝑗0,𝑎/𝑐 = 𝑗0,𝑎/𝑐
𝑟𝑒𝑓

𝑎𝑐𝑙𝐿𝑐𝑙 (
𝑐𝑖

𝑐𝑖
𝑟𝑒𝑓
)

𝛾

𝑒𝑥𝑝 [−
𝐸0
𝑅𝑇

(1 −
𝑇

𝑇𝑟𝑒𝑓
)] (5.28) 

 Equation (5.28) derives the exchange current density (𝑗𝑜) from the reference 

exchange current density (𝑗0
𝑟𝑒𝑓
) [A cm-2] per unit catalyst surface area, typically 

obtained at the room temperature and the atmospheric pressure. This is the measure 

of readiness of the electrode to start the electrochemical reaction. The electrode 

roughness is the function of a catalyst specific area (𝑎𝑐𝑙) and Pt loading on the catalyst 

electrode, denoted by 𝐿𝑐𝑙. 𝛾 is the pressure coefficient that varies between 0.5 to 1.  
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The Tafel equation  

In PEFCs, anode exchange current density is a few orders higher than the cathode 

exchange current density. This causes higher cathodic activation overpotential. Whilst 

considering overpotential at the cathode electrode 𝛼𝑂𝑥 <<< 𝛼𝑅𝑑, the second term in 

Equation (5.25) can be neglected, and the net current density produced by the cell is 

obtained by the reduced Butler-Volmer equation. 𝛼𝑐 is the reduction process at the 

cathode. 

 
𝑗 = 𝑗𝑜𝑒𝑥𝑝 [

−𝛼𝑐𝐹ɳ

𝑅𝑇
] (5.29) 

The reduced form of the Butler-Volmer equation gives an expression for the 

overpotential as the function of cathodic and anodic current.  

 
ɳ𝑎𝑐𝑡,𝑐 = 

𝑅𝑇

𝛼𝑐𝐹
 𝑙𝑛 (

𝑗

𝑗𝑜,𝑐
) ;  ɳ𝑎𝑐𝑡,𝑎 = 

𝑅𝑇

𝛼𝑎𝐹
 𝑙𝑛 (

𝑗

𝑗𝑜,𝑎
) (5.30) 

The equations above can be written in the simplified version as, 

 ɳ𝑎𝑐𝑡 = 𝑎 + 𝑏𝑙𝑜𝑔(𝑗) (5.31) 

where,  

 
𝑎 =  −2.3

𝑅𝑇

𝛼𝐹
log(𝑗𝑜) ;  𝑏 = −2.3

𝑅𝑇

𝛼𝐹
 (5.32) 

b is known as Tafel slope that depends exclusively on transfer coefficient (𝛼). 

5.3.2 Agglomerate model 

The agglomeration model treats the CL kinetics involving transport mechanisms of 

electrons, protons, and gas in most details. In this approach, the catalyst layers are 
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considered to be the compaction of CL agglomerates with the inter-agglomerate pore-

spaces [218,289]. Nafion electrolyte, reactants and product water co-exist in the inter-

agglomerate pore-spaces. Recently, the spherical agglomeration approach has 

gained much interest to model the continuum catalyst layer as this approach provides 

an additional parameter to modulate the transfer current density while providing better 

model predictions [218,258,289–293]. 

Hence, in order to provide the more appropriate representation of the CL structure, the 

spherical-agglomeration model has been adapted. This approach considers that each 

agglomerate consists of three phases, Pt dispersed on carbon, i.e. Pt/C, and ionomer 

electrolyte occupies inter-agglomerate spaces and the void space, i.e. CL porosity.  

Figure 5.7 provides a schematic representation of the CL with an agglomerate 

structure. The overall electrochemical reaction at the CL is subdivided into multiple 

process steps, as described by Sun et al. [218]:  

a. Step 1 – multicomponent diffusion of reactant species  

b. Step 2 – reactant dissolution at the outer boundary of electrolyte/water film 

c. Step 3 – diffusion of dissolve reactant species in the electrolyte film surrounding 

the agglomerate  

d. Step 4 – diffusion of dissolve reactant gases within the agglomerate 

e. Step 5 – electron conduction in the cathode, both in the GDL and CL 

f. Step 6 – proton transport in the solid and electrolyte phases of the CL, 

respectively 

g. Step 7 –Redox reaction on the CL surface 
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Figure 5.7– Schematic representation CL with an agglomerate structure, (a) diffusion of the 

reactant species through the ionomer film surrounding the agglomerate showing key 

processes, (b) idealised representation of Pt/C agglomerate 

Hence, CL can be thought of as the cluster of individual carbon particles with Pt. 

catalyst dispersed on its surface, and the carbon-black particles are held together as 

a cluster by the electrolyte film surround the particles, as shown in Figure 5.7. The 
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concentration of the dissolved species at the gas/electrolyte interface is described by 

Henry’s law 

 
𝑐𝑖,𝑔/𝑙 =  

𝑃𝑖
𝐻𝑖

 (5.33) 

where 𝑐𝑖,𝑔/𝑙 [mol m-3] is the concentration on the dissolved reactant species at 

gas/electrolyte interface, 𝑃𝑖 [Pa] and 𝐻𝑖 [Pa m3 mol-1] are the partial pressure and 

Henry’s constant of the reactant species i, respectively. 

Assuming that the transport of reactant species from high to low concentration, the 

diffusion of the reactant species from gas/electrolyte interface to the reaction sites, i.e. 

to the electrolyte/solid interface can be described by the Fick’s law (Step 4). 

 
𝑁𝑖 = −𝐷𝑖

𝑒𝑓𝑓
 
𝜕𝑐𝑖
𝜕𝑟

 (5.34) 

where 𝑁𝑖 [mol m-2 s-1] is the molar flux of the reactant through the ionomer 

electrolyte/water film surrounding the agglomerate, 𝐷𝑖
𝑒𝑓𝑓

 [m2 s-1] is the effective diffusion 

coefficient of the reactant, 𝐶𝑖 [mol m-3] is the reactant concentration, and r [m] is the 

radius.  

By postulating that the Nafion ionomer/water film envelops the agglomerate uniformly 

and the size of the agglomerate is much larger than the film thickness, the flux of the 

dissolved species can be calculated as,  

 
𝑁𝑖 = 𝐷𝑖

𝑒𝑓𝑓
 

𝑟𝑎𝑔𝑔

(𝑟𝑎𝑔𝑔 + 𝛿)
 
(𝑐𝑖,𝑔|𝑙 − 𝑐𝑖,𝑙|𝑠)

𝛿
 (5.35) 

By applying mass balance, at steady state, the amount of species consumed in the 

electrochemical reaction equals to the species diffusing to the active surface. 



Chapter 5 Modelling framework   

 

157 

 

 𝑅𝑖,𝑎𝑔𝑔 = 𝑎𝑎𝑔𝑔𝑁𝑖  (5.36) 

where 𝑎𝑎𝑔𝑔 [m-1] is the specific area of the agglomerate that represents surface area 

per agglomerate volume, and 𝑅𝑖 [mol m3 s-1] is the rate of the electrochemical reaction. 

By assuming that the overall ORR follows first-order kinetics with respect to the 

reactant concentration [289], gives: 

 𝑅𝑖,𝑎𝑔𝑔 = 𝑘𝑎𝑔𝑔𝑐𝑖 (5.37) 

where 𝑘𝑎𝑔𝑔 [s-1] is the reaction rate constant that represents the reactions occurred 

within the agglomerate. The overall reaction rate in the agglomerate can be expressed 

in terms of reactant concentration at electrolyte/solid interface, 𝑐𝑖,𝑙|𝑠; electrochemical 

reaction rate constant, 𝑘𝑎𝑔𝑔; and an effectiveness factor of the electrode reaction, 𝐸𝑟: 

 𝑅𝑖,𝑎𝑔𝑔 = 𝐸𝑟𝑘𝑎𝑔𝑔𝑐𝑖,𝑙|𝑠 (5.38) 

The effectiveness factor represents the geometry of the agglomerate and the 

resistance to the reactant mass transport within the agglomerate. The effectiveness 

factor for the spherical agglomerates can be given as [250] 

 
𝐸𝑟,𝑠𝑝ℎ = 

1

∅𝐿
(

1

𝑡𝑎𝑛ℎ(3∅𝐿)
−

1

3∅𝐿
) (5.39) 

where ∅𝐿 is a dimensionless group, commonly known as Thiele’s modulus for the 

chemical reaction: 

 
∅𝐿 = 

𝑟𝑎𝑔𝑔

3
√
𝑘𝑎𝑔𝑔

𝐷𝑎𝑔𝑔
𝑒𝑓𝑓

 (5.40) 
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where 𝐷𝑎𝑔𝑔
𝑒𝑓𝑓

 [m2 s-1] is the reactant effective diffusive coefficient inside the agglomerate, 

that can be represented as, 

 𝐷𝑎𝑔𝑔
𝑒𝑓𝑓

=  𝐷(휀𝑎𝑔𝑔)
𝜏𝑎𝑔𝑔

 (5.41) 

where 𝐷 [m2 s-1] is the diffusivity of dissolved species in the electrolyte phase, 휀𝑎𝑔𝑔 is 

the proportion of electrolyte phase in agglomerate and 𝜏𝑎𝑔𝑔 is the tortuosity factor of 

the agglomerate that is assumed to be 1.5 [289]. 

According to Faraday’s law, the volumetric current density is a function of the 

consumption rate of the reactants, 

 𝑗𝑖,𝑎𝑔𝑔 = 𝑛𝐹𝐸𝑟𝑘𝑎𝑔𝑔𝑐𝑖,𝑔|𝑙   (5.42) 

where 𝑗𝑖,𝑎𝑔𝑔 [A m-3] is the volumetric current density based on the agglomerate volume, 

and the subscript i refers to anode or cathode, respectively. Combining equations from 

(5.35) to (5.42) the concentration of the dissolved species at electrolyte/solid interface 

is obtained as: 

 
𝑐𝑖,𝑔|𝑙 = [1 +

𝐸𝑟𝑘𝑎𝑔𝑔(𝑟𝑎𝑔𝑔 + 𝛿)𝛿

𝑎𝑎𝑔𝑔𝑟𝑎𝑔𝑔𝐷𝑖
𝑒𝑓𝑓 ]

−1

𝑐𝑖,𝑙|𝑠   (5.43) 

Substituting Equation (5.43) into Equation (5.42) gives: 

 
𝑗𝑖,𝑎𝑔𝑔 = 𝑛𝐹 [

1

𝐸𝑟𝑘𝑎𝑔𝑔
+
(𝑟𝑎𝑔𝑔 + 𝛿)𝛿

𝑎𝑎𝑔𝑔𝑟𝑎𝑔𝑔𝐷𝑖
𝑒𝑓𝑓 ]

−1

𝑐𝑖,𝑙|𝑠   (5.44) 

Substituting Equation (5.33), Henry’s law into Equation (5.44), 
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𝑗𝑖,𝑎𝑔𝑔 = 𝑛𝐹

𝑃𝑖
𝐻𝑖
[

1

𝐸𝑟𝑘𝑎𝑔𝑔
+
(𝑟𝑎𝑔𝑔 + 𝛿)𝛿

𝑎𝑎𝑔𝑔𝑟𝑎𝑔𝑔𝐷𝑖
𝑒𝑓𝑓 ]

−1

  (5.45) 

Hence, the current density obtained from the Butler-Volmer equations (Equation (5.26) 

and Equation (5.27), could be transferred to the volumetric current density. Instead of 

defining exchange current density, 𝑗0, on a geometric area basis, it can be based on 

the active or effective platinum surface area, 𝑎𝑃𝑡
𝑒𝑓𝑓. The approach allows effective 

scaling of the platinum loading on the electrode. Hence, to calculate the effective 

platinum surface area, the actual platinum surface area based on the Pt loading and 

Pt particle size is obtained. 

 𝑎𝑃𝑡
𝑒𝑓𝑓

= 휀𝑙𝑎𝑝𝑡 (5.46) 

where 𝑎𝑝𝑡 [m
2 m-3] is the specific Pt surface area per unit catalyst layer volume, i.e. 

equivalent to platinum loading divided by the catalyst layer thickness multiplied by the 

specific surface area of the platinum particles, 𝑆𝑎𝑐: 

 𝑎𝑝𝑡 =
𝑚𝑝𝑡

ℎ𝑐𝑙
𝑆𝑎𝑐 (5.47) 

The surface area per unit mass of an individual Pt particle of radius, 𝑟𝑝𝑡, is given as: 

 
𝑆𝑎𝑐 =

3

𝑟𝑝𝑡𝜌𝑝𝑡
 (5.48) 

The specific area, of the agglomerate, 𝑎𝑎𝑔𝑔 [m-1] represents surface area per 

agglomerate volume which can be calculated based on the Pt loading as: 

 
𝑎𝑃𝑡
𝑒𝑓𝑓

=
휀𝑙𝑚𝑝𝑡𝑆

ℎ𝑐𝑙(1 − 휀𝑐𝑙)
 (5.49) 
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where 𝑚𝑝𝑡 [mg cm-2] is the Pt loading on the catalyst layer, 𝑆 [cm2 g-1] is specific active 

surface area, 휀𝑙 is an effective platinum surface ratio, and ℎ𝑐𝑙 [μm] is the thickness of 

the catalyst layer.  

Therefore, the rate of electrochemical reaction at the cathode CL can be defined as ; 

 
𝑘𝑐,𝑎𝑔𝑔 =

휀𝑙𝑚𝑝𝑡𝑆

4𝐹ℎ𝑐𝑙(1 − 휀𝑐𝑙)
(
𝑗0,𝑐
𝑟𝑒𝑓

𝐶𝑂2
𝑟𝑒𝑓
)(𝑒𝑥𝑝 [

−𝛼𝑐𝐹ɳ

𝑅𝑇
] − 𝑒𝑥𝑝 [

((1 − 𝛼𝑐)𝐹ɳ)

𝑅𝑇
]) (5.50) 

5.3.3 Charge transport 

The charge balance equations are solved to obtain solid phase and electrolyte phase 

potentials. As the charge transport takes place in all the domains; the conservation of 

charge should be achieved at both anode and cathode domain and at the membrane. 

This was attained by 

 ∇𝑖𝑠 + ∇𝑖𝑚 = 0 (5.51) 

where superscript s and m stands for a solid phase in the domain, i.e. CL and 

electrolyte membrane; respectively. The charge balance in the domain can be 

achieved by balancing solid and electrolyte potential. Therefore, according to Ohms 

law:  

 ∇𝑖𝑠 = ∇ ∙ (−𝜎𝑠
𝑒𝑓𝑓
∇𝜑𝑠)  (5.52) 

 ∇𝑖𝑚 = ∇ ∙ (−𝜎𝑚
𝑒𝑓𝑓
∇𝜑𝑚)  (5.53) 

where 𝜎𝑠
𝑒𝑓𝑓

 and 𝜎𝑚
𝑒𝑓𝑓

 [S m-1] are effective conductivity for electrons and ions, 

respectively. While 𝜎𝑔𝑑𝑙,𝑡ℎ𝑟𝑜𝑢𝑔ℎ
𝑒𝑓𝑓

 is a function of cell compression, 𝜎𝑚
𝑒𝑓𝑓

 is a function of 
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membrane water content, as discussed in section 1.3.2.1, 𝜑𝑠 and 𝜑𝑙 [V] is the solid 

and electrolyte phase potentials respectively, which is defined as, 

 𝜂𝑎/𝑐 = 𝜑𝑠 − 𝜑𝑙 − 𝐸𝑖
𝑒𝑞

 (5.54) 

Here, 𝐸𝑖
𝑒𝑞

 [V] is the equilibrium potential of the electrode. 𝐸𝑎
𝑒𝑞

, i.e. anode equilibrium 

overpotential is zero at standard conditions (T = 25 °C, 𝑃𝐻2 = 1 atm, 𝑐𝐻+ = 1.0 × 10−7 

M) and 𝐸𝑐
𝑒𝑞

 is cathode equilibrium cell potential. Due to the relatively high current 

conductivity of the electrode, the Ohmic resistance is neglected. Therefore, the cell 

voltage 𝑉𝑐𝑒𝑙𝑙 [V] is obtained from the membrane resistance, current density and 

overpotential shown as  

 𝑉𝑐𝑒𝑙𝑙 = 𝐸
0 − 𝜂𝑎 − |𝜂𝑐| − 𝑗𝑚𝑅𝑚 (5.55) 

where 𝐸0 [V] is the open-circuit voltage (OCV) of the fuel cell. 

5.4 Mass transport in the porous domain 

5.4.1 Viscous flow 

In viscous flow, the gas behaves as the bulk fluid is driven under a pressure gradient. 

The molecular impact between neighbouring particles is more than the collision with 

the wall. Viscous flow in a porous media is defined by ‘Darcy’s law’ that solves for the 

pressure gradient. Being the bulk flow method, this does not include individual species 

in the gas mixture. The bulk velocity of the flow is 

 
𝑉𝑑 = 

𝑘

𝜇
(∇𝑃 − 𝜌𝑔) (5.56) 
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where Vd is Darcy’s velocity, K is absolute permeability, 𝜇 is the dynamic viscosity of 

the fluid and ∇𝑃 is a pressure gradient. 

5.4.2 Continuum diffusion 

The different species of the mixture have interrelated concentration, temperature and 

electric gradients. In binary mixtures, the diffusive flux is directly proportional to the 

concentration. 

 𝑁𝑖 = −𝐷𝑖𝑗∇𝐶𝑖 (5.57) 

Here, 𝑁𝑖 is the ‘diffusion flux’ [mol m-2s-1], 𝐷𝑖𝑗 is the binary diffusion coefficient [m2s-1] 

and the concentration gradient of the reactant species is given by ∇𝐶𝑖. This is Fick’s 

law of diffusion. 

Equation (5.57) is appropriate for the binary species solution; however, it fails for a 

multi-component solution due to multiple concentration gradients and the individual 

species velocities. In PEFCs, the ternary species transport is observed; hence, this 

requires the multicomponent species model such as Stefan-Maxwell multicomponent 

diffusion that takes into an account the interdependent diffusivity of each species and 

solve for the concentration gradient. 

 
∇𝐶𝑖 = ∑

𝑥𝑖𝑁𝑗 − 𝑁𝑖𝑥𝑗

𝐶𝑇𝐷𝑖𝑗

𝑛

𝑖≠𝑗

 (5.58) 

Using ideal gas law, 

 CT =
𝑝
𝑅𝑇

 (5.59) 

Hence, the Stefan-Maxwell transport equation is 
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𝛻𝐶𝑖 = 𝑅𝑇 ∑

𝑥𝑖𝑁𝑗 −𝑁𝑖𝑥𝑗
𝑝𝐷𝑖𝑗

𝑛

𝑖≠𝑗

 (5.60) 

Here, x is the molar mass of individual species; R and T are universal gas constant, 

and temperature [K], respectively and 𝑝 is the bulk density [kg m-3]. For diffusion in the 

porous media, such as GDLs or MPLs, the binary diffusion coefficient 𝐷𝑖𝑗 should be 

modified to 𝐷𝑖𝑗
𝑒𝑓𝑓

 using tortuosity, porosity, and pore saturation. Incorporating the effect 

of the porous structure of the GDL and the resistance offered by such blockages, the 

binary diffusivity is modified by accounting the effect of GDL porosity and the tortuosity. 

According to the Bruggeman correlation, the effective diffusivity in a porous GDL can 

be expressed as, 

 𝐷𝑖𝑗
𝑒𝑓𝑓

= 휀𝜏𝐷𝑖𝑗  (5.61) 

where 휀 is the porosity of the structure that represents a ratio of pore volume to the 

total volume, and 𝜏 is the tortuosity that offers additional resistance to the diffusion due 

to the convoluted flow path within the porous medium. As has been seen in Chapter 

4, the compression (from 20% to 60%) can change the porosity and tortuosity from 

0.25 to 0.7 and 0.25 to 25, respectively, depending on the location of the porous 

structure. 

5.4.3 Knudsen flow 

Knudsen flow is observed where the frequency of gas molecule collision with the wall 

is much higher than the neighbouring molecule. Knudsen flow dominates with an 

increase in density of porous media, where a mean free path is 10 times greater than 

the pore radius. This suggests Knudsen flow might not be required for the GDL, but 

it’s the preliminary diffusion process defining mass transport in CLs and MPLs. 
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𝑁𝑖,𝑘 = −(
2

3
𝑟)√

8𝑅𝑇

𝜋𝑀
(
𝑑𝑐

𝑑𝑧
) (5.62) 

Here, r is the pore radius of the structure. This can be obtained from experimental 

techniques such as X-ray CT or TEM [188,294]. M is the molar mass of gas species, 

and dc/dz is the concentration gradient of gas species. (
2

3
𝑟)√

8𝑅𝑇

𝜋𝑀
 is known as Knudsen 

diffusivity (Dk), that is constant for the straight cylindrical pore, in case the of porous 

media,  

 𝐷𝑘,𝑝𝑜𝑟𝑜𝑢𝑠 𝑚𝑒𝑑𝑖𝑎 = −
휀

𝜏
𝐷𝑘,𝑠𝑖𝑛𝑔𝑙𝑒 𝑝ℎ𝑎𝑠𝑒 (5.63) 

where ε is porosity and τ is tortuosity of the porous medium 

5.4.4 Porous media conductivity 

GDLs are made from carbon fibre, and the conductivity through carbon fibres need to 

consider in the model. Ohm’s law is used to model GDL electrical conductivity [295]. 

 𝑖𝑖 = −𝜎𝑜휀𝐺𝐷𝐿
𝜏 ∇𝜙𝑔𝑑𝑙 (5.64) 

where 𝜎𝑜 is the electrical conductivity of the GDL. The effect of porosity and the 

tortuosity on the GDL conductivity is included in the equation through the Bruggeman 

correlation. i and 𝜙 are current and potential, respectively. Conducting and insulating 

phase co-exists in the GDLs. PTFE coating is the insulating phase; whereas carbon 

fibre is the conducting phase.  
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5.4.5 Vapour and gaseous species transport in PEFC (𝐗𝒊
𝒂/𝒄

) 

The velocity of the gaseous species (O2, N2, H2, H2O(v)) was obtained by solving the 

continuity equation. 

𝑆𝑔 = ∇ ∙ (𝜌𝑔𝑢𝑔) (5.65) 

where, 𝜌𝑔 is the density of the gaseous mixture [kg m-3] and 𝑢𝑔 is the velocity of the 

gaseous phase in the porous domain [m s-1]. The source term is 𝑆𝑔 [kg m3 s-1]. The 

velocity of the gaseous phase was obtained by Darcy’s law [71]. 

𝑢𝑔 = −
𝑘𝑝

𝜇𝑔
∇𝑝 

(5.66) 

where, 𝑘𝑝 [m2] is the permeability of porous media. As discussed in the previous 

chapters, the GDL permeability is highly anisotropic in nature [216,235,296] and can 

be affected by the compression [45,297,298]. The spatial permeability of the GDL, i.e. 

in the in-plane and the through-plane orientation can be derived numerically, using the 

Carman-Kozeny equation or experimentally using the microstructural data. The 

permeability of the catalyst layer was assumed constant and not affected by the 

compression. 𝜇𝑔 is the viscosity of the gas mixture [Pa s], and was derived from Wilke’s 

equation that uses kinetic theory extended to the multispecies mixture [299]. 

𝜇𝑔 = ∑
𝑋𝑖𝜇𝑖

𝑋𝑖 + ∑ (𝑋𝑗 ∙ 𝜙𝑖𝑗)𝑖≠𝑗𝑖

 
(5.67) 

 where 𝑋𝑖 is the mole fraction of the species in a gaseous mixture, obtained using the 

concentration solution theory, and μi [Pa s] is the viscosity of the gas species. 
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 𝜙𝑖𝑗 is the coefficient for each pair of the species in the gas mixture and depends on 

species viscosities and the molecular weight, 𝑀𝑖 [kg mol-1], given by 

𝜇𝑔 = ∑
𝑋𝑖𝜇𝑖

𝑋𝑖 + ∑ (𝑋𝑗 ∙ 𝜙𝑖𝑗)𝑖≠𝑗𝑖

 
(5.68) 

The species conservation in the GDL/CL domains is given by 

𝜕(휀𝑒𝑓𝑓𝐶𝑖)

𝜕𝑡
∇ ∙ (𝑢𝑔𝐶𝑖) + ∇ ∙ (−𝐷𝑖

𝑒𝑓𝑓
∙ ∇𝐶𝑖) = 𝑆𝑖 

(5.69) 

Here, as the model is solved in a steady-state, the first term on the left-hand side was 

assumed 0, 𝐶𝑖 [kg m-3] and 𝐷𝑖
𝑒𝑓𝑓

 [m2 s-1] are molar concentration and the effective 

diffusivity of the gaseous species, respectively [300]. Equations (5.65) through (5.69) 

are solved for both anode and cathode domains (GDL and CL). 

5.5 Modelling framework - 2D single-phase 

electrochemical model 

5.5.1 Formulation of the base-case model 

The computational models comprising of five layers, namely cathode GDL (domain 1), 

cathode CL (CCL) (domain 2), polymer electrolyte membrane (domain 3), anode CL 

(ACL) (domain 4), anode GDL (domain 5), and bipolar plates on either side of the 

assembly, as shown in Figure 5.8. The geometric and material properties of each layer 

are listed in Table 5-1. 

i. Reactant gas transport. Humidified feed gases (RH 100%) at both cathode and 

anode were treated as an ideal gas. The gases are transported through the 

GDL to CL, following the Stefan-Maxwell diffusion law. The membrane is 



Chapter 5 Modelling framework   

 

167 

 

assumed to be non-permeable to reactant gases and separates the cathode 

domain from the anode.  

ii. Catalyst layer. The base-case model solves the electrochemical reaction 

based on the concentration-dependent Butler-Volmer kinetics  

 

Figure 5.8– Schematics of the computational coupling and the solution methodology, various 

PDEs were solved at the colour coded computational domains. 

5.5.2 Governing equations 

By taking all the physical processes and the assumptions into consideration, the set 

of governing equations used for the base case model  is presented in Figure 5.9 
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Figure 5.9– Schematic highlighting the governing equation solved in the domains 

 

5.5.3 Boundary and initial conditions  

This section presents the initial and boundary conditions used to build the 

electrochemical performance model. Fully humidified reactant gas at 333 K was 

specified at both inlets. The mole fraction of the species and pressure at the cathode 

inlet (boundary A) are given as, 
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𝑋𝐻2𝑂
𝑐 = 

𝑃𝑠𝑎𝑡𝑅𝐻
𝑐

𝑃𝑐
 , 𝑋𝑂2

𝑐 =  0.21 (1 − 𝑋𝐻2𝑂
𝑐 ), 𝑋𝑁2

𝑐 = 0.79(1 − 𝑋𝐻2𝑂
𝑐 ),

𝑃 = 𝑃𝑐 

(5.70) 

Similarly, the mole fraction of the species and pressure at the anode inlet, i.e. boundary 

H are given as, 

𝑋𝐻2𝑂
𝑎 = 

𝑃𝑠𝑎𝑡𝑅𝐻
𝑎

𝑃𝑎
 , 𝑋𝑂𝐻2

𝑎 =  1 − 𝑋𝐻2𝑂
,𝑐 , 𝑃 = 𝑃𝑎 

(5.71) 

Temperature 𝑇 = 𝑇𝑐𝑒𝑙𝑙 = 313 [K] was prescribed at boundaries A, B, H, and G. The 

boundary conditions for the electrochemical model are given as the fixed potential at 

GDL/land interface, i.e. boundaries B and G. At the cathode, 𝜑𝑠 = 𝑉𝑐𝑒𝑙𝑙 [V] and the 

electrical ground condition is applied at the anode, i.e. 𝜑𝑠 = 0 [V].  

Table 5-1 – Input parameters used in the model. 

Parameters Value Ref. 

Inlet pressure anode/cathode, 𝑃𝑖𝑛 [atm] 1.1  

Reference temperature, 𝑇𝑟𝑒𝑓 [K] 333.15  

Inlet relative humidity, 𝑅𝐻𝑎/𝑅𝐻𝑐 100% / 

100% 

assumed 

Liquid water density, 𝜌𝑙𝑖𝑞 [kg m-3] 1.0 × 103  

The viscosity of liquid water, 𝜇𝑙𝑖𝑞 [Pa s] 3.56 × 10-4  

Cell voltage, 𝑉𝑐𝑒𝑙𝑙 [V] 0.6  
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Platinum loading, 𝑚𝑝𝑡 [mg cm-2] 0.4 [218] 

Agglomerate radius, 𝑟𝑎𝑔𝑔 [m] 10 × 10-6 [218] 

Henry’s hydrogen constant, 𝐻𝐻2 [Pa m-3 mol-1] 4.56 [252] 

Platinum surface area ratio, 휀𝑙 0.75 [252] 

The fraction of ionomer in the CL, 휀𝑚
𝑎𝑔𝑔

 0.2 [252] 

The specific active surface area of platinum, S [cm-2 g-1] 250,000 [252] 

Equivalent molecular weight of the membrane 𝐸𝑊𝑚 [kg 

mol-1] 

1.1 [252] 

Catalyst layer porosity, 휀𝑐𝑙  0.2 [250] 

Initial GDL porosity, 휀0
𝑁𝑜 𝑐𝑜𝑚𝑝𝑟𝑒𝑠𝑠𝑖𝑜𝑛

 0.75 Measured 

Contact angle, θ 120° [301] 

Carbon density, 𝜌𝑐  [kg m-3] 1.80 × 103 [252] 

Density of liquid water, 𝜌𝑙𝑖𝑞 [kg m-3] 983 [252] 

Density of dry membrane, 𝜌𝑚  [kg m-3] 2000 [252] 

Density of Pt particles, 𝜌𝑝𝑡 [kg m-3] 21.43 × 

103 

[252] 

Density of GDL, 𝜌𝐺𝐷𝐿 [kg m-3] 440 [252] 
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Density of CL, 𝜌𝐶𝐿 [kg m-3] 387 [252] 

Through-plane electrical conductivity of GDL, 

𝜎𝑡ℎ𝑟𝑜𝑢𝑔ℎ−𝑖𝑛𝑖𝑡𝑖𝑎𝑙
𝑔𝑑𝑙

 [S m-1] 

240 [302] 

In-plane electrical conductivity of GDL, 𝜎𝑖𝑛
𝑔𝑑𝑙
 [S m-1] 1600 [302] 

Electrical conductivity of CL, 𝜎𝐶𝐿 [S m-1] 500  

 

5.5.4 Numerical technique 

All of the PDEs in this model were solved in the commercial software environment, 

COMSOL Multiphysics 5.4. Equations (5.52) - (5.54), and (5.65), (5.66), (5.69) are 

predefined in the COMSOL environment, while all remaining equations were added 

externally to the model. The details of PDE couplings are as shown in Figure 5.8. The 

iterative approach has been adopted to solve the modelling framework. The 

convergence criteria were set at 10-6. The cell voltage, Vcell [V]  was used as a variable 

parameter that ranges from 1 V to 0.3 V to generate the polarisation curve in steps of 

0.01 V. The details of the solution procedure used is as shown in Figure 5.10. 
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Figure 5.10– Iterative modelling algorithm was adapted where the analysis was performed at 

each cell voltage, Vcell [V], Vi = 1 V and ∆V = 0.01 V 
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Mesh independency was checked by solving a base-case study using three different 

mesh density; 2,000, 6,000, and 8,000, respectively. 1% deviation was observed in 

terms of the polarisation curve, pressure and species molar concentration. Thus, the 

mesh density of 8,000 was selected as a good trade-off between the result accuracy 

and computational time. 

5.5.5 Results and discussions 

 

Figure 5.11 compares the experimental data with the results simulated by the 

agglomeration model. The parameters used for model validation and base case are 

listed in Table 5-2. 

 It is apparent from Figure 5.11 that the overall simulation results are in good 

agreement with the experimental data. The nominal deviation in results at a higher 

voltage from the experimental data is due to the variation in catalyst layer properties. 

At higher current densities there is a sudden loss in voltage which is caused by the 

increase in mass transport resistance. The deviation at higher current density is due 

to the strong dependence on the mass transport losses and the presence of liquid 

water. The agglomerate model accounts for the resistance of oxygen transport to the 

Pt surface; hence, the agglomerate film model gives a good correlation with the 

experimental data. This is in agreement with widely published literature 

[218,250,289,292,303].  
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Figure 5.11– Comparison between the base case simulation model and the experimental 

results. the experimental details are provided in Table 5-2, the details of the cell used for the 

experiment are provided in section 3.1 
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Table 5-2 – Operating conditions, base-case simulation and experimental data 

Parameters Base-case 

simulation 

Experimental 

data 

Inlet pressure 

anode/cathode, 𝑃𝑖𝑛 [atm] 

1.1  

Inlet flow rate, �̇� [SLPM]  0.5/0.5 

Reference temperature, 𝑇𝑟𝑒𝑓 [K] 333.15 333.15 

Inlet relative humidity, 𝑅𝐻𝑎/𝑅𝐻𝑐 100% / 100% 100% / 100% 

Liquid water density, 𝜌𝑙𝑖𝑞[kg m-3] 1.0 × 103  

The viscosity of liquid water, 𝜇𝑙𝑖𝑞 [Pa s] 3.56 × 10-4  

Cell voltage, 𝑉𝑐𝑒𝑙𝑙 [V] 0.6  

Platinum loading, 𝑚𝑝𝑡[mg cm-2] 0.4 [218]  

Agglomerate radius, 𝑟𝑎𝑔𝑔[m] 10 × 10-6  [218]  

Cell compression  25% 

 

Polarisation curve 

Figure 5.12 illustrates the impact of GDL porosity on the PEFC polarisation 

performance and the localised current density distribution. As shown in section 4.3.6.1, 
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GDL porosity varies between 0.75 at uncompressed state to 0.3 at highly compressed 

condition. Hence, for this analysis, four different porosities were chosen; 0.4, 0.5, 0.6, 

and 0.75. Notionally, a polarisation curve, as shown in Figure 5.12(a), can be 

partitioned into three regions, the activation dominant region, (V > 0.8 V), the Ohmic 

dominant region (0.5 V < V < 0.8 V) and the mass transport dominant region (V < 0.5 

V).  

 

Figure 5.12– Schematics of the computational coupling and the solution methodology, various 

PDEs were solved at the colour coded computational domains. 

It is evident that at low current densities, i.e. at the activation dominant region, the 

effect of porosity on the averaged current density is negligible. With an increase in the 

current density, the electrode kinetics demands for more reactant, and hence, the 

localised starvation zones emerge from the material limitations that cannot provide 

sufficient reactant to catalyst layers. This effect is predominantly observed in the 
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cathode domain. This is expressed by Equation (5.61), showing the relationship 

between gas diffusivity and the porosity. Hence, with an increase in the current 

density, the mass transport losses dominate the fuel cell performance, which is 

preliminarily defined by the resistance to the gas diffusivity. Thus; with an increase in 

the current density, the effect of porosity on the PEFC performance is substantial at 

the mass transport dominant region. However, it is essential to note that, at lowered 

porosity, the effect of mass transport losses could dominate the Ohmic region.  

Figure 5.12 (b) depicts the distribution of current density at the interface between the 

catalyst layer and GDL for three load conditions and variable porosities. The key 

observations include: non-uniformity in the current density distribution, i.e. notional 

‘peaks’ and ‘valleys’ become more defined with an increase in the operating load. The 

current density ‘peaks’ were observed at the interface edge between channel and land, 

and current density ‘valleys’ were observed towards the centre of the land region. 

In the activation region, (V = 0.85 V), at ε = 0.75, the standard deviation in the localised 

current density was 0.013 A cm-2, with local minima under the land region is 0.1725 A 

cm-2 , and local maxima reaching up to 0.2123 A cm-2. With lowering the GDL porosity 

(ε) to 0.4, the standard deviation in the plotted current density distribution values 

reached up to 0.014 A cm-2. Though lowering the GDL porosity has resulted in an 

increase in the standard deviation in local current density by 8.35%, the averaged 

current density remained virtually identical (maximum standard deviation is less than 

1%). This result shows that even though the results obtained for four GDL porosity 

values yield identical data on the polarization curve, the local current distributions are 

different. This could be explained by the fact that the performance dynamics at the 

activation region is primarily based on the properties of CL, and GDL properties have 

minimal effect on the performance at the activation dominant region. 

In the Ohmic dominant regions, i.e. V = 0.6 V, ‘localised peaks’ in the current density 

distribution were observed near the corner of the land, irrespective of the cell GDL 
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porosity. At higher porosity condition, i.e. ε = 0.75, the standard deviation was 0.03523 

A cm-2. The deviation increase in the Ohmic region by three folds compared to the 

activation region. With lowering the porosity to ε = 0.4, the standard deviation in the 

plotted current density distribution values reached up to 0.116 A cm-2. Lowering the 

GDL porosity has resulted in an increase in the standard deviation by 77.17%. 

However, the change in the localised maxima (localised peak in the current density ) 

was less than 1%; whereas the localised minima (valley) has lowered by 23%. This 

highlights that the GDL porosity has affected markedly under the land region in the 

Ohmic dominant region. However, the effect of change in contact resistance and the 

GDL through-plane conductivity with the change in the GDL porosity is not accounted 

in the present model (effect of porosity models). Therefore, the effect on the Ohmic 

resistance with respect to change in the GDL porosity has not impacted the localised 

maxima in the current density.  

In the mass transport dominant region, i.e. V = 0.35 V, with the increased current 

density, the requirement of reactant increases. Also, increased current density results 

in the accumulation of water under the land region that increases mass transport 

resistance. Hence, with lowering GDL porosity from 0.75 to 0.4, the non-uniformity in 

the current density distribution has increased from 0.130 A cm-2 0.228 A cm-2. 

Lowering the GDL porosity has resulted in a 44 % reduction in ‘under the land’ current 

density while 18.5% reduction in under the channel current density. Therefore, in the 

mass transport dominant region, i.e. V = 0.35 V, the reduction in the GDL porosity has 

resulted in the deeper current density distribution valley while lowering overall 

performance. 

The molar concentration of oxygen 

The oxygen concentration at the cathode CL determines the fuel cell performance. 

The effect of cell compression and the operating load on the oxygen concentration 

inside the cathode domain, i.e. cathode GDL and CL are depicted in Figure 5.13. The 
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highest oxygen concentration exists under the channel region. With lowering GDL 

porosity, the oxygen transport resistance increases, lowering the oxygen 

concentration, preliminary affected in the region under the land. 

 

Figure 5.13– Effect of GDL porosity on the distribution of oxygen molar concentration, measured at 

ε = 0.75, 0.6, 0.5, and 0.4., (a) activation dominant region, V= 0.85 V, (b) Ohmic dominant region, 

V= 0.6 V, and (c) mass transport dominant region, V= 0.35 V, 

At the activation dominant region, i.e. V = 0.85 V, lowering the GDL porosity has 

resulted in both the in-plane and the through-plane oxygen concentration gradient. At 

ε = 0.75, oxygen concentration under the channel region remains almost constant 

(variation less than 1%) when compared between the channel-GDL interface and CL-

membrane interface. At lowered porosity, i.e. ε = 0.4, the concentration gradient 

between the channel-GDL and CL-membrane interface has increased to 11.76% when 

measured under the channel region; however, the same under the land region has 

reached up to 14.7%.  
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At the Ohmic dominant region, i.e. V = 0.6 V, lowering the GDL porosity has resulted 

in an evident oxygen concentration gradient, both the in-plane and the through-plane 

direction, with highest oxygen concentration at the inlet (channel-GDL interface) and 

the lowest concentration CL-membrane interface under the land region. Similarly, at 

the mass transport dominant region (V = 0.35 V), the oxygen concentration has been 

affected both the GDL porosity and the operating conditions. The effect of the 

operating condition, i.e. cell voltage is preliminary evident at the higher porosities. With 

lowering the GDL porosity, the oxygen concentration is virtually similar both at the 

Ohmic and the mass transport region.  

In the lower voltage conditions, i.e. Ohmic and mass transport dominant region, the 

decrease in oxygen concentration, both in the in-plane and the through-plane direction 

can be explained by an increase in the rate of oxygen consumption due to enhanced 

ORR that increases the resistance to oxygen transport. The oxygen transport 

resistance is determined by the GDL microstructure and subsequently the effective 

transport properties of the GDL. Based on Equation (5.69), lowering the porosity 

resulted in lowering oxygen diffusivity and increase in oxygen mass transport 

resistance. 

Cathode overpotential profile  

Figure 5.14 represents the overpotential within the cathode catalyst layer. 

Overpotential is defined as a difference among the solid phase electrode potential (𝜑𝑠), 

electrolyte phase potential (𝜑𝑙), and the equilibrium potential of the electrode (𝐸𝑐
𝑒𝑞), 

according to Equation 5.54. It represents the driving force of the electrochemical 

reaction. The negative cathode overpotential results in making the second term in the 

bracket of Equation 5.27 negative, leading to the positive cathode current. 

The maximum absolute overpotential was observed under the land region compared 

to under the channel region, in case of all porosity conditions. The electrons take a 

longer path under the channel region to reach CL under the land region. This leads 
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the higher electrical resistance and results in higher solid-phase electrode potential 

(𝜑𝑠) and lowering absolute cathode overpotential under the channel region. 

 

Figure 5.14– Half-symmetry contour plot showing the effect of porosity on the cathode 

overpotential (ɳ𝐶), , measured at ε = 0.75, 0.6, 0.5, and 0.4.,  plotted at the activation (V = 

0.85 V), Ohmic (V = 0.6 V) and mass transport (V = 0.35 V) operation  

Lower GDL porosity results in enhance electronic conduction, both in the in-plane and 

in the through-plane direction, reducing Ohmic losses. Hence, reduction in the GDL 

porosity has resulted in higher absolute overpotential. This behaviour was observed 

over all the operating conditions. Hence, the GDL porosity and the operating load 
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leads to the non-uniform distribution of cathode current density and the rate of oxygen 

reduction reaction (ORR).  

This section has presented the effects of the GDL porosity on the PEFC performance. 

Based on the constitutive relationships described in Section 5.4, the porosity affects 

mass transport in the GDL and CL, affecting fuel cell performance. As described in the 

previous chapters, GDL porosity is preliminarily affected by the cell compression that 

leads to the non-uniform porosity distribution across the active surface area. Chapter 

4 collectively describes the effect of cell compression on the GDL porosity and other 

related effective parameters that affect fuel cell performance. Hence, to generate the 

comprehensive understanding of the in-situ fuel cell performance, it is important to 

develop the multi-phase fuel cell model considering the effect of cell compression on 

the porosity and related effective properties of the fuel cell components. Therefore, the 

present model stands as the framework to develop the multi-phase non-isothermal 

fuel cell model. 

5.6 Conclusion 

The objective of the present chapter was to develop the electrochemical modelling 

framework for low-temperature PEFCs. This chapter presents the overview of 

electrochemical modelling techniques for fuel cells, along with the particular 

challenges encounters during the model developments. Further, this chapter 

effectively delineates the electrochemical and physical processes governing the fuel 

cell performance. The series of equations that represents the chemical and physical 

behaviour of individual components of the fuel cell is developed. The membrane model 

based on the concentrated and dilute solution theory is presented with the focus on 

mass transport through the membrane and conservation of protons. This model forms 

the foundation for the membrane-water content model, and effectively the base of the 

multi-phase PEFC model, presented in Chapter 6. Both Butler-Volmer and 
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agglomerate structure-based equations are developed that adequately represent the 

reaction kinetics at the catalyst layers. Porous media in the fuel cell, i.e. mainly gas 

diffusion layers play a critical role in defining mass transport processes in the fuel cell. 

Hence, the chapter has described the mass transport processes that define flow 

through GDL. 

Finally, the chapter presents the framework for a two-dimensional single-phase 

electrochemical model that presents the polarisation performance of PEFC, validated 

against the experimental data. The sensitivity analysis was focusing on the effect of 

GDL porosity highlights that the microstructural parameters affected by the cell 

compression alter the PEFC performance while emphasising on the importance of the 

multi-phase PEFC model. Hence, the single-phase model presented in this chapter 

forms the foundation of a structural-electrochemical multiphase PEFC model that 

collectively presents the effect of cell compression on the PEFC performance.  
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Abstract 

The way in which a polymer electrolyte fuel cell (PEFC) is brought into mechanical 

compression has a significant effect on the structure of the membrane electrode 

assembly (MEA) and its operation. Adequate cell compression is required for effective 

current collection and gas sealing but can result in structural deformation of the MEA 

and limit reactant transport with adverse consequences to the electrochemical 

behaviour of the cell. The present study uses X-ray computed tomography (CT) to 

characterise the structure of MEAs under compression and determine key initial 

structural parameters (discussed in Chapter 4). A comprehensive multi-phase, a non-

isothermal numerical model is then used to couple structural characteristics of the 

MEA under compression with the electrochemical performance. The structural model 

considers the deformation of the GDL’s fibrous media under non-uniform (i.e. land and 

channel) compression, (15%, 25% and 35%), and describes the non-uniform 

distribution of the effective properties which are used as inputs to the electrochemical 

model. The effect of compression on performance is most marked in the mass 

transport region, and non-uniform compression effects are found to be important 

considerations for robust modelling studies. 
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Chapter 4has highlighted the effect non-uniform cell compression has on the effective 

properties on the fuel cell that defines the fuel cell performance. This chapter describes 

a comprehensive, a two dimensional, through-the-MEA continuum model of the fuel 

cell model that incorporates the non-linear mechanical behaviour of the GDL observed 

when subjected to inhomogeneous compression, and it is coupled with the two-phase 

flow, non-isothermal, steady state model. The present model is based on a spherical-

agglomerate catalyst structure to predict the effect of non-uniform compression on 

water accumulation. The model provides guidance for optimisation of fuel cell 

compression and the water management for the low-temperature PEFCs having the 

symmetrically aligned flow-field architecture for the reactant transport. 

6.1 Introduction 

MEAs typically consists of a polymer electrolyte membrane (typically Nafion), 

microporous layer (MPL), GDLs and CLs are sandwiched between bipolar plates, in 

which flow-field channels are machined for transportation of gas and product water. 

While cell compression is required to provide good electrical contact and adequate 

sealing [109,110], the MEA components take the majority of the compressive 

dimension change, as presented in Chapter 4. The symmetrical flow-field architecture 

results in non-uniform compression of the GDL, leading to a loss of pore volume, 

primarily in the region under the land. This results in a loss of GDL porosity and 

permeability, and an increase in mass transport resistance [45,76]. A careful balance 

has to be struck in achieving effective water management and performance 

improvement in a fuel cell. The effect of compression on fuel cell performance was 

studied experimentally by Mason et al. using electrochemical impedance 

spectroscopy (EIS) [121]. They reported an improvement in contact resistance 

between the GDL and bipolar plate with an increase in compression. However, the 
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performance deteriorated with increased compression due to increased mass 

transport limitation. The effect of compression on water management was studied by 

Wu et al. using neutron radiography in the plane parallel to the MEA [125], the findings 

from which support the trade-off situation between electrical contact resistance and 

mass transport limitation due to flooding. While such experimental investigations 

provide great insight into fuel cell operation, the slow iterative nature of systematically 

varying design and operational conditions makes modelling a powerful design tool to 

examine the effect of such things as compression. The modelling study presented in 

0 has highlighted the impact of effective properties such as porosity and conductivity 

on the fuel cell performance, which are altered non-uniformly under fuel cell 

compression. 

Several classes of computational models have been developed in the last two decades 

with the aim of fully resolving reactants and liquid water transport, and heat 

management characteristics [30,255,304,305]. Models that capture water 

management aspects such as 2D multiphase flow models by Xing et al. [250,292] and 

water uptake by Chaudhary et al. [252] continue to be developed.  

Despite significant efforts put into improving fuel cell models, the majority of models 

consider the MEA not to be compressed, or at least not to have a varying compression 

associated with lands and channels. The work of Hottinen et al. is among the first 

models to elucidate the importance of modelling cell compression to model realistic 

PEFC performance PEFC [231]. However, the effect of non-uniform compression 

across a regime of operation, expected to be limited by reactant access to the 

electrode (i.e., high current density, high relative humidity), could not be captured 

adequately due to the absence of liquid water. The half-cell MEA study by Mahmoudi 

et al. revealed that the increase in cell compression primarily affects the region 

dominated by mass transport. However, the model assumed isothermal operating 

conditions and the effect of compression on temperature distribution was not 
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investigated. Zhou et al. developed a compression deformation model and showed 

non-uniform cell compression affects the porosity of the GDL as well as the contact 

resistances. This study used the elastic-plastic deformation approach to obtain the 

porosity distribution across the GDL [227,228].  

Currently, the most common approach to resolving fuel cell compression is to use 

empirical parameters obtained using ex-situ characterisation techniques such as X-

ray CT and SEM, followed by implementation of electrochemical models [188]. This 

approach was taken and refined by Shimpalee et al. using a co-simulation approach 

where the flow-fields and the MEA were simulated using continuum modelling; 

whereas the diffusion media was simulated using the Lattice Boltzmann method (LBM) 

[306]. However, this combination of continuum-based and image-based modelling is 

computationally expensive and not always representative of the generic fuel cell due 

to the heterogeneity and variety of the commercially available fibrous materials. 

Despite substantial efforts put into developing a compression model for the PEFC, a 

model that describes the localised effect of compression on liquid water accumulation, 

membrane hydration and temperature distribution is still not available.  

6.2 Model formulation 

The present work aims to delineate the effect of compression on the performance. The 

following methodology was adopted in this study. 

Fuel cell geometry and the computational domain. The computational models 

comprising of five layers, namely cathode GDL (domain 1), cathode CL (CCL) (domain 

2), polymer electrolyte membrane (domain 3), anode CL (ACL) (domain 4), anode 

GDL (domain 5), and bipolar plates on either side of the assembly, as shown in Figure 
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6.1. The geometric and material properties of each layer are listed in Table 6-1 and 

Table 6-2. 

i.Structural properties. Three distinctive cell compressions, 15%, 25% and 35% are 

compared in this study, accounting for the change in the effective properties in the 

porous domain. 

ii.Reactant gas transport. Humidified feed gases (RH 100%) at both cathode and anode 

were treated as an ideal gas. The gases are transported through the GDL to CL, 

following the Stefan-Maxwell diffusion law. The membrane is assumed to be non-

permeable to reactant gases and separates the cathode domain from the anode.  

iii.Water transport through the membrane. Membrane/ionomer was assumed to be 

permeable to the dissolved phase of water. The water dissolves into the ionomer in 

the vapour phase during water uptake. The dissolved water is assumed to leave the 

membrane in the liquid phase. Water is assumed to be generated in the vapour phase 

at the CCL. 

iv.Liquid water transport. Liquid water is generated through condensation of water 

vapour and membrane/ionomer desorption. Liquid water was assumed to be present 

only in the cathode domain. 

v.Membrane swelling. The effect of membrane swelling was not considered in this study. 

vi.Catalyst layer. The present study adopted the spherical agglomerate model developed 

by Sun et al. [218]. The model assumes each agglomerate to consist of three main 

phases; Pt dispersed on carbon particles (Pt/C), ionomer and pores. Liquid water was 

assumed to fill the pores in the agglomerate structure.  
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Figure 6.1–Schematic of the modelling methodology, where the results of the structural model 

act as the input for the electrochemical model 

6.2.1 Governing equations 

The present model combines structural and electrochemical models. Multiple coupled 

partial differential equations (PDEs) are solved to resolve the physical operation; the 

variables and physics-based approach are presented in this section.  
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Figure 6.2– Schematics of the computational coupling and the solution methodology, various PDEs 

were solved at the colour coded computational domains. 

 

The solid mechanics (u, v) physics were solved across all domains in the MEA as 

shown in Figure 6.2; the variables u and v represent the structural deformation in the 

x and y-direction, respectively. Geometrical and material properties of the component 

are listed in Table 6-1 and Table 6-2 

The structural stresses on the fuel cell components subjected to cell compression can 

be obtained by a linear deformation approach [111,139,307], non-linear isotropic 

approach [308] or using more realistic nonlinear orthotropic models [213]. However, 

as the aim of the current modelling study is to investigate the effect of compression on 

the performance of the fuel cell, a simplified linear elastic model was used across the 

domain. The deformation of the GDL under compression was obtained by plane-strain 

theory. 
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𝜎 =  𝐸휀𝑒𝑙𝑎𝑠𝑡𝑖𝑐 (6.1) 

where 𝜎 is the principal stress [N m-2 ], E is Young’s modulus [GPa] and 휀𝑒𝑙𝑎𝑠𝑡𝑖𝑐 is the 

elastic strain in the domain. The boundary conditions applied for the structural model 

are as shown in Figure 6.1. The deformation u and v indirectly represents the change 

in volume of the computational domain. The volumetric strain was further used to 

evaluate the non-uniform distribution of effective properties of the GDL under 

compression. The deformed geometry and the effective properties were used as the 

control domain and the material properties for the electrochemical model. 

Table 6-1 – Geometric properties of the fuel cell component used in the computational domain 

Parameters Value Ref. 

GDL thickness,  ℎ𝐺𝐷𝐿 [μm] 250 Measured 

Membrane thickness,  ℎ𝑚𝑒𝑚𝑏𝑟𝑎𝑛𝑒 [μm] 50 Measured 

Catalyst layer thickness,  ℎ𝐶𝐿 [μm] 15 Measured 

Half channel width,  𝑤𝑐ℎ𝑎𝑛𝑛𝑒𝑙 [μm] 500 Measured 

Half land width,  𝑤𝑙𝑎𝑛𝑑 [μm] 500 Measured 
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Table 6-2 Material properties of the fuel cell component used in the structural model 

Component Density [kg m-3] Young’s 

Modulus 

[GPa] 

Poisson’s ratio Ref. 

GDL 400 10 0.25 [224] 

CL 2000 0.19 [300 K, 

RH 35%] 

0.25 [224] 

Membrane 2000 0.200 [300 K, 

RH 35%] 

0.25 [224] 

 

The species transport in the PEFC includes vapour and gaseous species transport. 

The transport of these species, H2 and H2O(v) in the anode domain and O2, N2 and 

H2O(v) in the cathode domain was solved using the gaseous species transport model 

as discussed in 5.4.5 

 

Water transport through the membrane is defined by the migration of water from anode 

to cathode under electro-osmotic drag (EOD), back-diffusion of water from cathode to 

anode, and hydraulic permeation of the water. This can be modelled by three distinct 

approaches, diffusive models, chemical potential models, and the hydraulic models. 

According to the dilute solution theory, the Nafion membrane can be considered as 

the solvent, while protons and the dissolved water can be considered as the solute. 
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Hence, this approach assumes that the only interaction takes place in the membrane 

domain is between solute (proton and the dissolved water) and the solvent, i.e. the 

Nafion membrane. The effect of interactions between any other solute species is 

assumed negligible in this approach.  

 Adequate water transport through the Nafion membrane is essential for PEFC 

operation. The water content in a membrane (λ) is described as the ratio of the number 

of water molecules in the system to the number of charged (SO-
3H+) sites in the same 

domain. An experimental relationship for Nafion 117 membrane was presented by 

Zawodzinski et al. that shows membrane water content is the function of water activity, 

‘a’ [31]. This is derived by weighing membranes equilibrated above aqueous solutions 

of lithium chloride concentration at constant temperature 30 °C and constant pressure 

conditions. Water sorption isotherm as a function of water content λ and a water 

vapour activity, ‘a’, measured at the interface is shown in Figure 1.12. Water vapour 

activity can be calculated as, 

 
a =

XH2O𝑃

𝑃𝑠𝑎𝑡
 𝑎 ∈  [0… .3] (6.2) 

The equation relates the saturation ratio to the water vapour activity (a), measured at 

the membrane/CL interface. A molar fraction of water at the membrane interface 

represented as 𝑋𝐻2𝑂. P is the pressure at the anode / cathode interface and 𝑃𝑠𝑎𝑡  is a 

saturation pressure. In this case, water activity is assumed to be less than a unit. The 

water content is given as a function of water vapour activity, based on the water 

sorption curve. 

 𝜆𝐻2𝑂 𝑆𝑂3⁄ = 0.043 + 17.81𝑎 − 39.85𝑎2 + 36.0𝑎3 0 ≤ 𝑎 ≤ 1  (6.3) 
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As shown in Figure 1.12, at unit water vapour activity, when the measured value of 

water content is in the equilibrium with saturated water vapour, water content λ is equal 

to 14. Water content, λ increases linearly from 14 to 16.8 when the water activity is 

greater than 1.  

The water transport through the membrane can be derived by the following form of the 

conservation equation [250] 

 
∇ ∙ (𝑛𝑑

𝑖𝑚
𝐹
) − ∇ ∙ (𝐷𝐻2𝑂

𝑚 ∙ ∇𝐶𝐻2𝑂
𝑑 ) − (

𝑘𝑝
𝑚𝐶𝐻2𝑂

𝑑

𝜇𝐻2𝑂,𝑙
∇𝑝) = 𝑆𝐻2𝑂

𝑑  (6.4) 

where 𝑛𝑑 is the EOD coefficient, 𝐷𝐻2𝑂
𝑚  [m2 s-1] is the diffusion coefficient of water 

through the membrane, 𝑘𝑝
𝑚 [m2] is hydraulic permeability of water in the membrane, 

𝜇𝐻2𝑂,𝑙 [Pa s] is liquid water viscosity, and 𝐶𝐻2𝑂
𝑑  [kg mol-1] is the dissolved water 

concentration in the membrane, which is defined by the membrane water content (λ). 

𝜆 =  
𝐶𝐻2𝑂
𝑑 𝐸𝑊𝑚

𝜌𝑚𝑀𝐻2𝑂
 

(6.5) 

𝐸𝑊𝑚 [g mol-1] is the equivalent weight of the dry membrane/ionomer and 𝜌𝑚 [kg m-3] 

is the density of the membrane/ionomer. The source term 𝑆𝐻2𝑂
𝑑  defines the phase 

transfer between dissolved water and the water vapour and constitutes two distinct 

phenomena; water uptake by membrane/ionomer and water desorption. Water uptake 

is defined as absorption when the equilibrium concentration of water is higher than the 

dissolved water concentration, and the phase is transferred from water vapour to 

dissolved water. Water desorption defines the phase transfer from dissolved water to 

liquid water when dissolved water concentration is higher than the equilibrium water 

concentration (𝐶𝐻2𝑂
𝑒𝑞 ) The equilibrium water concentration is a function of water vapour 

activity (a). Using the empirical correlation between equilibrium concentration and 
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water vapour activity adjacent to the membrane described by Zawodzinski et al. [33], 

Equation (6.3), the equilibrium water concentration (𝐶𝐻2𝑂
𝑒𝑞

) can be calculated as 

𝐶𝐻2𝑂
𝑒𝑞 = 

𝜌𝑚𝑀𝐻2𝑂

𝐸𝑊𝑚
[(0.043 + 17.81𝑎 − 39.85𝑎2 + 36.0𝑎3)(1 − 𝑠) + 16.8𝑠] 

(6.6) 

where ‘s’ is the level of liquid water saturation in the domain. Here, the source term 

𝑆𝐻2𝑂
𝑑  can be defined as 

𝑆𝐻2𝑂
𝑑 = 𝑆𝐻2𝑂

𝑣𝑑 + 𝑆𝐻2𝑂
𝑑𝑙  (6.7) 

𝑆𝐻2𝑂
𝑣𝑑 = 𝛾𝑎𝑑𝑠(𝐶𝐻2𝑂

𝑒𝑞 − 𝐶𝐻2𝑂
𝑑 )    𝐶𝐻2𝑂

𝑑 < 𝐶𝐻2𝑂
𝑒𝑞  (6.8) 

𝑆𝐻2𝑂
𝑑𝑙 = 𝛾𝑑𝑒𝑠(𝐶𝐻2𝑂

𝑑 − 𝐶𝐻2𝑂
𝑒𝑞 )    𝐶𝐻2𝑂

𝑑 ≥ 𝐶𝐻2𝑂
𝑒𝑞  (6.9) 

where superscript ‘vd’ represents the phase change from water vapour to dissolved 

water, and superscript ‘dl’ represents the phase change from dissolved water to liquid 

water. 𝛾𝑎𝑑𝑠 and 𝛾𝑑𝑒𝑠 are water adsorption and desorption coefficient. 

 

For both water and proton, the conservation of mass can be represented by; 

 𝜕𝑐𝑖
𝜕𝑡

=  −
𝜕

𝜕𝑧
𝑁𝑖 (6.10) 

The molar concentration is Ci and molar flux due to electro-osmotic force is Ni. Using 

diluted solution theory, Ni is given by Nernst-Plank equation, (Section 5.2)_ 

 𝑁𝑖 = 𝐽𝑖 + 𝑐𝑖𝑢
𝑚 (6.11) 
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The electro-osmotic drag is a rate at which water molecules are dragged by protons, 

migrated from anode CL to cathode CL through the membrane, under the influence of 

the electric field. um is the velocity of a membrane species, and Ji is the diffusive flux. 

Here, EOD represents the flux of water molecules. 

 
𝑁𝐻2𝑂 = −𝐷𝜆,𝑇

𝜕𝑐𝐻2𝑂
𝑚

𝜕𝑧
+ 𝑛𝑑𝑟𝑎𝑔

𝑖𝐻+

𝐹
 (6.12) 

where 

 
𝑛𝑑𝑟𝑎𝑔 = {

0.2𝜆                             𝜆 <  5
       1                        5 ≤ 𝜆 ≤ 14 
0.1875𝜆 − 1.625        𝜆 > 14

 (6.13) 

 

Springer et al. defined the diffusion coefficient of water through the membrane, 𝐷𝜆,𝑇 , as 

a function of water content in the membrane and the operating/membrane temperature 

[30]. 

 
𝐷𝜆,𝑇 = 𝐷′ [𝑒𝑥𝑝 [2416 (

1

303
−
1

𝑇
)] 𝜆 

1

𝑎
 

1

17.81 − 78.9𝑎 + 108𝑎2
] (6.14) 

where a is the water vapour activity and D’ [m2 s-1] is the diffusion coefficient measured 

at constant temperature and change in coordinate due to membrane swelling [30]. D’ 

measured at 30 °C is written as, 

 

𝐷′ = {
2.64227𝑒−13, 𝜆 < 1.23

7.75𝑒−11𝜆 −  9.5𝑒−11, 1.23 ≤ 𝜆 ≤ 6

2.5625𝑒−11𝜆 − 2.1625𝑒−10, 𝜆 < 14

 (6.15) 
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The water content in a membrane increases from the anode to cathode. Water is 

generated at the cathode CL. Generally, the quadratic profile of membrane hydration 

present along the thickness of the membrane is due to a higher rate of water 

generation at cathode CL compared to the water transport via EOD and back diffusion. 

An increase in water content affects the Ohmic and mass transport resistance. 

Membrane resistance is expressed as, 

 
𝑅𝑚 = ∫

𝑑𝑧

𝜎𝑀𝑒𝑚(𝜆)

𝑡𝑚𝑒𝑚

0

 (6.16) 

where 𝑅𝑚 is a membrane resistance [Ω cm-2] and 𝜎𝑚𝑒𝑚(𝜆) [S m−1] is the proton 

conductivity of a membrane as a function of water content at cell operating 

temperature. The proton conductivity is calculated as, 

 
𝜎𝑀𝑒𝑚 = 𝑒𝑥𝑝 [1268 (

1

303
−
1

𝑇
)] (0.5139𝜆 − 0.326) (6.17) 

 

In the two-phase flow through a porous medium, a saturation of the liquid phase is an 

important parameter, which indicates the volume of pore available for the gas phase 

to diffuse. The liquid water transport through porous media is defined by the following 

equation [252]. 

∂(ε𝜌𝐻2𝑂
𝑙 𝑠)

∂t
+ ∇ ∙ (𝜌H2𝑂

𝑙 𝐷𝑐∇𝑠 −
ρ
H2O
l kr

lµ
H2O
g

kr
gµ
H2O
l

𝒖𝑯𝟐𝑶) = 𝑀𝐻2𝑂𝑆𝐻2𝑂
𝑙  

(6.18) 
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where 휀 is the porosity of the domain, s is the extent of saturation, 𝜌𝐻2𝑂 
𝑙 [kg m-3] is the 

density of liquid water, 𝜇𝐻2𝑂
𝑙  and 𝜇𝐻2𝑂

𝑔
 [Pa s] are the dynamic viscosity of liquid water 

and water vapour respectively, 𝑘𝑟
𝑙  and 𝑘𝑟

𝑔
 are the relative permeability of liquid water 

and water vapour, 𝒖𝑯𝟐𝑶 [m s
−1] is the velocity vector. 𝑀𝐻2𝑂 [kg m-3]is the molecular 

weight of water, and 𝐷𝑐 [m
2 s-1] is the capillary diffusion coefficient, calculated as [252], 

𝐷𝑐 = 
𝑘𝑟
𝑙

𝜇𝐻2𝑂
𝑙  𝜉 𝑐𝑜𝑠(𝜃) (√휀𝑘𝑝)

𝑑𝐽(𝑠)

𝑑𝑠
 

(6.19) 

Here, the relation between capillary pressure and the saturation is defined by 𝐽(s), i.e. 

the Leverett-J function. However, it is essential to note that various different 

approaches have been used in the literature to describe water retention curves 

[243,309–314], while traditional Leverett-J approach is one of the most commonly 

used and well-established methods in the literature to describe water retention curves. 

This approach can be tailored according to GDL properties by accounting for 

parameters such as surface tension of liquid water 𝜉 [N m-1], contact angle 𝜃 [°], and 

PTFE content for better depiction of liquid water transport inside a fuel cell [310]. The 

form of Leverett-J function used in this study is [250,315]; 

𝐽(s) =  {
   1.417(1 − s) − 2.120(1 − s)2 + 1.263(1 − s)3        θ < 90°  

 1.417s − 2.120s2 + 1.263s3                                           θ > 90°
 

(6.20) 

According to the assumption, liquid water transport was solved only in the cathode 

domain. 𝑆𝐻2𝑂
𝑙  is the source term that defines the rate of phase transfer between water 

vapour and liquid water either by condensation or evaporation and defined as,  
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𝑆𝐻2𝑂
𝑙 = 

{
 
 

 
 𝑘𝑐𝑜𝑛

휀(1 − 𝑠)𝑥𝐻2𝑂
𝑣

𝑅𝑇
                     𝑃𝑠𝑎𝑡 ≤ 𝑃𝐻2𝑂

𝑣

 𝑘𝑒𝑣𝑎
휀𝑠𝜌𝐻2𝑂

𝑙 (𝑃𝑠𝑎𝑡 − 𝑃𝐻2𝑂
𝑣 )

𝑀𝐻2𝑂
        𝑃𝑠𝑎𝑡 > 𝑃𝐻2𝑂

𝑣

 

(6.21) 

where 𝑘𝑐𝑜𝑛 and 𝑘𝑒𝑣𝑎 is the rate coefficients of condensation [atm-1 s-1] and the rate 

coefficient of evaporation [s-1], respectively. 

Table 6-3 – Input parameters used in model 

Parameters Value Ref. 

Inlet pressure anode/cathode, 𝑃𝑖𝑛 [atm] 1.1  

Reference temperature, 𝑇𝑟𝑒𝑓 [K] 333.15  

Inlet relative humidity, 𝑅𝐻𝑎/𝑅𝐻𝑐 100%/100% assumed 

Liquid water density, 𝜌𝑙𝑖𝑞 [kg m-3] 1.0 × 103  

The viscosity of liquid water, 𝜇𝑙𝑖𝑞 [Pa s] 3.56 × 10-4  

Cell voltage, 𝑉𝑐𝑒𝑙𝑙 [V] 0.6  

Platinum loading, 𝑚𝑝𝑡[mg cm-2] 0.4 [218] 

Agglomerate radius, 𝑟𝑎𝑔𝑔 [m]  1 × 10-6 [218] 

Henry’s hydrogen constant, 𝐻𝐻2 [Pa m3 mol-1] 6.69 × 104 [251,316] 
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Henry’s hydrogen constant, 𝐻𝑂2 [Pa m3 mol-1] 3.1664 × 104 [218,252] 

Platinum surface area ratio, 휀𝑙 0.75 [252] 

The fraction of ionomer in the CL, 휀𝑚
𝑎𝑔𝑔

 0.2 [252] 

The specific active surface area of platinum, S [cm2 

g-1] 2.5 × 105 [252] 

Equivalent molecular weight of the membrane 

𝐸𝑊𝑚 [kg mol-1] 

1.1 [252] 

Catalyst layer porosity, 휀𝑐𝑙  0.2 [250] 

Initial GDL porosity, 휀0
𝑁𝑜 𝑐𝑜𝑚𝑝𝑟𝑒𝑠𝑠𝑖𝑜𝑛

 0.75 Measured 

Contact angle, θ 120° [301] 

Carbon density, 𝜌𝑐[kg m-3] 1.8 × 103 [252] 

Density of liquid water, 𝜌𝑙𝑖𝑞 [kg m-3] 0.983 × 103 [252] 

Density of dry membrane, 𝜌𝑚 [kg m-3] 1980 [252] 

Density of Pt particles, 𝜌𝑝𝑡 [kg m-3] 21.43 ×103 [252] 

Through-plane electrical conductivity of GDL, 

𝜎𝑡ℎ𝑟𝑜𝑢𝑔ℎ−𝑖𝑛𝑖𝑡𝑖𝑎𝑙
𝑔𝑑𝑙

 [S m-1] 

240 [302] 
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In-plane electrical conductivity of GDL, 𝜎𝑖𝑛
𝑔𝑑𝑙

[S m-1] 1619.6 [302] 

Electrical conductivity of CL, 𝜎𝐶𝐿[S m-1] 500  

 

The proton (𝐻+) and charge (e−) transport in the fuel cell was solved using the 

electrochemical model. The protonic transport was solved across the CL and the 

membrane, while the electron transport was solved across the CL and GDL domains 

on either side of the membrane. The electrochemical reaction was modelled at the 

catalyst layer using the agglomeration approach, as discussed in 5.3.2.  

 

The multiphase heat transfer process is described by balancing the convective and 

the conductive heat fluxes. The equation is written as follows, 

∇ ∙ [∑(휀𝜌𝑐𝑝𝑢)𝑖𝑇

𝑖=𝑔,𝑙

] − ∇( ∑ 𝑘𝑖∇𝑇

𝑖=𝑔,𝑙,𝑠

) = 𝑆𝑇 

(6.22) 

where ‘i' is the phase of the medium, which would be a gas or a liquid phase for the 

species and solid phase for CL, GDL and the membrane, 𝑐𝑝 [J kg-1 K-1] is the specific 

heat capacity at constant pressure, 𝐾𝑖 [W m-1 K-1],  𝑆𝑇 [W m-3] is the heat source that 

constitutes the heat generated during activation, Ohmic, phase transfer and reversible 

processes, and T is temperature [K]. The key assumption here is all the components 

and phases are in thermal equilibrium. The heat generated/depleted during fuel cell 

operation is due to four different sources, namely thermodynamic irreversibility 

(𝑆𝑇
𝑖𝑟𝑟𝑒𝑣𝑒𝑟𝑠𝑖𝑏𝑙𝑒), reversible heat generated during the activation reaction (𝑆𝑇

𝑟𝑒𝑣𝑒𝑟𝑠𝑖𝑏𝑙𝑒), 
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Ohmic heating due to the resistance offered to electronic and protonic transport 

(𝑆𝑇
𝑂ℎ𝑚𝑖𝑐), and phase change of water (𝑆𝑇

𝑝ℎ𝑎𝑠𝑒 𝑐ℎ𝑎𝑛𝑔𝑒
). Therefore, the heat source 𝑆𝑇 

[W m−3] is given by, 

𝑆𝑇 = 𝑆𝑇
𝑟𝑒𝑣𝑒𝑟𝑠𝑖𝑏𝑙𝑒 + 𝑆𝑇

𝑖𝑟𝑟𝑒𝑣𝑒𝑟𝑠𝑖𝑏𝑙𝑒 + 𝑆𝑇
𝑂ℎ𝑚𝑖𝑐 + 𝑆𝑇

𝑝ℎ𝑎𝑠𝑒 𝑐ℎ𝑎𝑛𝑔𝑒
 (6.23) 

𝑆𝑇
𝑟𝑒𝑣𝑒𝑟𝑠𝑖𝑏𝑙𝑒 = −|𝑖𝑎/𝑐| ×

𝑇∇𝑆𝑎/𝑐

𝑛𝑒−𝐹
 

(6.24) 

𝑆𝑇
𝑖𝑟𝑟𝑒𝑣𝑒𝑟𝑠𝑖𝑏𝑙𝑒 = |𝑖𝑎/𝑐| × 𝜂𝑎/𝑐 (6.25) 

𝑆𝑇
𝑂ℎ𝑚𝑖𝑐 = 

(𝑖𝑎/𝑐)
2

𝜎𝐺𝐷𝐿/𝐶𝐿
𝑒𝑓𝑓

+ 
(𝑖𝑚𝑒𝑚)2

𝜎𝑚
𝑒𝑓𝑓

 

(6.26) 

𝑆𝑇
𝑝ℎ𝑎𝑠𝑒 𝑐ℎ𝑎𝑛𝑔𝑒

= 𝑀𝐻2𝑂 × (𝑆𝐻2𝑂
𝑙 ∇ℎ𝐻2𝑂

𝑐𝑜𝑛/𝑒𝑣𝑎
+ 𝑆𝐻2𝑂

𝑣𝑑 ∇ℎ𝐻2𝑂
𝑎𝑑𝑠 + 𝑆𝐻2𝑂

𝑑𝑙 ∇ℎ𝐻2𝑂
𝑑𝑒𝑠 ) (6.27) 

The specific heat capacity (𝑐𝑝) is obtained by an empirical equation as Wilke’s 

equation,  

c𝑝
𝑚𝑖𝑥 = ∑𝑥𝑖c𝑝,𝑖

𝑔

𝑖

 
(6.28) 
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Table 6-4 – Constitutive relationships 

Parameter Value Eq. Ref 

Thermal conductivities [W m-1 k-1] 

Liquid water, 𝑘𝐻2𝑂.𝑙  

 

−1.118 × 10−5𝑇2 + 8.388 × 10−3𝑇

− 9.004 

(6.29) [317] 

Water vapour, 𝑘𝐻2𝑂,𝑣  

 

1.188 × 10−4𝑇 − 2.404 × 10−2 (6.30) [317] 

Hydrogen, 𝑘𝐻2  

 

3.777 × 10−4𝑇 + 7.444 × 10−2 (6.31) [317] 

Nitrogen, 𝑘𝑁2  

 

5.453 × 10−5𝑇 + 1.088 × 10−2 (6.32) [317] 

Oxygen, 𝑘𝑂2  

 

6.204 × 10−5𝑇 + 8.83 × 10−3 (6.33) [317] 

Specific heat capacity [J mol k-1] 

Water vapour, 𝐶𝑝,𝐻2𝑜,𝑣
𝑔

 

  

1.180 × 10−6T2 + 9.621 × 10−3T

+ 30.33 

(6.34) [317] 
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Hydrogen, 𝐶𝑝,𝐻2
𝑔

  

 

1.914 × 10−6T2 − 8.314 × 10−4T

+ 28.89 

(6.35) [317] 

Nitrogen, 𝐶𝑝,𝑁2
𝑔

  1.788 × 10−5T2 + 2.924 × 10−3T

+ 27.85 

(6.36) [317] 

Oxygen, 𝐶𝑝,𝑂2
𝑔

  −4.281 × 10−6T2 + 1.371 × 10−2T

+ 25.4 

(6.37) [317] 

Relative permeability 

Liquid phase, 𝐾𝑟
𝑙 𝑠3 (6.38) [252] 

Gas-phase, 𝐾𝑟
𝑔
 (1 − 𝑠)3 (6.39) [252] 

Properties dependent on dissolved water transport 

Electro-osmic drag 

coefficient, 𝑛𝑑 
{
0.2𝜆                             𝜆 <  5

       1                        5 ≤ 𝜆 ≤ 14 
0.1875𝜆 − 1.625        𝜆 > 14

 
(6.40) [30,25

1,252] 

Ionic conductivity of the 

membrane, 𝜎𝑀𝑒𝑚 [S m-1] 
𝜎𝑀𝑒𝑚 = 𝑒𝑥𝑝 [1268 (

1

303
−
1

𝑇
)] (0.5139𝜆

− 0.326) 

(6.41) [30,25

1,252] 

Effective ionic 

conductivity of the 

membrane, 𝜎𝑀𝑒𝑚
𝑒𝑓𝑓

[S m-1] 

𝜎𝐶𝐿/𝑖𝑜𝑛𝑜𝑚𝑒𝑟
1.5 × 𝜎𝑀𝑒𝑚 (6.42)  
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Volume fraction of water 

in the membrane, 𝑓𝐻2𝑂,𝑑 

𝜆𝑉𝐻2𝑂

𝑉𝐻2𝑂 + 𝜆𝑉𝐻2𝑂
 

(6.43) [30,25

1,252] 

Adsorption rate 

coefficient, 𝛾𝑎𝑑𝑠 [s
-1] 

1.14 × 10−5𝑓𝐻2𝑂,𝑑

ℎCL
𝑒𝑥𝑝 [2416 (

1

303
−
1

𝑇
)] 

(6.44) [30,25

1,252] 

Desorption rate 

coefficient, 𝛾𝑑𝑒𝑠 [s
-1] 

4.59 × 10−5𝑓𝐻2𝑂,𝑑

ℎCL
𝑒𝑥𝑝 [2416 (

1

303
−
1

𝑇
)] 

(6.45) [30,25

1,252] 

Effective diffusivity of 

oxygen in ionomer 

phase, 𝐷𝑂2
𝑚𝑒𝑚[m2 s-1] 

{

𝐷0(2.563 − 0.33𝜆 + 0.0264𝜆
2 − 0.000671𝜆3) 𝜆 <  4

𝐷0(−1.25𝜆 + 6.65)                                           3 < 𝜆 ≤ 4 

𝐷0(2.05𝜆 − 3.25)                                                       𝜆 ≤ 3 

 

(6.46) [30,25

1,252] 

Diffusivity of oxygen in 

ionomer, 𝐷0 [m
2 s-1] 

10−10𝑒𝑥𝑝 [2416 (
1

303
−
1

𝑇
)] 

(6.47) [30,25

1,252] 

Local water vapour 

activity, a 
𝑎 =  

𝑃𝐻2𝑂,𝑣

𝑃𝑣
𝑠𝑎𝑡  

(6.48) [30,25

1,252] 

Initial membrane water 

content, 𝜆0 
{
0.043 + 17.80a − 39.85𝑎2 + 36𝑎3 𝑎 <  1
14 + 1.4(a − 1)                            1 ≤ 𝑎 ≤ 3 
16.8                                                         𝑎 > 3

 

(6.49)  

Saturation pressure of 

water vapour, 𝑃𝑣
𝑠𝑎𝑡[Pa] 

𝑒𝑥𝑝 [73.648 −
7258.2

𝑇
− 7.3037𝑙𝑜𝑔𝑇

+ 4.1653 × 10−6T2] 

(6.50)  
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6.2.2 Boundary conditions 

The boundary conditions for the structural model are as shown in Figure 6.1–

Schematic of the modelling methodology, where the results of the structural model act 

as the input for the electrochemical model. For the fuel cell performance model, fully 

humidified reactant gas at 333 K was specified at both inlets. The mole fraction of the 

species and pressure at the cathode inlet (boundary A) are given as, 

𝑋𝐻2𝑂
𝑐 = 

𝑃𝑠𝑎𝑡𝑅𝐻
𝑐

𝑃𝑐
 , 𝑋𝑂2

𝑐 =  0.21 (1 − 𝑋𝐻2𝑂
𝑐 ), 𝑋𝑁2

𝑐 = 0.79(1 − 𝑋𝐻2𝑂
𝑐 ),

𝑃 = 𝑃𝑐 

(6.51) 

Similarly, the mole fraction of the species and pressure at the anode inlet, i.e. boundary 

H are given as, 

𝑋𝐻2𝑂
𝑎 = 

𝑃𝑠𝑎𝑡𝑅𝐻
𝑎

𝑃𝑎
 , 𝑋𝑂𝐻2

𝑎 =  1 − 𝑋𝐻2𝑂
,𝑐 , 𝑃 = 𝑃𝑎 

(6.52) 

Temperature 𝑇 = 𝑇𝑐𝑒𝑙𝑙 = 313 [K] was prescribed at boundaries A, B, H, and G. Water 

content at CL/membrane ionomer interface, i.e. boundaries D and E was defined by 

the Dirichlet boundary condition as the initial membrane water content (λ0), given in 

Table 6-4. Assuming no presence of liquid water in the flow channels, the saturation 

at boundaries A and H, as prescribed by no flux boundary condition and the Dirichlet 

boundary condition, as 𝑠 = 0, respectively. The boundary conditions for the 

electrochemical model are given as the fixed potential at GDL/land interface, i.e. 

boundaries B and G. At the cathode, 𝜑𝑠 = 𝑉𝑐𝑒𝑙𝑙 [V] and the electrical ground condition 

is applied at the anode, i.e. 𝜑𝑠 = 0 [V]. Table 6-5 provides the details of sources and 

sinks used in the model to adequately represent the water transport in the fuel cell. 

Here 𝑆𝐻2𝑂
𝑔

represents water generated at the cathode CL, given by (𝑆𝐻2𝑂
𝑔

=
𝑗𝑐

2𝐹
), 𝑆𝐻2𝑂

𝑑𝑙  
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and 𝑆𝐻2𝑂
𝑣𝑙  represents water transport from dissolved water to liquid water and vapour 

to liquid water respectively, and  𝑆𝐻2𝑂
𝑣𝑑  and 𝑆𝐻2𝑂

𝑙𝑑  represents water uptake from vapour 

dissolved water and liquid water to dissolved water, respectively. 

Table 6-5 – Sources and sinks used in the model to represent water transport in the fuel cell 

Source Anode 

GDL 

Anode CL Membrane Cathode CL Cathode GDL 

Water 

Vapour 

(𝑆𝐻2𝑂) 

0 −𝑆𝐻2𝑂
𝑣𝑑  0 𝑆𝐻2𝑂

𝑔
-(𝑆𝐻2𝑂

𝑣𝑑 +

𝑆𝐻2𝑂
𝑙𝑑 ) 

−𝑆𝐻2𝑂
𝑣𝑙  

Dissolved 

water (𝑆𝐻2𝑂
𝑑 ) 

0 𝑆𝐻2𝑂
𝑣𝑑  0 𝑆𝐻2𝑂

𝑣𝑑 − 𝑆𝐻2𝑂
𝑑𝑙  0 

Liquid water 

(𝑆𝐻2𝑂
𝑙 )  

0 0 0 𝑆𝐻2𝑂
𝑑𝑙 + 𝑆𝐻2𝑂

𝑣𝑙  𝑆𝐻2𝑂
𝑣𝑙  

 

6.2.3 Numerical technique 

The solution procedure comprises of two steps; firstly, solving for the volumetric strain 

and deformation under the cell compression to generate effective properties for the 

GDL, which are required to solve the electrochemical species transport model in step 

II Figure 6.1. The deformed geometry was then used in the second step as the control 

domain, as shown in Figure 6.2. All of the PDEs in this model were solved in the 

commercial software environment, COMSOL Multiphysics 5.4. Equations (5.52) - 

(5.54), and (5.65), (5.66), (5.69) are predefined in the COMSOL environment, while all 
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remaining equations were added externally to the model. The convergence criteria 

were set at 10-6. The cell voltage, Vcell, was used as a variable parameter that ranges 

from 1 V to 0.3 V to generate the polarisation curve in steps of 0.01 V. The details of 

the solution procedure used in the second step are provided in the 5.5.4.  

6.3 Results and discussion 

6.3.1 Effective property distribution 

Knowledge of the effective properties is crucial in the two-phase models where liquid 

water generation and accumulation is predicted with the saturation term. Effective 

properties are directly affected by the compression. Figure 6.3 illustrates the effect of 

compression on the vertical deformation of the GDL bulk porosity, the in-plane and the 

through-plane permeability of the GDL.  

The vertical deformation of the GDL agrees with the well-known ‘tenting’ behaviour of 

the GDL under the channel region that results in partial blocking of the active channels 

[62]. Mechanical compression results in a change in volume (i.e., volumetric strain (𝜖𝑣) 

of the fibrous GDL). Therefore, the modified porosity, due to a change in volumetric 

strain, was calculated from the following equation. 

휀 = 휀new
𝐶𝑜𝑚𝑝𝑟𝑒𝑠𝑠𝑒𝑑 = 휀0

𝑁𝑜 𝑐𝑜𝑚𝑝𝑟𝑒𝑠𝑠𝑖𝑜𝑛(1 + 𝜖𝑣) 
(6.53) 

where 휀 is the GDL porosity after compression. The change in porosity leads to a 

change in permeability. The permeability of the porous material, as a function of 

porosity, is calculated using the Carman-Kozeny equation [235,300], 
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𝐾 =
𝐷𝑓𝑖𝑏𝑟𝑒
2 휀3

16𝑘𝑐𝑘(1 − 휀)2
 

(6.54) 

where 𝐷𝑓𝑖𝑏𝑟𝑒 [µm] is the fibre diameter obtained from the X-ray CT analysis, 휀 is the 

porosity obtained from Equation (6.53), 𝑘𝑐𝑘 is the Carman-Kozeny constant that 

depends on the type of media [235] and the fibre orientation [300]. The X-ray CT 

images showed in Chapter 4, Figure 4.2 shows that the fibres are randomly aligned in 

the xz plane, while uniformly oriented in the y-direction, providing distinct in-plane and 

through-plane permeability. Therefore, the effective permeability is given by, 

Kin−plane =
Dfibre
2 ε3

16kck,IP(1 − ε)2
 

(6.55) 

Kthrough−plane =
Dfibre
2 ε3

8kck,TP(1 − ε)2
 

(6.56) 

Figure 6.3 shows the contours of inhomogeneous distribution of the effective 

properties plotted at 15%, 25% and 35% compression. Non-uniform compression 

exerted by the flow-fields results in non-uniform distribution of porosity. The inherent 

initial 76% GDL porosity (at 0% compression) was obtained from the X-ray CT 

analysis. The porosity under the land lowered with compression by 19%, 28% and 

38%, at 15%, 25% and 35% compression, respectively. In contrast, the domain under 

the channel was retained at the initial porosity. X-ray CT studies observed the opening 

of fibres under the channel that results in an increase in the porosity [62]. As the GDL 

was modelled as a continuum domain, fibre opening phenomenon was not accounted 

for; hence, the porosity under the channel remained at the initial porosity. Similarly, an 

increase in compression affected the in-plane and the through-plane permeability; 

however, the permeability (both the in in-plane and the through-plane) under the 
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channel region was not affected by the compression while the permeability under the 

land region lowered with the compression.  

 

Figure 6.3– Effect of compression on the effective properties , contour plots of the porosity, 

the in-plane and the through-plane permeability (from top to bottom) plotted at 15 %, 25% and 

35% cell compression (from left to right, the dashed (- - - ) line represents the land and the 

channel domain.  

Comparative illustrations of the change in effective properties across the cell width are 

shown in Figure 6.4; this highlights the non-linear distribution of the effective 

properties. Both the in-plane and the through-plane permeability are the function of 

ε3

(1−ε)2
, as presented in equations (6.55) and (6.56). Therefore, the permeability lowered 

under the land by 67%, 85% and 93% with an increase in compression to 15 %, 25% 

and 35%, respectively. This suggests that if the cell is compressed by 35%, the non-
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linearity in the permeability increases to almost an order of magnitude, significantly 

affecting the removal of accumulated liquid water under the land [82]. 

 

Figure 6.4– Effective property distribution in the middle of the cathode GDL (along A-A’ shown 

in Figure 6.3) plotted at 15% , 25% and 35% cell compression 
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6.3.2 Polarisation curve 

Figure 6.5 illustrates the effect of non-homogeneous compression on the polarisation 

performance and the localised current density distribution. Notionally, a polarisation 

curve, as shown in Figure 6.5(a), can be partitioned into three regions, the activation 

dominant region, (V > 0.8 V), the Ohmic dominant region (0.5 V < V < 0.8 V) and the 

mass transport dominant region (V < 0.5 V).  

 

Figure 6.5– Effect of compression on the fuel cell performance, (a) polarisation curve, the detailed 

view gives a close-up look into the Ohmic region and (b) localised current density distribution along 

the cathode CL and GDL interface plotted as a function of compression at activation dominant 

region (V = 0.85 V), Ohmic dominant region (V = 0.6 V) and the mass transport dominant region (V 

= 0.35 V). 

The activation kinetics are primarily dependent on the properties of the catalyst layers 

given in Table 6-3 – Input parameters used in model. Therefore, as identical catalyst 
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layer properties were used, the overall activation performance remained unaffected 

with compression. At the Ohmic dominant region, the performance improved 

marginally (with increased compression, i.e. by 1% and 2% at 0.65 V) when 

compression increased to 25% and 35%, respectively (detailed view of Figure 6.5(a)). 

Increase in compression improves electrical conductivity as an increased contact 

between the conductive phases and reduction in the pore sizes, which results in 

lowering Ohmic losses [46,109,125]. 

With further increases in current density, the effect of compression on the cell 

performance was apparent. In the mass transport region (V = 0.35 V), 25% 

compression lowered the performance by 3% and 35% compression lowered it by 6% 

(in comparison with 15% compression case). This indicates that two contradicting 

behaviours are influencing fuel cell performance, i.e. improved electrical conductivity 

with compression aids performance, while lowering the porosity and the permeability 

of the GDL under the land region, adversely affecting mass transport and effective 

water management. 

The localised current density is affected not only by the effective properties, such as 

porosity and diffusivity [222] but also by the cell architecture such as channel/land ratio 

and cell compression [138,289,307].  

Figure 6.5(b) depicts the distribution of current density at the interface between the 

catalyst layer and GDL for three load conditions and compressions. The key 

observations include: non-uniformity in the current density distribution, i.e. notional 

‘peaks’ and ‘valleys’ become more defined with an increase in the operating load, the 

current density ‘peaks’ were observed at the interface edge between channel and land, 

and current density ‘valleys’ were observed towards the centre of the land and the 

centre of the channel. However, it is important to note that at all the operating 

conditions and the compressions, the ‘notional valleys’ at the centre of the under-the-
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channel region are virtually unchanged with respect to the global current density 

shown in Figure 6.5(a). This phenomenon is in agreement with the previously 

published literature [222,246,289,318–321]. 

In the activation and Ohmic dominant regions, i.e. V = 0.85 V and V = 0.6 V, 

respectively, more profound ‘localised peaks’ in the current density distribution were 

observed near the corner of the land, irrespective of the cell compression. This is due 

to the balance of mass transfer resistance in the GDL and the electrical resistance in 

the GDL [138].  

However, with an increase in average current density, the accumulation of liquid water 

under the land affects the available porosity, increasing the mass transport resistance. 

Therefore, in the mass transport dominant region, i.e. V = 0.35 V, the deeper current 

density distribution valley was shifted towards the centre of the land, while the current 

density under the channel remains virtually unchanged as that of global current 

density. 

The non-uniformity in the distribution is further affected by the level of compression. In 

the activation dominant region, the current density distribution was non-uniform with a 

difference of 21%, 24% and 29% between the peak and the valley, measured at 15%, 

25%, and 35% compression, respectively. With the increase in the operating load to 

V = 0.6 V, i.e. the Ohmic dominant region, the non-uniformity in the current distribution 

marginally increased to 22%, 25%, and 30%, at 15%, 25%, and 35% compression (in 

comparison with the activation dominant region), respectively. However, in the mass 

transport dominant region, the effects of compression on the non-uniformity of the 

current distribution were evident. At V = 0.35 V, the localised current maxima were 

reached to 1.44 A cm-2, 1.58 A cm-2, 1.80 A cm-2 at the edge between a channel and 

the land on the bi-polar plate at 15%, 25% and 35% cell compression, respectively. 

This emphasises the inherent non-uniformity in the current density distribution was 
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intensified by an increase in the compression. Also, an essential factor to note here is 

that although the polarisation performance at 0.85 V and 0.6 V marginally differ with 

an increase in compression, the current density distribution is not the same. This 

highlights that trying to validate a model exclusively based on polarisation performance 

can be misleading and introduce errors in the validation process, as described by 

Pharaoh et al. [222]. So, as water distribution is a factor in this study, the model was 

validated with the aid of neutron imaging results, presented in Chapter 7. 

6.3.3 Cathode overpotential  

The overpotential inside the cathode CL is affected both by compression and the 

operating load, as shown in Figure 6.6. The negative overpotential at cathode results 

in the positive cathode current density; therefore, higher negative overpotential results 

in higher current density.  

The maximum absolute value of cathode overpotential increases from 0.2 to 0.5, with 

an increase in the operating load, according to Equation (5.54), when measured at 

15% cell compression. At the activation dominant region, the uniform cathode 

overpotential distribution was observed, irrespective of the cell compression. With 

further increase in the operating load, the non-uniformity in the cathode overpotential 

distribution is evident, and it leads to the higher absolute cathode overpotential under 

the land region. The maximum absolute value of cathode overpotential was observed 

under the land region adjacent to the membrane, where the highest oxygen transport 

resistance exists. An increase in the cell compression results in increasing the non-

uniformity in the cathode overpotential distribution, which is predominantly affected in 

the mass transport region.  

The negative cathode overpotential (ɳ𝑐) makes the second term in the bracket of 

Equation (5.27) negligible, leading to the positive cathode current density. Hence, the 
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non-uniformity in the cathode overpotential distribution, which is affected both by the 

extent of cell compression and the operating load leads to the non-uniform distribution 

of cathode current density and the rate of oxygen reduction reaction (ORR).  

 

Figure 6.6–Half-symmetry contour plot showing the effect of compression on the cathode 

overpotential (ɳ𝐶), plotted at the activation (V = 0.85 V), Ohmic (V = 0.6 V) and mass transport (V 

= 0.35 V) operation at 15% compression, 25% compression, and 35% compression 
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6.3.4 Membrane/ionomer water content 

Figure 6.7 shows the membrane/ionomer water content profile shown with the 

dimensionless quantity λ that defines a ratio of the number of water molecules to the 

number of charge sites, at varying load conditions, plotted for 15%, 25% and 35% cell 

compression. It is generally found that the membrane/ionomer water content increases 

with the operating load (average current density). The influence of compression on the 

water content is clearly apparent. The higher membrane/ionomer water content under 

the cathode land and comparatively lower water content towards the anode (anode 

CL) suggest a link between compression and EOD. In the activation dominant region, 

the effect of compression on the water content was apparent at 35% compression. 

The average water content under the land was 3.6, 6.19, and 8.3, at 15%, 25%, and 

35% compression, respectively. With an increase in the load to the Ohmic region, 

average water content under the land increased to 8.9, 13.4, and 13.9 with an increase 

in the compression. Further increase in the load to the mass transport region increases 

the water content under the land to 9.7, 14.3, and 15, at 15%, 25% and 35% 

compression, respectively. This emphasizes the increase in the net water diffusion flux 

with compression and operating load. While overall membrane/ionomer water content 

under the land region increases, the increase under the channel region is not 

significant. This highlight the nonlinear humidification of the membrane and CL. 

Hence, for transient operation, areas with lower membrane/ionomer water content 

would dry out, leading to in-plane (cross-diffusion) and through-plane (back-diffusion) 

water transport. This phenomenon is apparent at higher cell compression and lower 

saturation conditions. 
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Figure 6.7–Half-symmetry contour plot showing the effect of compression on the 

membrane/ionomer water content shown with the dimensionless quantity (λ), plotted at the 

activation (V = 0.85 V), Ohmic (V = 0.6 V) and the mass transport (V = 0.35 V) operation. The 

compression varies from 15%, 25% to 35% 
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6.3.5 The molar concentration of oxygen 

The oxygen concentration at the cathode CL determines the fuel cell performance. 

The effect of cell compression and the operating load on the oxygen concentration 

inside the cathode domain, i.e. cathode GDL and CL are depicted in Figure 6.8. The 

highest oxygen concentration exists under the channel region. With an increase in the 

non-uniform cell compression, the water saturation under the land increases, 

increasing the oxygen transport resistance under the land region.  

At the activation dominant region, i.e. V = 0.85 V, the oxygen concentration profile is 

almost uniform at 15% cell compression. However, with an increase in compression, 

the oxygen concentration under the land region lowered by approximately 5% 

(measured at 35% compression).  

 

Figure 6.8–Half-symmetry contour plot showing the effect of compression on the oxygen 

concentration in the cathode domain plotted at the activation (V = 0.85 V), Ohmic (V = 0.6 V) and 

mass transport (V = 0.35 V) operation. (a) 15% compression, (b) 25% compression, and (c) 35% 

compression 
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At higher operating load, the rate of water generation and the propensity of water 

accumulation under the land region increase, increasing the water saturation under 

the land. Hence; with an increase in compression to 35%, the non-uniformity in the 

oxygen concentration has increased to 23% at the ohmic [ V= 0.65 V] and to 41% at 

the mass transport dominant region [V = 0.35V]. This analysis suggests higher 

compression will act to promote the nonuniformity in the oxygen concentration that 

could further affect the current density distribution 

6.3.6 Liquid water saturation 

The effect of cell compression and the operating load on the liquid water saturation, 

and consequently, the propensity for flooding, in the cathode domain, are depicted in 

Figure 6.9. With an increase in the load, the rate of water generation elevates. 

However, it can be seen from the contours that the accumulation of liquid water 

increases with an increase in compression. Due to the loss of porosity under the land 

with an increase in compression, more considerable water accumulation and higher 

resistance to reactant transport (lower oxygen diffusivity and a lower rate of water 

removal) were observed under the land. Further, in the present model, liquid water is 

generated by two main phenomena, water vapour condensation and 

membrane/ionomer water desorption. Membrane/ionomer water desorption 

dominates the liquid water saturation phenomenon, enhancing the accumulation of 

liquid water under the land domain with local maxima towards the cathode CL. These 

results are in agreement with previously published models [250,252,322] and 

experimental results [167,173,323]. The polarisation performance at 0.85 V suggests 

a similar rate of water generation, irrespective of compression. However, the 

difference in the saturation profile at 35% compression clearly shows that with an 

increase in the operating load, the net water accumulation increases at all 

compressions, with the tendency to accumulate water under the land and localised 
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maxima towards the cathode CL. In the mass transport dominant region, an increase 

in the compression resulted in an increase in the saturation and lowering of the limiting 

current by 3% and 7% at 25% and 35% cell compression, respectively (in comparison 

with the 15% cell compression). This analysis suggests higher compression will act to 

promote water flooding conditions in the cell. 

 

Figure 6.9 – Half-symmetry contour plot showing the effect of compression on the liquid water 

saturation in the cathode domain plotted at the activation (V = 0.85 V), Ohmic (V = 0.6 V) and 

mass transport (V = 0.35 V) operation. (a) 15% compression, (b) 25% compression, and (c) 

35% compression 

6.3.7 Temperature distribution 

Figure 6.10 shows the temperature distribution across the computational domain with 

an increase in both the compression from 15% to 35% and the operating load from 

0.85 V (low current density/activation dominant region) to 0.3 V (high current/mass 

transport dominant region). At the activation dominant region (V = 0.85 V), the average 

current density at all the compressions was identical, as shown in Figure 6.5 At these 
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operating conditions, the exothermic ORR is the main contributor to the heat source 

at all the compressions (> 98 %), as shown in Figure 6.11. 

 

Figure 6.10 –Effect of compression on the energy transport at 15%, 25 %, and 35% compression 

depicted in the half-symmetry contour plots, showing the temperature distribution at the activation 

(V = 0.85 V), Ohmic (V = 0.6 V) and the mass transport (V = 0.35 V) operation 

 With an increase in the operating load to the Ohmic operation, the cell temperature 

elevates in the cathode region with a noticeable temperature gradient in the through-

plane direction (Figure 6.10). Among the heat sources, the Ohmic heating accounts 

for less than 1% of the total heat released. Moreover, an increase in the compression 

improves the electrical conductivity of the GDL and lowers the contact resistance 

between the adjacent layers. Hence, the Ohmic contribution to the heat source further 

reduces with compression, as shown in Figure 6.11. Furthermore, the heat release 

from the phase change operation has also elevated, accounting for 7%, 9% and 11% 

of the total heat source (ST). This delineates the presence of mass-transport limiting 

phenomenon at the Ohmic operation region, which is altered by the compression. 
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As anticipated, the non-uniformity in temperature profile intensifies with the operating 

load reaching V = 0.35 V. The highest temperature was observed towards the centre 

of cathode catalyst layer under the channel, which is approximately 3.2% higher than 

the temperature at the inlet boundary, measured at 15% compression. These results 

are in agreement with previous modelling efforts [250,252,307]. The effect of 

compression at the mass transport dominant region (at the fixed voltage) was 

unequivocal (Figure 6.10). Besides the heat released by the ORR, the heat released 

during the phase change of water contributes approximately 9%, 9.8% and 11% of the 

heat at 15%, 25% and 35% compression, respectively. It is important to note that the 

results are presented at the fixed voltage where the current density was approximately 

6% lower at 35% compression compared to 15% cell compression (Figure 6.5(a)). 

Therefore, the absolute heat released due to ORR at 35% compression was lower 

than that at 15% compression; hence, the change in the temperature maxima is 

subjective to limiting current density. 

 

Figure 6.11 – Contribution of activation, Ohmic, and mass transport heat sources to the total heat 

source 
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6.4 Conclusion 

The non-uniform compression exerted by the channel/land arrangement results in 

lowering of the porosity and directional permeability while improving the thermal and 

electrical conductivity of the GDL under the land region. The non-linear distribution of 

these properties, including structural deformation of GDL under the channel (tenting), 

was achieved by solving a structural model.  

The electrochemical model predicts the polarisation performance at three 

compressions, 15%, 25% and 35%, with the focus on the three operating regions of 

the fuel cell. Compression showed a marginal effect on the averaged activation and 

the Ohmic performance of the fuel cell; however, results differ on the localised scale. 

The results also showed that an increase in compression increases the mass transport 

dominance in the Ohmic region, fostering early mass transport losses. 

Reactant transport in the GDL is mainly a function of porosity. The loss of empty pore 

spaces with an increase in the compression, primarily under the land, have an 

undesirable impact on the performance. The formation and accumulation of liquid 

water occupying the empty pores in the GDL and further reduces the GDL porosity, 

increasing mass transport resistance. This results in reaching the limiting current 

earlier as compression increases. 

Hence, the present study effectively combines the use of X-ray CT for the initial 

parameterisation (Chapter 4) and the numerical modelling to describe the effect of 

channel/land geometry on fuel cell performance, while highlighting the strong 

dependence of cell compression on the water saturation and temperature distribution, 

particularly under mass transport dominant conditions. The experimental validation of 

the model using neutron imaging is provides in Chapter 7, Figure 7.8. 
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Abstract 

Water dynamics in the membrane electrode assembly (MEA) and flow channels of 

polymer electrolyte fuel cells (PEFCs) is governed by the complex interplay of many 

physical and operational factors. The chemical nature and structure of the gas 

diffusion layer (GDL) plays a large part in this and is affected by the extent to which it 

is mechanically compressed. Here, multi-orientation neutron radiography reveals the 

effect of compression on the way in which water accumulates and is transported 

between land and channel and between cathode and anode. By performing neutron 

imaging in both the in-plane and through-plane directions, it is possible to determine 

what constitutes a given ‘thickness’ of water mapped across the extent of an MEA. 

Changing MEA compression from 25% to 35% has a significant effect on water 

distribution and dynamics in operational cells. The effect of compression on 

performance is most marked in the mass transport region, and there are 

consequences for liquid accumulation in channels and back-diffusion of water from the 

cathode to the anode. 
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7.1 Introduction 

The advancement in PEFC technology towards commercialisation demands for a 

detailed understanding of how fuel cell operate in operando; this insight can then 

inform improved engineering design, assembly, materials selection and operating 

conditions [315,324] As discussed in the previous chapters, water transport in porous 

domains of the fuel cell, such as the GDL, MPL and CL, is one of the critical 

parameters that impact water management and subsequently fuel cell performance 

[315,324]. The non-uniform compression, detailed in Chapter 4 confirms the 

heterogeneous distribution of the effective properties that define water management 

and hence the performance.  

High-resolution neutron imaging is a particularly powerful technique for probing water 

in fuel cells. The neutron beam is strongly attenuated by hydrogen-containing 

compounds such as water while being relatively transparent to heavier atoms that 

constitute the remainder of fuel cell components, (bipolar plates, gaskets, etc.) 

(Detailed discussion is provided in Chapter 3). These properties make the technique 

particularly versatile for visualising water dynamics across a fuel cell 

[88,152,166,167,179,183,325–327]. While this technique can resolve water at higher 

resolution, the fundamental limitation is a smaller field-of-view [169,180,328–330]. 

Hence, a careful balance between resolution, exposure time and the field-of-view or 

size of the active area has to be met to generate adequate data from the neutron 

imaging.  

Neutron imaging can be applied in the in-plane orientation, where the MEA is parallel 

to the neutron beam or in the through-plane orientation, where the MEA is 

perpendicular to the beam. The in-plane radiographs of operating cells provide 

information regarding the water content in different layers of the MEA but do not give 

an indication of where the water is distributed spatially across the entire fuel cell active 

area [18,168,331]. The through-plane radiographs provide water retention profile 
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along the channel length, but cannot identify in which layer of the cell the water resides. 

[131,133,149]. The relationship between cell compression and the fuel cell 

performance was evaluated by Wu et al. using through-plane neutron imaging, 

showing an overall increase in water content in the channel with increasing 

compressions; however, no information was provided regarding the effect of cell 

compression on the water accumulation in the MEA layers [125].  

In this work, multi-orientation in-operando neutron radiography, both in the in-plane 

and the through-plane orientation is used to investigate the effects of cell compression 

on the water dynamics of the fuel cell. This allows for a detailed analysis of the effect 

of compression on membrane hydration, water distribution under the land and across 

the channel domains, and back-diffusion of water across the membrane, from the 

cathode to the anode domain. The neutron imaging performed in both the in-plane and 

through-plain allows determining what constitutes a given ‘thickness’ of water mapped 

across the as a validation tool for the 2D non-isothermal multiphase model discussed 

in Chapter 6. 

7.2 Experimental set-up 

7.2.1 Cell design and compression 

A closed-cathode PEFC with an active area of 10 cm2 was used in the study. The cell 

comprised of aluminium end-plates, current collectors and flow-fields, as shown in 

Figure 7.1(a). The end-plates, current collectors and flow-fields were gold-coated to 

increase corrosion resistance and decrease electrical resistance. PTFE gasket sheets 

were used to seal the perimeter of the MEA on either side of the membrane. Tygaflor 

gasket sheet (70 μm thickness) was used for electrical insulation between the current 

collector and the end-plate. VITON rubber O-rings were used to provide a gas/liquid 

seal at the interface between current collectors and flow-fields. A parallel flow-field 
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arrangement was used to give a clear visualisation of water emerging into the channel. 

This is not possible with a serpentine configuration where meanders overlap in the in-

plane direction. The bifurcating reactant delivery channels were designed on the back 

of the flow-field to ensure uniform gas distribution across individual parallel gas 

channels, as shown in Figure 7.1(c) [131,148,154].  

The MEAs were assembled from commercial carbon fibre GDEs with a platinum 

catalyst loading of 0.4 mg cm−2 (HyPlat, South Africa) and a 50 μm thick ionomer 

membrane (GORE, USA). The MEAs were hot-pressed as per the conditions 

described in section 3.1.1. 

PTFE sheets of 50 μm and 75 μm were laser-cut to the cell’s dimension. Multiple 

sheets stacked together were used to achieve the required degree of compression. 

The GDL thickness and details of the gaskets used are presented in 3.1.2. The 

particular compression levels were chosen to evaluate the typical range of cell 

compression that assures proper sealing and the performance of the fuel cell. The 

initial torque of 1.5 Nm was used to tighten the bolts. A micrometre (RS Pro, accuracy 

±5 μm) was used to reassure the changes in GDL thickness with compression. A 

laboratory X-ray CT system, ZEISS Xradia 520 Versa (Carl Zeiss, USA) was used to 

examine the structural behaviour of the MEA under compression. (Figure 7.1(b)).  

With an increase in cell compression, the fibre density of the GDL has increased in the 

region under the land, causing the loss of porosity, as presented in Section 4.3.6.1. 

However, the region under the channel undergoes ‘tenting’. This results in the non-

uniform structural and effective mass transport properties in the fuel cell. 
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Figure 7.1– (a) Exploded view of the fuel cell showing individual components, (b) neutron 

radiography set-up at CONARD to generate in-operando radiographs in the in-plane and the 

through-plane orientation, The cell was held in the vertical orientation (c) bifurcating reactant 

delivery channels on the back-side of the flow-field to ensure uniform reactant delivery to individual 

parallel gas channels, (d) the parallel gas channels where the highlighted region in red indicates the 

field-of-view used in this study, (e) highlighted region in blue shows the area used in the analysis. 

The particular area of interest includes four channels in the centre of the fuel cell. (f) Generated 

radiograph in the through-plane orientation masked with yellow and blue colour, yellow 

representing the dry region and blue representing the higher water content 
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Table 7-1 – GDL thickness achieved using PTFE gaskets 

Gasket thickness 

(μm) 

GDL thickness 

(μm) 

Cell compression 

(%) 

 238 0% 

50 + 50 + 75 175 ~25% 

50 + 50 + 50 150 ~35% 

7.2.2 Experimental procedure 

In-house fuel cell test rig and control software based on LabVIEW (National 

Instruments, USA) was used to operate the PEFC. (refer to Figure 3.4 for the 

schematic of the setup). The experimental data were acquired with a data acquisition 

card (DAQ card, USB 6363, - National Instruments, USA). The cell was operated 

under dry gas conditions to evaluate the water dynamics in isolation from the water 

present in a humidified reactant stream. Dry reactant delivery allows evaluation of 

back-diffusion of the water during operation. The cell was tested under ambient 

temperature conditions.  

The cell was operated at a fixed flow condition where both anode and cathode flow-

rates were set at 0.5 L min-1 during neutron imaging. The cell was flushed with argon 

(Ar), high flow rates, 1 L min-1, before changing the operating conditions, ensuring the 

removal of accumulated water from the previous experiment. The reactant gas flow 

was controlled using digital mass flow controllers (Bronkhorst, UK). The current was 

drawn from the fuel cell using a DC electronic load (PLZ664WA, Kikusui).  
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Table 7-2 – Cell conditioning parameters before the neutron radiography experiments.  

Operation Conditions 

Polarisation range OCV to 0.4 V  

Cell conditioning  10 min 

Hold time per current increment (0.1 A 

cm-2) 

1 min 

Flushing time 5 mins 

 

Separate experiments were carried out for the in-plane and the through-plane 

orientation for each compression. The current load was increased from 0.01 to 1.1 A 

cm-2 in steps of 0.1 A cm-2 until the voltage reached 0.4 V. Three fast polarisation 

curves were generated before holding the current at 0.1, 0.6, and 1 A cm-2 for 300 s 

each. The same current sweep procedure was repeated after each change in the 

orientation and compression. The details of the fast-polarisation curve are as 

presented in Table 7-2. 

7.2.3 Neutron radiography 

Neutron radiographs were generated at low energetic (cold) neutron radiography 

(CONRAD) beamline facility at Helmholtz-Zentrum Berlin (HZB). The neutron 

radiography setup is shown in Figure 7.1(b).The details of HZB CONRAD are provided 

in Chapter 3, Section 3.1.4.2. The cell mounted on a fixture was placed on a rotating 

table, allowing radiographs in both the in-plane and through-plane orientation. An 

imaging field-of-view of 40 × 34 mm2 with 15.2 μm pixel-1 resolution was achieved 
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using the imaging set-up previously developed by Kardjilov et al. [180]. In-plane 

imaging at a resolution of 15.2 m pixel-1 cannot unequivocally separate the GORE 

membrane from the catalyst layers and are thus grouped and referred to as the 

‘membrane electrode assembly (MEA). Each image was taken with an exposure time 

of 5 s. The liquid water image was generated by normalising the wet image to the dry 

fuel cell image taken at the beginning of each experiment and any non-uniformity in 

the beam-intensity was corrected with an open-beam image. The quantification of the 

water thickness from neutron images was performed using the Beer-Lambert law 

(Equation (3.2)). The radiographs presented were originally grey-scale images which 

were masked with a yellow-to-blue ‘parula’ colour-map, blue representing the 

presence of higher levels of water. 

7.3 Results and discussions 

7.3.1 Polarisation performance 

Figure 7.2 shows the effect of cell compression on the polarisation and the power 

density curves. A polarisation curve can notionally be divided into three regions, the 

activation region, (V > 0.8 V), the Ohmic region (0.5 V < V < 0.8 V), and the mass 

transport region (V < 0.5 V). The activation kinetics is primarily reliant on catalyst 

properties and particularly sensitive to operational temperature. Therefore, the 

compression did not show any notable difference in the activation performance. With 

increases in current density, the effect of compression on the cell performance was 

apparent [46,109,125]. In the Ohmic region, the 25% compressed cell showed better 

performance. At j = 0.6 A cm-2, the cell performance of the 35% compressed cell was 

reduced by 4% compared with the 25% cell compression. In the mass transport region 

(j = 1 A cm-2), 25% compression showed 11% increase in performance. The maximum 

power density achieved at 25% compression was 0.49 W cm-2; whereas the maximum 

power density reached at 35% compression, was 0.47 W cm-2.  



Chapter 7 In-operando water dynamics of a PEFC   

 

236 

 

 

Figure 7.2– Comparison of polarization performance with a change in compression. Error bars 

indicate the difference between three repeat runs; Solid lines (-) are cell voltage, hollow shapes ( ) 

are power density 

In the present case, the porosity under the land region lowered by 13% and 25 % with 

an increase in compression to 25% and 35%, respectively. Lowered GDL porosity 

under the land region lowers the contact resistance [62]. The EIS study by Mason et 

al. shows that the increase in cell compression to 25% (i.e. dimensional change of 60 

μm) lowered the Ohmic resistance from 29 mΩ cm2 (at no compression) to 14 mΩ cm2. 

Furthermore, an increase in the compression to 35% (i.e. dimensional change of 83 

μm) lowered the Ohmic resistance to 10 mΩ cm2 [121]. Therefore, though the increase 

in cell compression is an effective method for reducing Ohmic losses associated with 

the contact resistance [109], this leads to a loss of GDL porosity under the land region 

(please refer to Figure 4.12) which affects the water management in the Ohmic region. 

https://www.sciencedirect.com/topics/engineering/polarisation
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This strongly suggests that an increase in cell compression increases the mass 

transport dominance in the Ohmic region and promotes early mass transport due to 

the limitations in water management. Hence, to maximise the performance, an optimal 

compression needs to be determined, which is a trade-off between electrical and mass 

transport factors.  

7.3.2 Neutron radiographs 

The polarisation data can be coupled with the neutron imaging that provides detailed 

and instantaneous information regarding the water dynamics in the fuel cell, which can 

obtain a better picture of an operating fuel cell.  

 

At open circuit voltage, no water is produced electrochemically. Hence, the cell is in 

dry condition. With an increase in current density, water is produced across the active 

area. Figure 7.3 shows the radiographs taken over 300 s in separate in-plane and 

through-plane experiments, with all the operating conditions identical.  

The in-plane radiographs for both compressions are shown in Figure 7.3(a). At 0.1 A 

cm-2, the cell at 25% compression appeared to be almost dry (average δwater - membrane 

< 13 μm). Although the same amount of water was being generated at a given current 

density, at 35% cell compression the presence of water was seen in the MEA (in Figure 

7.3(a) - blue region) with average water thickness increased to 42 μm. Moreover, the 

tendency to accumulate water under the land is evident at 35% cell compression with 

distinctive ‘peak’ and ‘valley’ profiles in the CL-membrane that correspond to the land 

and channel regions, respectively (Figure 7.3(b)). This suggests that the compression 

affects the condensation of liquid water under the land region; whereas water 

evaporation is promoted under the channels [307,326]. 
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Figure 7.3– Effect of compression on the water distribution in the activation region, j = 0.1 A cm-2 

when the flow of the reactants was fixed to 0.5 L min-1, equating to >10 air stoichiometry. (a) in-

plane radiographs measured at t = 300 s, ‘C’ is the cathode flow-channels, ‘M’ is MEA (GDLs + CLs 

+ membrane) and ‘A’ is an anode flow-channels, Grey dashed line showing the flow-field outline is 

included as a guide to the eye (b) liquid water thickness profile in the in-plane orientation measured 

at the membrane/CL showing the effect of channel/land geometry on the water retention. Green 

dashed line at membrane/CL shows the schematic location where the liquid water thickness was 

measured, and (c) through-plane radiographs measured at t = 300 s. (a) and (c) share the same 

colour bar. 

 

The through-plane radiographs are shown in Figure 7.3(c). No significant water signal 

was observed for the 25% compression, with a relatively uniform water distribution for 

the 35% compression with no clear demarcation between land and channel zones. 

This is clearly in contrast to the in-plane representation. This could be due to higher 

signal-to-noise is achieved for the in-plane analysis as the neutron probe integrates a 

much larger sample through the length of a channel. The collective analysis of the 
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voltage profile and radiographs at the activation region strongly suggest that the 

compression has a marginal effect on voltage performance, though the water 

accumulation in the cell became noticeable with an increase in the compression. 

However, the stable performance indicates the balance between water generation, 

capillary transport, forced convection and accumulation.  

 

In the ‘notional’ Ohmic region, an increase in the current density elevates water 

production. As the name suggests, the voltage loss in the Ohmic region is typically 

considered to be dominated by ionic and electronic losses. However, it has been 

shown that an increase in cell compression increases the mass transport resistance 

in the Ohmic region which leads to the accumulation of liquid water in the MEA, 

amplifying the voltage loss [109,332]. The radiographs presented in Figure 7.4 

compare the galvanostatic cell performances at both compressions in the Ohmic 

region (j = 0.6 Acm-2).  

The in-plane radiographs for Ohmic operation for each cell compression are shown in 

Figure 7.4(a) obtained at t = 300 s. Irrespective of the compression, the overall water 

content has increased with the current density showing the presence of the water at 

25% cell compression (blue region in the MEA). The average water thickness at 25% 

compression was 225 μm, with a standard deviation of 101 μm, while at 35% 

compression, the average water thickness increased to 291 μm with a standard 

deviation of 101 μm (Figure 7.4(b)). The comparative analysis of water accumulation 

implied that the increase in the cell compression to 35% increases the water 

accumulation by 27%, with clear ‘peaks’ and ‘valleys’ that correspond to the land and 

channel regions, respectively. Moreover, almost constant standard deviation suggests 

that the probability of the water accumulation at a particular location was the same for 

both the compressions, while the water content differed. Water transport in the GDL 

is governed by capillary action. Lowered GDL pore diameter under the land region 
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alters the capillary pressure, which further promotes the water vapour condensation 

under the land, increasing water retention in the GDL under the land region 

[160,165,166,326,333]. Therefore, an increase in compression to 35% results in 

lowering the porosity under the land region and an increase in the local water thickness 

maxima to 580 μm compared to 500 μm at 25% compression. The non-uniform liquid 

water distribution in the MEA promotes non-uniform current generation when operated 

in a galvanostatic mode [207,334]. Non-uniform current generation leads to the local 

hot spots and alters the durability of the cell in the long run.  

 

Figure 7.4– Effect of compression on the water distribution in the Ohmic region, j = 0.6 A cm-2 ((a) 

in-plane radiographs at t = 300 s, ‘C’ is the cathode flow-channels, ‘M’ is MEA (GDLs + CLs + 

membrane) and ‘A’ is an anode flow-channels, Grey dashed line showing the flow-field outline is 

included as a guide to the eye (b) liquid water thickness profile in the in-plane orientation measured 

at the membrane/CL showing the effect of channel/land geometry on the water retention. Green 

dashed line at membrane/CL shows the schematic location, where the liquid water thickness was 

measured, and (c) through-plane radiographs at t = 300 s. (a) and (c) share the same colour bar 
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The water profile shown in the through-plane radiographs indicates the presence of 

water in the form of droplets spread across the active area (Figure 7.4(c)). Though 

larger water droplets were seen at 35% compression, neither water accumulation in 

the channels or the dry-out areas were observed in the Ohmic region. Therefore, whilst 

all other operating parameters were constant, the change in liquid water retention and 

voltage decay at j = 0.6 A cm-2 was due to cell compression. The increase in cell 

compression leads to a noticeable variation in water accumulation and water retention 

under the land region. The dry cell operation at a high flow rate (air stoichiometry ~ 

7.5) resulted in the removal of the product water through evaporation under the 

channel region, while providing adequate membrane hydration. The increase in 

compression lowers the electrical contact resistance and increases water 

accumulation under the land. Accumulated water hinders the reactant transport to the 

active layers, increasing reactant transport resistance [109]. As the reactant transport 

resistance is higher than the contact resistance, an increase in compression promotes 

mass transport in the ‘Ohmic’ region. 

 

Figure 7.5 displays the liquid water profile at each cell compression, operated in the 

mass transport region (j = 1 A cm-2) with the flow rate fixed at 0.5 L min-1 equating to 

air stoichiometry of ~4.44. The in-plane radiographs shown in Figure 7.5(a) reveal the 

combined, yet distinct, effect that land/channel geometries and cell compression have 

on water accumulation. In general, an increase in compression resulted in the 

increased propensity of water accumulation in the cell during the mass transport 

operation (in comparison with the Ohmic operation). These results are in agreement 

with previous studies [163,166,334,335]. The discernible feature of mass transport 

operation was the back-diffusion of water, observed at both compressions. The water 

vapour condenses under the land region and saturates the GDL. The liquid water 

starts ‘bulging’ into the channel, forming water droplets, while some water back-
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diffuses to the anode domain. This behaviour can be clearly seen in the in-plane 

radiographs. The behaviour agrees with the previously reported experimental and 

modelling studies [18,244,251,252,332,336]. The hydrophilic contact angle observed 

between water droplets and the channel wall (θ = 84°, highlighted by the red arrow in 

Figure 7.5(c)), was due to the gold coating on the aluminium plate [22,166].  

The water content in the MEA depicted in Figure 7.5(b) shows increased water 

thickness with flooded ‘peaks’ and relatively dry ‘valleys’. This confirms non-uniform 

accumulation and retention of the liquid water. The average water thickness at 25% 

compression was 350 μm with a standard deviation of 124 μm. Increase in 

compression resulted in a 7% increase in average water thickness, reaching 373 μm 

with a standard deviation of 104 μm.  

The through-plane hydrographs in Figure 7.5(c) provides vital information regarding 

the effect of compression on water retention, water spread, and droplet/slug 

formations. In general, the through-plane radiographs in the mass transport region 

revealed well-defined channel/land profiles, highlighting the accumulation of liquid 

water in the channel. This result agrees with previously published studies 

[104,125,131,149,167]. 

The through-plane hydrographs revealed that the overall water content in the channel 

has increased with compression in the form of three main water retention profiles, 

namely, water droplets, slugs, and films. The hydrophilic nature of the channel walls 

leads to the formation of water droplets and further develops into slugs [140,337]. 

Large and elongated water droplets (length >1000 μm) highlighted in ‘red’, were 

observed on the channel wall, while ‘isolated’ droplets were observed across the active 

area of the cell.  

The present cell was operated in counter-flow mode, but results will be a function of 

the flow-field design. The net flux of water between electrodes can vary locally 

depending on the flow arrangement and local relative humidity at the anode and 
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cathode. For example, in counter-flow with dry anode feed, the net flow of water from 

cathode to anode is likely, with back-diffusion being dominant. Whereas at the exit of 

the anode, where the stream has become fully humidified, net water flux could be in 

the opposite direction due to electro-osmotic drag outweighing back-diffusion as a 

result of lower hydraulic gradient from cathode to anode. As the present cell was 

operated at low temperature and relatively high feed gas velocity, the effect of relative 

humidity gradients along channels is minimised [338,339]. The increased saturation 

towards the cathode channel outlet reduces the effectiveness of water removal and 

forms the larger and more elongated water droplets/slugs. The increase in 

compression resulted in a 34% increase in the average slug size. Increase in the slug 

density results in partial blocking of the channel that could lead to the non-uniform 

reactant distribution to the active sites on the catalyst layer [75,337,340]. Furthermore, 

water spreads in the channel, forming the thin water film, as highlighted in ‘dashed 

black’. The hydrophilic channel wall fosters water adherence to the channel under the 

surface tension; whereas higher gas velocity across the channel (0.5 m s-1) results in 

convective water removal under higher drag forces. These two phenomena collectively 

result in forming the thin water film on the channel walls [340]. Increase in compression 

from 25% to 35% resulted in a 31% increase in the average water film thickness. 
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Figure 7.5– Effect of compression on the water distribution in the mass transport region, j = 1 A cm-

2 (a) in-plane radiographs measured at t = 300 s, ‘C’ is the cathode flow-channels, ‘M’ is MEA 

(GDLs + CLs + membrane) and ‘A’ is an anode flow-channels, Grey dashed line showing the flow-

field outline is included as a guide to the eye (b) liquid water thickness profile in the in-plane 

orientation measured at the membrane/CL showing the effect of channel/land geometry on the 

water retention. (c) through-plane radiographs measured at t = 300 s. (a) and (c) share the same 

colour bar 

 

Hence, while the cell architecture and operating conditions were identical in both the 

compression cases and the same amount of water was being generated at the given 

current densities, it can be concluded that the difference in the water content in the 

cell was solely due to the increased compression. Moreover, the radiographs of the 

galvanostatic operation confirmed that the voltage loss at increased compression 

(observed in 7.3.1) was associated with increased water retention that leads to 

flooding and the tendency to back-diffuse water to the anode domain. 
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7.3.3 Water transport dynamics 

Effective water management, required for the optimal cell operation, can be achieved 

by attaining a balance between the rate of water generation due to electrochemical 

reaction and the rate of water removal. The radiographs presented in Figure 7.3 

(activation region) Figure 7.4 (Ohmic region) suggest that the membrane was 

adequately hydrated without channel flooding. However, with an increase in current 

density (mass transport region), the presence of liquid water in the channel suggests 

that the rate of water generation exceeds the rate of water removal.  

Therefore, the rate of water retention influences the propensity for water flooding. The 

performance comparison between the cell compressions can be determined by 

calculating the rate of water retention within the cell [g s-1], following the increase in 

current density. The amount of water generation, mgen [mg] is theoretically calculated 

using Faraday’s law, Equation (7.1) 

where 𝑀𝐻2𝑂 is the molecular weight of water, A is the area under analysis, j is the 

current density, and t is the duration of the galvanostatic operation, which is 300 s, F 

is the Faraday constant (96485 C mol-1). The same amount of water was generated 

electrochemically under identical operating conditions, irrespective of the cell 

compression. The liquid water retention for different compressions was calculated by 

integrating the local water thickness across the area under analysis using Equation 

(7.2). 

 
𝑚𝑔𝑒𝑛 = 

𝑀𝐻2𝑂 ∙ 𝑗 ∙ 𝐴 ∙ 𝑡

2𝐹
 (7.1) 

 
𝑚𝑟𝑡𝑛 = 𝜌𝐻2𝑂∫ 𝛿𝑤𝑎𝑡𝑒𝑟 ∙ 𝑑𝐴

𝐴

0

 (7.2) 
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where 𝜌𝐻2𝑂 is the density of the liquid water, A is the area under analysis, 𝛿𝑤𝑎𝑡𝑒𝑟 is the 

thickness of the liquid water. 

Figure 7.6 shows the dynamic performance, under galvanostatic operation, of water 

retention and cell voltage, measured at 25% and 35% compression. In the activation 

region, the water profile was almost invariant over the duration; however, it was 

influenced by compression with an increase in the compression doubling the mean 

water retention, which was mainly observed under the anode land region (Figure 7.3). 

The compressive effect on the anode MPL may be the reason for increased water 

retention, as the hydrophobic MPL resists removal of water to the anode exit.  

At 0.6 A cm-2, water retention is affected by both the compression and the duration of 

the galvanostatic operation. A transient water retention profile is observed with the 

higher compression resulting in more rapid water accumulation, before reaching a 

plateau above that of the 25% compression. This higher water retention of the 35% 

case is manifest in a reducing voltage with time, compared to a relatively stable 

potential profile for the 25% case.  

The dynamic water retention profile in the mass transport region (1 A cm-2) is affected 

by the higher rate of water generation with the new water accumulation/retention 

reaching equilibrium faster than the 0.6 A cm-2 case. 
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Figure 7.6– The dynamic effect of compression on the liquid water retention in the MEA (GDL + CL 

+ Membrane) measured from the in-plane neutron radiographs and the voltage profile during the 

galvanostatic operation over 300 s 

The effectiveness of water removal is calculated as the difference between the amount 

of water generation and the amount of water retention. Figure 7.7(a) shows the effect 

of compression and current density on the rate of water retention and efficiency of 

water removal measured at 300 s. An increase in the current density results in 

increased water generation. With fixed inlet flow conditions, the water removal 

efficiency was affected by the current density. Increase in current density to j = 1 A 

cm-2, reduced water removal efficiency by 11% and 19%, for the 25% and 35% 



Chapter 7 In-operando water dynamics of a PEFC   

 

248 

 

compressions, respectively. As the water removal efficiency decreases with 

compression, the rate of water retention in the cell increased. Increase in current 

density from 0.6 to 1 A cm-2, resulted in an increase in the rate of water retention by 

84% and 80% when measured at 25 % and 35%, respectively. Moreover, cell 

compression affects the rate of water retention in a similar manner. The water retention 

in the Ohmic region (j = 0.6 A cm-2) increased by 80% with an increase in compression, 

and the same in the mass transport region (j = 1 A cm-2) which increased by 88%. This 

confirms that the compression exacerbates the effect of current density on water 

retention by lowering the water removal efficiency. 

Increased water retention in the cell leads to the flooding conditions, as shown in 

previous radiographs. Active water removal mechanisms such as the electroosmotic 

pump effect [341], high stoichiometric open cathode PEFC designs [220], long and 

serpentine oxidant channels [342], anode water removal [255], etc. help to lower the 

effect of flooding at the cost of associated parasitic losses [202]. With no active water 

removal mechanism in place, like in the present cell, the generated/accumulated water 

under the land is either transported laterally under capillary action to the flow-channel 

and evacuated by the convective flux or back-diffuses to the anode (Figure 7.7(b)). 

The in-plane radiographs shown previously confirm that both the water transport 

mechanisms were apparent in the present case and the water content in the anode 

resulted from back-diffusion.  

Figure 7.7(c) shows the characteristic effect of compression and operating load on the 

rate of back-diffusion plotted against the polarisation curves. The propensity of the 

water to back-diffuse into the anode was minimal at the low current region but 

increased with current density. The back-diffusion was marginally affected by 

compression throughout the current range with fixed flow conditions. The results 

presented here are in agreement with previous neutron imaging studies [167]. At 

identical reactant pressure and dry inlet conditions at the cathode and the anode, the 

net rate of water transport through the membrane is preliminarily controlled by the 
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water concentration gradient between the anode and cathode domain and the electro-

osmotic drag [84,343]. Anode water thickness map presented in Figure 7.7(d) visually 

confirms that the water accumulation in the anode is in agreement with previous 

studies [84,167,344], and was due to water back-diffusion from the cathode to the 

anode. However, it is essential to note that the present results are provided in the 

central channels of the fuel cell and the effect of gravitational forces on the water 

accumulation and removal from the channel is not considered in the analysis.  

 

Figure 7.7– Effect of compression on liquid water dynamics, (a) effect of compression on the rate of 

water retention and water removal efficiency in the cell. B-spline passing through the data points 

included as a guide to the eye; (b) schematic of the water transport in the operating fuel cell; (c) 

rate of back-diffusion of water through the membrane as a function of current density and cell 

compression; and (d) radiographs showing averaged liquid water thickness distribution in the anode 

domain. 
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7.3.4 Validation of the numerical model 

One of the objectives of this project is to develop a comprehensive model that 

describes the effect of compression on cell performance and water management. As 

discussed in the previously in 5.1.4, the use of only polarisation curve as a model 

validation tool could lead to the errors by not capturing the localised behaviour of the 

PEFC. Hence, neutron imaging was used to provide better insight into the localised 

water distribution and to validate the modelling results discussed in 6.3.5. 

 

Figure 7.8– Neutron radiographs in the xy-orientation at 25% and 35% cell compression of the 

parallel channel PEFC. (a) saturation/liquid water profile at the Ohmic dominant operation (V = 0.65 

V), (b) saturation/liquid water profile at the mass transport dominant operation (V = 0.35 V). 

Figure 7.8(a) shows the neutron radiographs at the Ohmic operation region, masked 

in JET colour-map for the better representation, highlighting the marginal presence of 

liquid water at 25% cell compression and accumulation of liquid water under the land 

at 35% cell compression. The presence of liquid water was amplified at the mass-
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transport dominant region, promoting flooding conditions, as shown in Figure 7.8(b). 

The cell design used shares the channel/land arrangement of the model, with 1 mm 

wide parallel channels. The results support the water accumulation and retention 

under the land region in the cathode domain, agreeing with the liquid water saturation 

profile obtained under identical operating load (Figure 6.9). 

7.4 Conclusion 

Water distribution and accumulation have been investigated at different levels of MEA 

compressions for a self-humidifying PEFC using neutron imaging in both the in-plane 

and through-plane orientation. The in-plane radiographs showed the water distribution 

within the layers of the MEA highlighting the effect of land and channel pattern on the 

non-uniform retention of the liquid water, fluctuating between the peaks underneath 

lands and valleys under the channels. The through-plane radiographs provided the 

information about water accumulation along the channel length and across the active 

area of the cell, highlighting the retention profiles such as water droplets, water film 

and slugs. Therefore, the combined analysis of the in-plane and the through-plane 

radiographs made it possible to determine what constitutes a given ‘thickness’ of water 

mapped across the extent of an MEA. 

The effect of compression on the PEFC performance and on the water transport 

dynamics was investigated at three operating regions of the fuel cell. Compression 

has a marginal effect on the cell performance and water retention at the activation 

region; however, the notable effect of compression on the water dynamics in the PEFC 

was observed in the Ohmic and the mass transport regions. Increase in compression 

not only resulted in an increase in mass transport dominance in the Ohmic region, 

promoting early mass transport losses, but also increased flooding in the mass 

transport region. 
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Under identical cell architecture and the operating conditions, the extent of water 

retention in the cell and water removal efficiency is principally affected by the cell 

compression. Increase in compression worsens the water removal efficiency of the 

cell and increases the back diffusion of water.  

Hence, the present study effectively delineates the effect of channel/land geometry on 

the liquid water transport mechanism, while highlighting the strong dependence of cell 

compression on the water accumulation and retention in fuel cells using multi-

orientation neutron radiography. Furthermore, the results presented in this study would 

be useful to simulation studies by providing input parameters for models used to 

develop advanced fuel cell stack architectures and MEAs’. 

The neutron imaging results at 25% and 35% cell compression obtained at the Ohmic 

and the mass transport dominant region agree with the localised saturation profile 

obtained from the electrochemical model presented in Chapter 6. 
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Abstract 

Flow-fields are critical factors in determining the operation of fuel cells. While extensive 

work has been conducted to develop and optimise the reactant flow and current 

collection performance of PEFC components, there is a factor that remains mostly 

unaccounted for. Depending on how a membrane electrode assembly is GDL and the 

seal or bipolar plate. This gap acts as a ‘secondary flow-field’ (SFF) that can bypass 

or affect/augment the conventional or ‘primary flow-field’. Understanding how this 

affects performance (either positively or adversely) is essential for holistic flow-field 

design. This chapter describes the issues associated with the SFF, examines how cell 

compression affects its width due to lateral expansion of the GDL and discusses the 

results of a 3D computational model that investigates the effect of the SFF during 

dead-ended anode (DEA) operation for a fuel cell without a macroscopic 

(conventional) anode flow-field. 
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8.1 Introduction 

The existence of the secondary flow-field is discussed briefly in 2.4.2.2. In this chapter, 

the effects of SFF on fuel cell performance are discussed in detail. In the case of 

bipolar plate designs without a macroscopic (conventional) flow-field, the SFF offers a 

path of low resistance to reactant transport through the GDL [103]. In such designs, 

the reactant diffuses laterally through the GDL, and the SFF may act as a primary flow-

field [103]. As an example of how this is seen in technologically well-developed fuel 

cells, Figure 8.1 shows an X-ray radiograph of the internal structure of a commercial 

open-cathode fuel cell used in the UPP fuel-cell charger developed by Intelligent 

Energy, UK. A gap between the GDL and outer structure of the stack, i.e. 1.5 mm wide 

SFF, is clearly visible and has been incorporated in the design architecture while 

dispensing with the conventional primary flow-field on the anode side. The presence 

and extent of the SFF depend on the cell design, fabrication and assembly, GDL 

material, component positioning accuracy and the compression process. 

The optimal compression for a fuel cell depends on a range of factors, and the effect 

of cell compression on the fuel cell performance is discussed in details in the previous 

chapters. However, though the standard compression range is considered to be 

between 10 - 40%, some designs go beyond this. The effect of non-uniform cell 

compression on the non-uniform cell compression results in the vertical deformation 

of GDL in the primary flow-field as discussed in 4.3.3, the GDL compression leads to 

a certain amount of lateral deformation. In the case of SFF, as shown in Figure 2.19, 

the lateral deformation of the GDL could potentially narrow the SFF width, with GDL 

fibres protruding into the gap. This might result in the reduction of free convection path 

in the SFF, and thus affect the reactant distribution to the active area. The extent of 

GDL intrusion into the SFF due to cell compression should be known to properly size 

the MEA/GDL to either fill the SFF or control it and take advantage of SFF effects to 

improve the performance.  
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The cell operating modes and purge processes are critical factors affecting the 

performance of a fuel cell and has been the subject of research [102,103,327]. Dead-

ended anode (DEA) is extensively used in commercial fuel cells where pressurised 

hydrogen is fed to the anode inlet, while the downstream anode valve is closed. This 

ensures the system operates at unit hydrogen stoichiometry [104,345–347]. The 

simplicity in operation and higher fuel utilization makes the DEA mode cost-effective 

and potentially more efficient than through-flow operation [348]. However, in practice, 

the DEA operation can lead to the accumulation of back-diffused water and/or build-

up of N2 due to its crossover from the cathode to the anode domain [327,348–350]. 

The areas of the anode lowest hydrogen concentration result in the nitrogen blanket 

build-up of N2. This results in hydrogen starvation at the anode, voltage drop with time 

and uneven current density distribution [93,103,220]. The hydrogen humidification is 

the critical water management parameter during the DEA operation. While humid 

hydrogen stream results in water accumulation in the anode [327,350], the dry 

hydrogen inlet could result in drying out of the membrane [94,220]. Hence, it is 

essential to understand the cell drying process during the DEA operation, which would 

be affected by SFF design. 
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Figure 8.1– X-ray computed radiographs of a commercial fuel cell showing the gap between gasket 

and membrane electrode assembly 

Yang et al. studied the effect of anode flow-field arrangement on the DEA performance 

of the fuel cell, pointing out the type of anode flow-field arrangements impact the fuel 

cell performance in the DEA operation [351]. Flow-fields for the DEA operation may, 

or may not, adopt a conventional ‘primary’ flow-field. The effect of an SFF on the DEA 

operation is particularly pertinent, as when the exit valve is closed, access of reactant 

to the electrode is based on diffusion from the entrance point and not the convective 

flow of gas through the flow-field. Systems that dispense with a flow-field altogether, 

such as the commercial fuel cell shown in Figure 8.1, rely on the lateral diffusion of 

gas through the GDL alone; therefore, the presence of the SFF provides a lower 

resistance flow path around the circumference of the electrode, potentially improving 

reactant access.  
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Traditional experimental techniques, such as polarisation curves, offer useful insight 

into the overall fuel cell operation but do not capture localised behaviour that can be 

achieved through numerical modelling. Recently numerous modelling studies focused 

on the DEA operation and nitrogen and water build-up have been published 

[95,96,327,349,352] . Mainly these studies are 1D through the cell thickness or 2D 

where parallel channels are considered. These models provide the quantitative 

information regarding voltage performance, water accumulation and nitrogen 

blanketing in the DEA operation; however, they cannot predict the effect of the flow-

field arrangement, including SFF on in-plane reactant distribution. Hence the simplistic 

model that shows the effect of SFF in isolation from primary flow-field on the reactant 

distribution during the DEA operation is needed [104]. The results can be validated 

using real-time visualisation techniques such as neutron imaging that identifies the 

water distribution in both the in-plane and through-plane directions [18,152,275,353]. 

The hydrographs developed shows the potential flooded and dry-out areas in the 

membrane. The neutron imaging performed by Meyer et al. [103] to study water 

distribution in transient DEA operation of the cell with SFF showed non-uniform water 

accumulation in the anode and non-uniform current and temperature distribution at the 

centre of electrodes.  

This chapter intends to identify the SFF as a potential design feature of fuel cells and 

highlights that it can potentially have an effect on performance. Secondly, the effect of 

compression on the lateral deformation of GDL has been studied using X-ray 

radiography that would influence the width of the SFF channel. Thirdly, a simplistic 

steady-state half-cell CFD model is developed to investigate the effect of the presence 

and size of the SFF on flow and reactant distribution during the DEA operation. This 

model is further correlated with the experimental evidence available in the published 

literature.  
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8.2 Effect of compression on the lateral expansion of MEA 

8.2.1  X-ray radiography  

X-ray radiographs of the MEA during cell compression were obtained using a 

laboratory-based X-ray CT system, (Zeiss Xradia 520 Versa, Carl Zeiss X-ray 

Microscopy Inc., CA) The material used to build the MEA ample and the imaging 

parameters used in to obtain the radiographs are presented in Table 8-1. The imaging 

methodology, postprocessing techniques and the details of Deben compression rig 

offering compression by displacement are discussed in Chapter 3. 

Table 8-1 – X-ray radiography parameters and MEA materials properties 

Materials 

GDL Carbon fibre GDL , ELE0201 (Johnson Matthey GDE) 

CL 0.4 mg cm-2 Pt loading  

Membrane Nafion NRE-212 membrane (Dupont, USA) 

Imaging parameters 

Source voltage 80 kV 

Field-of-view 2 × 2 mm2 

Compression ratio 0% - 80%, in steps of 10%. 

Resolution 0.85 μm 

Exposure time 50 s 

Magnification 0.4× 
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A photograph of the compression stage and a compression sample holder is shown in 

Figure 8.2(a and b), respectively. Figure 8.2(c) shows the radiograph obtained in the 

uncompressed state. 

 

Figure 8.2– Set-up for imaging of GDL compression, (a) compression stage, (b) the circular pins of 

2 mm diameter enclosed in a Kapton tube was used for the compression with the GDL sample 

placed at the centre; and (c) X-ray radiograph of the uncompressed sample. 

8.2.2  Lateral expansion of MEA 

The amount of GDL intrusion into the perimeter channel when under compression 

should be known in order to properly size the MEA/GDL to either fill the space or 

control it and take advantage of SFF effects to improve performance. The radiographic 

images of four different levels of cell compression are shown in Figure 8.3. The 

radiographs show the increase in material density in the cell with increased 

compression.  
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Figure 8.3–Radiographs of the cell compression at variable cell compression from 0% to 60% 

showing the intrusion of GDL into the SFF  

Figure 8.4 shows the extent of lateral deformation into the SFF space under uniform 

cell compression. The results show that the uniformly compressed GDLs deform 

laterally, leading to reduced free-path of reactant. To serve as an approximate design 

parameter, a linear fit to these data over the range of 0 – 60% (the range over which 

a GDL would typically be compressed) gives a value of 0.1086% µm-1 lateral 

deformation of the GDL. 
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Figure 8.4–Quantitative representation of intrusion of GDL/MEA into the SFF (calibration graph). 

8.3 Computational modelling 

The performance of a fuel cell strongly depends upon the operating conditions, 

transport phenomena and electrochemical reaction kinetics. Reactant distribution is 

crucial in deciding species transport in a cell, which is primarily affected by the flow-

field design. In this work, the 3D computational anode-only model is developed to 

understand and optimise the use of the SFF to improve fuel cell design and operation.  
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8.3.1 Computational domains and assumption 

The computational domains used for the study, along with the boundary labels, are 

shown in Figure 8.5.  The assumption made in the model are listed as follow, 

 The low-temperature PEFC operates under the steady-state isothermal 

condition at 60 °C (as is typical for open-cathode PEFCs).  

 The current model solves mass, momentum and energy conservation 

equations, along with species conservation.  

 The anode domain has a fixed average current density ‘j’ that acts as the 

reactant sink, modelled using the Butler-Volmer equation. 

 The single-phase flow in the (secondary) flow-field was laminar. 

 The momentum interactions between the fluid and porous phases were 

modelled using Darcy’s law and the species diffusion modelled using Maxwell-

Stefan’s law. 

 GDL, CL, and the membrane were assumed isotropic and homogeneous. 

 The membrane was considered impermeable for reactant gases; hence, the 

accumulation of back diffused water and the effect of the gas crossover was 

neglected.  

 The model assumes dry H2 supplied at the inlet at constant pressure and unit 

stoichiometry. 

 The fuel cell is open-cathode with high cathode stoichiometry; hence, the effect 

of cathode oxygen depletion is not solved in the model. 

 The effect of cell compression on the morphological properties such as 

permeability, porosity, tortuosity, etc. of the porous domains is not considered 

in the model. 
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Figure 8.5– 3D computational domain from x-y planar view and detailed view of the SFF 

8.3.2  Boundary conditions 

Table 8-2 lists the parameters used in the model. The anode was supplied with dry 

pressurised H2 at 300 mbar. The DEA condition, i.e. purge valve closed condition, was 

mimicked with a wall boundary condition at the anode outlet. The rectangular geometry 

of the anode domain offered symmetrical anode flow behaviour. Hence, xz plane 

symmetry was applied to optimise the computational time. 
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Table 8-2 – Modelling parameters and operating conditions 

Property Value Ref. 

Current density, j [A cm-2] 0.1, 0.6, 1   

GDL Thickness – 40% compression, ℎ𝐺𝐷𝐿
𝐶𝑜𝑚𝑝𝑟𝑒𝑠𝑠𝑒𝑑

 [m] 1 × 10-4  

GDL Thickness – 60% compression, ℎ𝐺𝐷𝐿
𝐶𝑜𝑚𝑝𝑟𝑒𝑠𝑠𝑒𝑑 [m] 0.55 × 10-4 

GDL Thickness – 70% compression, ℎ𝐺𝐷𝐿
𝐶𝑜𝑚𝑝𝑟𝑒𝑠𝑠𝑒𝑑

 [m] 0.4 × 10-4 

Membrane thickness, ℎ𝑚𝑒𝑚 [m] 40 × 10-6  

Catalyst layer thickness, ℎ𝑐𝑙 [m] 15 × 10-6  

GDL porosity – 20% compression, 휀𝐺𝐷𝐿
𝐶𝑜𝑚𝑝𝑟𝑒𝑠𝑠𝑒𝑑

 0.75 Measured 

GDL porosity – 40% compression, 휀𝐺𝐷𝐿
𝐶𝑜𝑚𝑝𝑟𝑒𝑠𝑠𝑒𝑑

 0.6 Measured 

GDL porosity – 60% compression,  휀𝐺𝐷𝐿
𝐶𝑜𝑚𝑝𝑟𝑒𝑠𝑠𝑒𝑑

 0.5 Measured 

Catalyst layer porosity, 휀𝑐𝑙 0.3 [354] 

Catalyst layer permeability, 𝐾𝑐𝑙 [m
2] 1.0 × 10-13 [355] 

GDL permeability, 𝐾𝑔𝑑𝑙 [m
2] 1.76 × 10-11 [252]  

GDL electrical conductivity, 𝜎𝑔𝑑𝑙 [S m-1] 570  [252] 

Electrolyte conductivity, 𝜎𝑚𝑒𝑚 [S m-1] 9  [252] 
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H2 viscosity, μ [Pa s] 1.19 × 10-5  

H2 inlet pressure, Pin [mbar] 300   

Cell operating temperature, Tcell [°K] 333   

Reference H2 concentration, 𝐶𝐻2
𝑟𝑒𝑓

 [mol m-3] 40.89   

Anode exchange current density, 𝐽𝑜
𝑎 [A m-2] 1×10-4 [252] 

Anodic transfer coefficient, 𝛼𝑎 0.5 [252] 

Cathodic transfer coefficient, 𝛼𝑐 0.5 [252] 

 

The no-slip boundary condition was applied to the flow-field walls and slip-wall 

boundary condition to the porous walls. The parametric investigation solves for four 

SFF design cases: case (i) design without the SFF, i.e. either no primary anode flow-

field is used, and the SFF is blocked due to the lateral deformation of GDL fibres 

(corresponding to 70% compression); case (ii) design with 0.1 mm SFF is available 

(corresponding to 60% compression); case (iii) design where 0.25 mm SFF is available 

(corresponding to 40% compression), and case (iv) design with 1 mm wide SFF is 

available for the reactant transport. The model was tested under various operating 

current densities ranging from 0.1 A cm-2 to 1 A cm-2. The current work discusses the 

results for three average current densities, i.e. 0.1 A cm-2, 0.6 A cm-2 and 1 A cm-2. 

These current densities were carefully chosen as fuel cell reactant transport dynamics 

typically become important over 0.6 A cm-2 and lead to voltage decay during DEA 

operation [103]. All the cases are initialised at 0.6 V for computational stability. 
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8.3.3 Governing equations 

The computational model consists of the following governing equations with respect 

to individual components in the computational domain.  

 

Based on the assumptions made in the current model, the reactant, i.e. pressurised 

hydrogen flowing through the SFF, is governed by the continuity equation. The steady-

state Navier-Stokes equation describes the momentum conservation for an 

incompressible fluid. 

 𝜌(𝑢 ∙ 𝛻)𝑢 = 𝛻 ∙ [−𝑃𝐼 + 𝜇(𝛻𝑢 + 𝛻𝑢𝑇)] (8.1) 

 𝛻 ∙  𝑢 =  0 (8.2) 

Here, u is the velocity vector, [m s-1]; 𝜇 is the dynamic viscosity, [kg m-1s-1]; P is the 

pressure,[Pa]; 𝜌 is the density of the gas mixture, [kg m-3]. It is described by, 

 
ρ =

𝑃 ∙ ∑ 𝑥𝑖𝑀𝑖𝑖

𝑅𝑇
 (8.3) 

where 𝑥𝑖 is the mole fraction, R is the universal gas constant, 8.314 [J mol-1K-1] T is 

the cell operating temperature [°K]. The subscript i represents species used in the 

model, i.e. hydrogen and water. The species diffusion and conservation in the SFF 

were defined using the Maxwell-Stefan diffusivity equation. This solves for the mass 

fraction fluxes. 

 
𝑗𝑖 = −(𝜌𝐷𝑖

𝑚𝛻𝜔𝑖 + 𝜌𝐷𝑖
𝑚𝜔𝑖

𝛻𝑚𝑛

𝑚𝑛
)𝛻 ∙ 𝑗𝑖 + 𝜌(𝑢 ∙ 𝛻)𝜔𝑖 = 𝑅𝑖 (8.4) 
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where 𝐷𝑖
𝑚 = 

1−ωi

∑
xk
Dik

k≠i

 and 𝐷𝑖𝑘 is the diffusion coefficient, [m2 s-1], 𝑅𝑖  is the reaction rate, 

[kg m-3s-1]. As no reaction takes place in the flow-field, 𝑅𝑖 = 0. x, the mass fraction, 

and M is the molecular mass of the species (kg mol−1). 

 

GDL and catalyst layers are considered porous domains. Hence, the velocity 

distribution is solved using Darcy’s mass conservation equation. 

 
−
𝑘

𝜇
𝛻 ∙  𝑝 =  𝑢 (8.5) 

where k is the permeability (m2). The continuity equation is given by, 

 𝛻 ∙ (𝜌𝑢) = 𝑆 (8.6) 

Here, S is the source term [kg m-3 s-1]. The continuity equation for gas flow in the anode 

domain was defined by the sum of hydrogen and water present at the anode. The 

source term, S, defines the total production and consumption of the species during the 

electrochemical reactions. The reaction rate, Ri, is defined in the catalyst layer. This 

was solved using Faraday’s law. 

 
𝑅𝐻2 = −

𝑗𝑎
2𝐹

𝑀𝐻2 (8.7) 

 

The electrochemical reaction (species sink equivalent to current) at the anode catalyst 

layer is formulated by the anodic Butler-Volmer expression. 
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𝑗𝑎 = 𝑗𝑜

𝑎 (𝑒𝑥𝑝 (
𝛼𝑎𝐹𝜂

𝑅𝑇
) − 𝑒𝑥𝑝 (

−𝛼𝑐𝐹𝜂

𝑅𝑇
)) (8.8) 

where 𝑗𝑜
𝑎 [A cm-2] is the anode exchange current density; (𝛼𝑎 and 𝛼𝑐 are anodic and 

cathodic transfer coefficients respectively. 𝜂 is electrochemical overpotential (V); 

which is expressed by the potential difference between the solid phase responsible for 

electron transport and electrolyte phase responsible for proton transport. The anode 

side electrochemical overpotential is defined as, 

 𝜂 = 𝜙𝑠 − 𝜙𝑙 (8.9) 

The current model performs parametric analysis at average current density boundary 

condition set at 0.1, 0.6 and 1 A cm-2. 

8.3.4  Numerical solution 

The system of coupled nonlinear equations contains five dependent variables, 

electrolyte potential (𝜙𝑙), an electric potential (𝜙𝑠), velocity (u,), pressure (P), and a 

mass fraction (𝜔𝑖) at the anode. All the partial differential equations in this model were 

solved in the commercial software environment, COMSOL Multiphysics 5.2a. All PDEs 

were solved using a direct solver, MUMPS, with undamped Newton and relative 

tolerance of 10−6 was used as the convergence criteria. Due to the small curvatures in 

the geometry, in the present work, a triangle grid based on the Lagrange shape 

function was generated for finite-element calculation with average mesh quality of 

0.54. Mesh size was determined based on the application of minimum 10 elements on 

the smallest edge length. This ensures appropriate resolution of the boundary layers 

at computational walls.  Therefore, the mesh independency study was restricted to 

solving a base-case analysis using three different mesh densities (approximately 10% 

variation in the mesh size). For the channel-level study, three SFF channel sizes 

consisting of 411,800, 457,555 and 503,310 elements were implemented. 1% 
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deviation was observed in terms of local velocity, pressure and species molar 

concentration. Hence, the grid-independent mesh density of 457,555 was selected as 

a good trade-off between the result accuracy and computational time.  

8.3.5 Modelling results 

The objective of the numerical modelling was to predict the effect of the available SFF 

on the localised reactant distribution at the anode. This work focuses on the system 

with no macroscopic (primary) flow-field. The current model shows the effect of 

available SFF on the localised reactant velocity and the molar concentration.  

 

Figure 8.6 shows a matrix of results describing the effect of the width of SFF on the 

localised planar velocity at the GDL mid-plane (xy plane) at varying current densities. 

During DEA operation, the system works at unit stoichiometry; hence, the H2 mass flux 

increases with an increase in the current density, manifest here by an increase in 

diffusion velocity.  

For Case (i), design without SFF, at a lower current density region, refereeing to the 

activation dominant region (j = 0.1 A cm-2), the planar velocity at the GDL mid-plane is 

comparatively even. Increasing to j = 0.6 A cm-2, i.e. Ohmic dominant region, linear 

velocity gradient across the GDL was observed to accommodate the increased 

consumption of H2. At a mass transport dominant region, j = 1 A cm-2, velocity gradient 

across the GDL has further increased. This shows that H2 is diffusing through the GDL 

from the point of entry. 

Case (ii) describes a 0.1 mm wide SFF. Though the results show a similar trend as for 

Case (i) at lower current density, with an increase in current density, a transition from 

a ‘diffusion-driven flow’ regime to the convective mass transport around the perimeter 

of the cell and diffusive mass transport into the GDL becomes increasingly apparent.  



Chapter 8 Secondary flow-field architecture   

 

271 

 

 

Figure 8.6– Effect of current density and SFF design on in-cell hydrogen velocity distribution at the 

GDL-mid-plane while operating in dead-ended mode for: (i) design without SFF; (ii) SFF width, d = 

0.1 mm; (iii) SFF width, d = 0.25 mm, and (iv) SFF width, d = 1 mm.  

For Case (iii), i.e. 0.25 mm wide SFF, an approximately constant convective velocity 

in the SFF is observed, servicing the H2 sink within the active electrode area. At higher 

current density, this design shows the shift in lower diffusion velocity region towards 

the centre of the electrode, as highlighted in Figure 8.6(1) and Figure 8.7(1). 

Case (iv) shows the design with a 1 mm SFF. At lower current density, this design 

shows similar planar velocity distribution to Case (iii). With the increase in the average 

current density, the effect of the SFF is evident. At j = 1 A cm-2, higher velocity gradient 

into the centre of the electrode was observed. This results in the lower diffusion 

velocity region at the centre, highlighted in Figure 8.6 (2) and Figure 8.7(2). 
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Figure 8.7– Effect of SFF width on the in-cell hydrogen velocity vectors plotted at the mass 

transport dominant region (j = 1 A cm-2).  

The velocity vector plots are at mass transport dominant region, i.e. j = 1 A cm-2
 are 

shown in Figure 8.7. The orientation velocity vector changes with the width of SFF and 

supports the findings from the planar velocity contour plots emphasising the effect of 

the SFF not only on the reactant transport but also on the direction of reactant 

diffusion. 

 

The current fuel cell design relies on the lateral flow of reactant through the anode 

GDL, the SFF effectively acts as the ‘primary’ flow-field, ensuring reactant distribution 

from all the sides of the GDL. The effect of the width of SFF during high averaged 

current density DEA operation, i.e. j = 1 A cm-2, is plotted at the global concentration 

gradient in Figure 8.8(a). The contour plots against the global colour legend show the 

presence of the SFF has a significant effect on the localised hydrogen concentration. 

The hydrogen concentration gradient is defined as the ratio of the difference between 

concentration (𝐶𝑖𝑛𝑙𝑒𝑡
𝑀𝑎𝑥 − 𝐶𝑚𝑖𝑛) at the GDL mid-plane to the maximum concentration at 
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the inlet (𝐶𝑖𝑛𝑙𝑒𝑡
𝑀𝑎𝑥 ) and acts as an indication of how evenly the reactant is distributed 

across the electrode Figure 8.8(b). 

 
𝐻𝑦𝑑𝑟𝑜𝑔𝑒𝑛 𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 𝑔𝑟𝑎𝑑𝑖𝑒𝑛𝑡 (%) =  

(𝐶𝑖𝑛𝑙𝑒𝑡
𝑀𝑎𝑥 − 𝐶𝑚𝑖𝑛) 

𝐶𝑖𝑛𝑙𝑒𝑡
𝑀𝑎𝑥  (8.10) 

The fuel cell where the entire SFF is blocked, i.e. no free path is available for the 

reactant transport is shown in Case (i). This condition / design have the highest 

hydrogen concentration gradient among all the designs, i.e. 38.0% implying an uneven 

reactant distribution. In case (ii), 0.1 mm wide SFF, a hydrogen concentration gradient 

of 15.8% was observed. This design particularly highlights the concentration depletion 

from the inlet (highest concentration) to ‘exhaust’ location (lowest concentration). For 

case (iii), though the results show a similar trend as that of the case (ii), this design 

shows the effect of the combined convective – diffusive flow on the localised hydrogen 

concentration distribution, with the reduction in concentration gradient to 5.6%. In this 

case, the localised reactant concentration minima slightly shift from the exhaust 

location towards the centre (to the ‘left’) of the electrode (Figure 8.8(a) ). Case (iv) 

describes the reactant distribution behaviour of the cell with a 1 mm wide SFF channel. 

This design shows comparatively even reactant distribution with the reduction in 

concentration gradient to 1.1% when compared at the global colour scale. 
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Figure 8.8 Effect of the width of secondary flow-field on (a) hydrogen molar concentration [mol m-3] 

at the GDL mid-plane when measured at j =1 A cm-2, plotted at the global colour scale. Circled 

areas highlight the area of minimal hydrogen concentration, (b) hydrogen concentration gradient, 

As the global colour bar fails to show the interesting localised concentration features, 

case iv with local concentration legend shows that the local minima of hydrogen 

concentration have moved to the centre of the cell, as shown in Figure 8.9(a). The yz 

and zy planar concentration shows that concentration varies mainly in the in-plane 

direction, with a constant concentration in the through-plane direction, as shown in the 

detailed view of in Figure 8.9(b).  
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Figure 8.9 (a) localised hydrogen concentration for Case iv, SFF width 1 mm, (b) in-plane and 

through-plane hydrogen concentration plot, the detailed view showing the uniform through-plane 

concentration. 

 

Recently, Watanabe et al. used a visualisation technique to investigate localised 

hydrogen concentration distribution for a ‘wraparound flow path’ [203]. The result 

suggests that lateral diffusion of hydrogen from the perimeter leads to a lower 

hydrogen concentration at the central area of the cell, in agreement with the hydrogen 

concentration gradient obtained from the modelling (Figure 8.9(a)). 

Figure 8.10(a) shows the distribution of liquid water obtained from the neutron imaging 

of a fuel cell with the similar cell architecture as that used in the present SFF model, 

i.e.no conventional flow-field at the anode and the presence of a 1 mm wide SFF and 

operating under DEA conditions [103]. The radiograph obtained at the beginning of 

the experiment where the exhaust valve was open, i.e. the through-flow anode 

operation. Shows comparatively uniform water distribution pattern observed under the 
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land region (Figure 8.10(a)). During the dead-ended anode operation, the uniformity 

in the water distribution pattern has lowered with the potential dried region in the centre 

of the fuel cell, as highlighted in Figure 8.10(b). The cell drying location obtained from 

the neutron imaging correlated with the region with the lower hydrogen concentration 

(Figure 8.9(a)). Lowered hydrogen concentration, results in the fuel starvation at the 

centre of the cell leading to lowered current production from the particular sites.  

 

Figure 8.10 Neutron hydrographs in xy plane at the centre of the cells with no conventional flow-

field at the anode, where the SFF acts as a primary flow-field and cross-flow at the cathode, j = 

0.56 Acm-2. (a) the through-flow operation, (b) DEA operation results in depletion of water in the 

middle of the electrode, resulting in subsequent cell drying and H2 starvation, Adapted from [103]  
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8.4 Conclusion 

This work identifies the gap that may exist at the perimeter of a GDL as a ‘secondary’ 

flow-field. The way in which an MEA is put into compression, causes the GDL to 

expand laterally by different amounts and will determine the width of the SFF channel. 

X-ray radiography of an MEA has shown the almost linear lateral intrusion of the GDL 

into the gap with increasing compression.  

The influence of the SFF dimension on reactant distribution in an operating fuel cell is 

explored by applying a simplistic flow model. It is important to note that the present 

model solves steady-state, dead-ended operation, with constant current output. In 

reality, PEFC operation is transient, and the anode will suffer from N2 crossover from 

the cathode. Such multiphase and transient response factors are likely to lead to more 

complex operation in practice.  

In the specific case of a fuel cell operating without a conventional anode flow-field in 

dead-ended mode, the presence of SFF is predicted to improve reactant distribution 

and consequently current density distribution. In the cell where both primary and 

secondary flow-fields are available, the SFF may enhance the overall reactant 

distribution and complement the behaviour of primary or conventional flow-fields or 

could act as a by-pass of the primary flow-field. This will very much depend on the 

type and size of the primary flow-field, the electrode and the operating mode (i.e. 

through-flow or dead-ended). 

The way that the SFF forms will depend on the compression of the fuel cell and the 

manufacturing and component tolerances. There is scope for optimising the SFF for 

operation and modifying its structure by, for example, incorporating baffle features or 

tapering the channel width to facilitate reactant access to the active electrode area. 
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The last couple of decades have seen tremendous growth in the development of fuel 

cell technology with the aim of large scale commercialisation. The focussed efforts 

have achieved the progress in the membrane quality, reduction of the platinum loading 

and overall material system cost. However, to achieve broad-scale commercialisation 

and deep market penetration, a significant improvement in fuel cell operation, 

durability and architecture are essential. Various studies provided throughout this 

thesis present a strategy towards the advancement of fuel cell performance and 

architecture. 

9.1 Research summary and conclusion  

The primary goal of the thesis was to identify and understand the architectural factors 

that define the structural and electrochemical performance of the fuel cell. The 

understanding generated from the present research will enable improvements in 

PEFC performance and efficiency while potentially enhancing cell designs, 

architecture and durability. Electrochemical modelling framework and advance 

characterisation techniques developed in this work are also directly applicable to the 

broader fuel cell as well as electrochemical community. Many of the features of 

structural and morphological findings are relevant to other fuel cell technologies and 

concepts, such as the determination of the effective property distributions, distribution 

of material fractions across the cell thickness, water dynamics, etc. 

The novelty of this work is the combined use of three systematic approaches to analyse 

the architectural and electrochemical factors affecting the fuel cell performance, which are 

(1) X-ray characterisation.- The in-situ characterisation technique evaluates and 

quantifies the effective parameters that affect the fuel cell performance,  

(2) Numerical modelling- The detailed mechanistic models that couples structural 

deformations of the cell with electrochemical behaviour 
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(3) Neutron imaging - The novel in-situ, in-operando performance evaluation and 

liquid water visualisation techniques providing qualitative model validations 

while commenting on water transport mechanism in low-temperature PEFCs.  

X-ray CT characterisation highlights the inherent morphological heterogeneities in the 

entire MEA and quantifies the effect of non-uniform fuel cell compression and cell 

architecture on the cell microstructure that determine the fuel cell performance. The 

key findings presented by X-ray CT analysis are,  

(1) The non-uniform cell compression promotes partial blocking of the active flow-

fields. This would adversely affect the reactant transport within the flow-field 

and thermal management of the fuel cell. 

(2) Inherent heterogeneity in the membrane thickness could aggravate by the non-

uniform compression of the fuel cell. This leads to non-uniform structural 

thinning of the membrane. Non-uniform thinner membranes could promote 

higher crossover losses and adversely affect cell durability. 

(3)  The fuel cell performance is determined by the strong interdependence 

between the cell architecture, non-uniform compression, accuracy of cell 

assembly process and the resultant effective parameters.  

The numerical models developed in this study are preliminary 2-D mechanistic non-

isothermal multiphase models. The outstanding aspects of these models are, 

(1) Coupled structural-electrochemical modelling approach considers the effect of 

cell architecture and the extent of cell compression on the distribution of 

effective properties within the fuel cell layers. This approach uses the initial 

porosity and fibre diameter that can be obtained from X-ray CT studies.   

(2) The agglomeration approach was opted to model catalyst layers. This 

approach considers the CL microstructure based on the input parameters such 

as CL porosity, Pt. particle size, Platinum surface area ratio, ionomer fraction 

and film thickness.  



Chapter 9 Research summary and future scope   

 

282 

 

(3) Complex water transport mechanism across all the layers of the fuel cell was 

described by a combination of water phase transfer between water vapour, 

dissolved water and liquid water, water transport in the porous media through 

capillary action and water transport across the ionomer membrane under EOD 

and back diffusion.  

(4) Constitutive equations based on operating parameters of the fuel cells define 

the input parameters and boundary conditions required to solve the model. 

Hence, the key aspects of the model result in a comprehensive, robust and 

experimentally validate modelling framework that could be used to design, solve, 

analyse, and predict PEFC performance with various cell architectures, operating 

conditions and fuel cell materials. 

In present study, the developed modelling framework effectively delineate the strong 

dependence of cell compression on the water saturation and temperature distribution, 

particularly under mass transport dominant conditions. The model highlights the key 

processes affecting the fuel cell performance on both global and local scale, such as 

at the low-temperature PEFC operation, the exothermic ORR is the main contributor 

to the non-uniform cell heating at all the compressions, contributing to more than 98 

% of the heat source. Hence, the thermal performance of the cell is not preliminarily 

affected by the compression and can be enhanced by improving the catalytic 

properties of the electrode. 

The present model highlights that an increase in compression results in increased 

mass transport dominance in the Ohmic region, fostering early mass transport losses. 

Hence, in order to improve the efficiency and the useful operating range of the fuel 

cell, the dominance of mass transport losses during the Ohmic operation has to be 

minimised. Hence, the present model successfully delineates multi-phase modelling 

environment while commenting on the water formation, phase change and transport. 

The developed models are believed to be useful tools to analyse the transport and 



Chapter 9 Research summary and future scope   

 

283 

 

electrochemical reaction processes involved in the fuel cell operation and predict cell 

performance. 

In this research work, the dynamics of fuel cell operation was investigated by studying 

the effect of cell compression on the water transport behaviour using in-plane and 

through-plane in-operando neutron radiography. The key features of the multi-

orientation neutron radiography are, 

(1) The in-plane neutron radiography enables to evaluate the water retention and 

accumulation within the layers of the MEA highlighting the effect of land and 

channel pattern on the non-uniform distribution of the liquid water, fluctuating 

between the peaks underneath lands and valleys under the channels. The in-

plane radiographs provided vital information regarding how the dynamic 

behaviour of water transport is affected by cell compression while commenting 

on the rate of water back-diffusion, water retention in the system and water 

removal efficiency.  

(2) The through-plane hydrographs help explore the water dynamics over the 

active area of the cell with a key-focus on the water retention along the channel 

length and form of water retention such as droplet, film or a slug.  

(3) The in-plane neutron radiographs could be used to validate 2-D multi-phase 

fuel cell models qualitatively. 

Neutron radiography study results in an enhanced understanding of the water 

transport process in the fuel cell while augmenting the knowledge of how the non-

uniform compression affects the mass-transport losses in the fuel cell. Additionally, 

the combined in-plane and the through-plane radiographs provided the baseline to 

determine what constitutes the in-situ water thickness in an operating fuel cell. The 

neutron radiographs validate the computational models developed in this work and 

agree well with the fuel cell literature. 
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This research also presents a highly neglected feature in fuel cell design that may exist 

at the perimeter of a GDL, referred to as the ‘secondary flow-field’. The developed 

characterisation and the modelling framework highlighted that the secondary flow-field 

would play a critical role in determining the performance and durability of the fuel cell 

while operated in the dead-ended anode mode. In addition, the secondary flow-field 

architecture is closely linked with cell compression, and the manufacturing and 

component tolerances, highlighting the importance of design for manufacturing (DFM) 

on the fuel cell performance. 

Altogether, this work has produced an enhanced knowledge of the fuel cell designs 

and the architectural factors defining the morphological, electrochemical-thermal 

behaviour of this low-temperature fuel cell. Additionally, this thesis contributes to a 

better understanding of the extent by which physical and electrochemical processes 

within a PEFC, especially the water formation, phase change and transport are 

affected by fuel cell architecture,  compression and operating conditions.  

9.2 The future direction of the research 

In terms of future work, three main routes are considered: increasing the knowledge 

of the in-situ behaviour by multi-scale characterisation through further advanced 

diagnosis, development of an extensive high-fidelity electrochemical model of the cell 

capable of solving the porous morphology in the fuel cell while effectively predicting 

the effect of architectural factors, and enhancement in the understanding of the effect 

of fuel cell assembly process and errors on the performance. 
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9.2.1 Morphological correlations for in-situ X-ray CT and in-

operando studies 

The morphological approach presented in this study focusses mainly on GDLs and 

membranes while the pixel resolution is restricted to 1.64 μm. In order to evaluate the 

fuel cell microstructure and its effects on the performance, X-ray nano-computed 

tomography could be adapted in future for 3D investigations of electrode 

microstructures. However, the scanning should facilitate access to a larger sampled 

volume, thus providing more representative characterisation of the entire MEA. The 

lab-based instrument, Zeiss Xradia 810 Ultra (Carl Zeiss X-ray Microscopy, 157 

Pleasanton, USA), could be used for the initial understanding of the electrode nano-

morphology. However due to FOV restriction of the lab-based instruments, (typically 

no more than tens or hundreds of micrometres in dimension), the synchrotron-based 

instruments could be adopted for the entire MEA scanning. This experiments should 

give the defined direction towards the evaluation of the effects of cell architecture on 

electrode crack-formation, crack-growth, and cell degradation. 

Additionally, the combined effect of cell architecture, compression and operating 

conditions such as variable temperature and humidity on the mechanical thinning of 

the membrane could further be analysed using micro and nano X-ray CT. This should 

provide the direction towards developing structural non-degradable membranes. 

Neutron radiography technique discussed in the current research could be used to 

characterise water transport mechanisms and two-phase flow in PEFC. The local 

water transport mechanism and rate of exchanges inside the PEFC materials can be 

visualised using Hydrogen–Deuterium (H-D) contrast neutron radiography. The 

contract in attenuation strength between hydrogen and deuterium allows 

understanding the rate at which the accumulated water is exchanged with newly 

generated water. Therefore, the impact of architectural and operating parameters on 
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the stationary application fuel cell can be analysed, with a particular focus on water 

management. 

The diagnostic techniques such as morphology correlation can segment water from 

the tomography with extreme precision when operated at higher humidity conditions. 

Hence, morphology correlation can be used to conjugate X-ray CT and the neutron 

imaging studies, for the advancements in PEFC architecture, performance 

improvement and high-fidelity numerical model validation suite. 

Additionally, the combined effect of cell architecture, compression and operating 

conditions, such as variable temperature and humidity on the mechanical thinning of 

the membrane, could be further analysed using micro and nano X-ray CT and H-D 

neutron imaging. This should provide the direction towards developing structural non-

degradable membranes. 

9.2.2 Development of an extensive high-fidelity 3D models  

The modelling reliability and compatibility can be improved with several aspects. The 

present modelling framework effectively predicts the performance in two-dimensional 

aspect. For a better understanding and the representation of real-world behaviour, the 

model should be extended to three-dimensions. This would facilitate the prediction of 

the of non-linear compressions and localised stresses arising from the flow-field 

channels geometries, such as parallel, interdigitated, serpentine and/or mixed-types, 

as well as reactant distribution and water management during the parallel and cross-

flow arrangements 

The present steady-state continuum models have to be extended to predict the 

dynamic behaviour of water generation, accumulation and transport. The model can 

also be coupled with the degradation models briefly mentioned in this thesis. The 

models can be validated with the dynamic water management presented. 
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The present model can also be extended to predict the effect of carbon (catalyst 

support) corrosion, catalyst degradation, and membrane degradation. The effect of 

membrane thinning on the species crossover is pivotal in determining the fuel cell 

performance, preliminarily when operated in the dead-ended mode. This would impact 

the fuel cell durability; hence, the operating cost of the system. The current work could 

also be used as the baseline in developing the dynamic electrochemical multispecies 

models predicting the effect of species-crossover during DEA operation. 

The present continuum-based model and the morphological images can be used to 

develop the high-fidelity three-dimensional models considering the representative 

structure of the gas-diffusion and microporous layers. The LBM approach could be 

used to solve the GDL, and the MPL structure with the present agglomeration based 

model could be used to solve the continuum-based electrochemical processes. 

However, the model will be sensitive to the morphological images used. 

9.2.3 Effects of the stack assembly process on PEFC performance. 

The potential impact of the stack assembly process and the manufacturing tolerances 

on the fuel cell morphology has to be addressed. The use of X-ray CT on micro and 

nano level, in conjunction with in-situ mapping of the fuel cell behaviour, such as 

electro-thermal mapping using the high-resolution sensor plates, water mapping using 

neutron imaging and the multiphase modelling would provide great insight into the 

real-life fuel cell challenges. This would allow the research focus in attaining the effect 

of external factors on the performance, durability and on commercialisation.  

One of the ways that could be used to assess the impact of manufacturing and 

assembly errors is to build a stack with ‘intentional’ deformities such as channel 

misalignment or extreme compressions. X-ray CT could be effectively used to 

understand the changes in the internal structure of the MEA under unwanted cell 

deformities such as extreme manufacturing tolerances, over-compression, and 
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membrane delamination and stresses on the GDLs. The modelling framework 

discussed in Chapter 4 and further enhancement in the model discussed in Chapter 6 

can be used to numerically predict the performance of the cell with deformities and 

sensitivity analysis can then be conducted to assess the means of mitigating the 

undesirable effects.  

The in-situ diagnosis of the cell with the ‘intentional’ deformities can be focussed on 

understanding the effect on start-up and shut-down cycles while monitoring carbon 

corrosion. The membrane and GDL could be investigated in post-mortem analysis to 

monitor the structural changes and particle size related to carbon corrosion. 

The proposed framework comprising of the morphological characterisation, numerical 

modelling, and the neutron imaging is not limited to low-temperature PEFCs but should 

lead to performance advancements in other electrochemical systems as well. Redox 

flow batteries, electrolysers, and different types of fuel cells (alkaline, high 

temperature, direct methanol, etc.) could thus benefit from the proposed approach. 

Therefore, the understanding of architectural factors using advanced diagnostics 

would benefit the development of reliable and robust ‘green’ energy systems 

integrated with sustainable development. 
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Appendix A: The effect of catalytic 

factors on PEFC performance 
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The catalytic factors define the electrochemical performance of the fuel cell. This 

section discusses the critical catalytic factors and how they alter/impact fuel cell 

operations. 

A.1 Activation barrier and electrode materials 

To reduce activation losses, the activation energy barrier (𝐸0) has to be reduced by 

offering an adequate surface for reaction and stabilising the transition state. The 

strength of bonds between the catalyst and the absorbed species is the key factor 

while selecting the suitable catalyst (Figure A-1(b)). The bond strength needs to be 

strong enough to hold the reactant species to the catalyst layer, increasing reaction 

sites, but weak enough to break to form the product. This phenomenon is known as 

the ‘Sabatier principle’, which is often illustrated by the volcano plot with Pt group 

metals, generally having the optimal medium-strength bonds. For example, for Pt/C 

electrode HOR exchange current density is several orders larger than ORR; however, 

ORR shows higher exchange current density on Pt/C electrode than on Au electrode. 

Therefore, electrode material and/on catalysts have a substantial effect on the ORR. 

Table A-1- ORR exchange current densities on various electrode material. Adapted from [356] 

Electrode material/ 

catalyst 

ORR exchange current 

density, [A cm-2] 

Electron transfer 

co-efficiency 

Pt 2.8× 10-7 0.48 

PtO/Pt 1.7× 10-10 0.46 

PtFe/C 2.15× 10-7 0.55 
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PtW2C/C 4.7× 10-5 0.47 

 

 

Figure A-1 (a) Schematic of catalyst morphology with respect to the Sabatier principle, (b) Sabatier-

type volcano plots. The blue and orange lines represent the theoretical approach based only on the 

adsorption strength of the reactant species to the catalyst surface. The red-green lines represent the 

practical approach considering the effect of catalyst composition and morphology, environment, and 

(c) volcano plot of the activity of various transition metals for the ORR, as a function of the binding 

energy of oxygen atom to the catalyst. From [357] 
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A.2 Surface roughness 

The catalytic activity of Pt is generally characterised by electrochemically active 

surface area (ECSA) [358,359]. ECSA is associated with charges of hydrogen 

adsorption, 𝑄ℎ [m
2g−1], and calculated as [360], 

 
𝐸𝐶𝑆𝐴 = 

𝑄𝐻
0.21 × 𝑚𝑝𝑡 × 𝐴𝑀𝐸𝐴

 (A.1) 

Where 0.21 is hydrogen adsorption charges on the smooth Pt electrode [mC cm−2], 

𝑚𝑝𝑡 [mg cm
−2] is the Pt loading on the catalyst layer, 𝐴𝑀𝐸𝐴 [cm

2]; is the geometric area 

of the MEA. Increase in electrochemically active surface area (ECSA) of the catalyst 

is equivalent to increasing surface roughness factor, RF. With an increase in surface 

roughness, the number of active surface sites for the electrochemical reaction 

increases, increasing exchange-current density.  

The catalytic activity, RF, and durability can be enhanced by evenly dispersing fine 

nano-particles of Pt or Pt group alloys (PGM) over the carbon support structure such 

as carbon nanotubes (CNTs), carbon nanofibers (CNFs), and graphene [357]. 

Typically, the optimum Pt particle size reported in the literature varies between 2 to 6 

nm [361]. The study by Borup et al. showed that the Pt particle grows in size during 

cyclic testing. X-ray diffraction (XRD) analysis to evaluate the degree of electrocatalyst 

sintering showed that the growth of cathode Pt particle size depends on operating 

temperature, test length and the potential. During steady-state testing, the particle size 

grew from about 1.9 nm to 3.1 nm over 3500 h testing; whereas, the durability test 

showed the growth of Pt particles from 1.9 nm to 3.5 nm during the drive cycle 

experiment of 1200 h [362]. The morphological changes within the CLs lead on to a 

gradual decrease in the ECSA. Though this phenomenon is observed at both the 

anode and the cathode CLs, presence of liquid water at the cathode CL facilitate the 
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primary corrosion and promotes extensive degradation of CLs [363,364] as shown in 

Figure A-2. 

 

Figure A-2–SEM image of CL cross-section for Pt/C CL and Nafion membrane, (a) cross-

section of fresh MEA before testing, (b) cross-section of MEA after 2200 h life test with arrows 

denoted as ‘A’ and ‘B’ showing catalyst agglomeration/growth in the anode and cathode 

catalyst layers, respectively. Arrow denoted as C shows a segment of the catalyst layer that 

has been detached. [363] 
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The mechanisms for nanoparticle growth include local coalescence of agglomerated 

particles [301], agglomeration of nonadjacent crystallites via Pt particle migration 

[364], Ostwald ripening [27], Particle detachment [363,364] and dissolution of the 

catalyst and subsequent precipitation of platinum[27]. (Figure A-3) 

 

Figure A-3–Simplified schematic showing the degradation mechanism for Pt particles on 

carbon support in fuel cells. [365] 

A.3 Catalytic corrosion 

Carbon corrosion in Pt/C catalyst layers has been recognized as one of significant fuel 

cell degradation mechanisms, and much effort has been devoted to understanding the 
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process of carbon corrosion and its detrimental consequences [93,366,367]. The 

cathode CL is particularly susceptible to carbon corrosion causing performance 

degradation due to both losses in the kinetics of the oxygen reduction reaction (ORR) 

and losses in oxygen mass transport [368].  

The standard potential for the corrosion of carbon is 0.207 V. Reactant gases (H2 in 

this case) is utilised to draw the current when the anode potential is below 0.207 V; 

however, when it grows above 0.207 V, carbon corrosion in the anode catalyst layer 

occurs to supply protons to support the current requirement [369]. The chemical 

equation for carbon corrosion is as follows, 

 𝐶 + 2𝐻2𝑂 →  𝐶𝑂2 + 4𝐻
+ + 4𝑒− (A.2) 

The key factors initiating and promoting carbon corrosion is a reverse current that 

occurs during frequent start-up and shutdown of the device [27,367], localised anode 

flooding, i.e. water management, fuel starvation due to uneven reactant distribution 

and the mode of operation (see section 2.3.5 discussing the effect of mode of 

operation) [370]. Corrosion of carbon support in CL causes detachment of Pt 

nanoparticles (Figure A-4), migration, agglomeration and severe reduction in ECSA 

[363]. Therefore, the carbon corrosion in the cathode can lead to performance loss 

due to loss of ECSA [371], decreased electrical connectivity of the catalyst support 

structure within the electrode [368], and alteration of pore morphology and pore 

surface characteristics [365]. 4D X-ray CT study by White et al. highlighted the change 

on mud-crack morphology of Pt/C catalyst layer and an increase in the crack width, 

over the 550 operating cycles and a gradual loss of catalyst layer thickness up to 60% 

highlighting the extent of carbon corrosion (Figure A-4) [366]. 
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Figure A-4– Crack propagation in Pt/C cathode CL over 550 accelerated cell testing (AST) 

cycles. Here BOL stands for the beginning of life. Segmented 4D x-ray CT cathode catalyst 

layer averaged through its thickness shows the propagation of CL cracks overt 550 AST 

cycles. (Adapted from [366]) 

For low-temperature automotive PEFCs, an alteration of the operating parameters 

such as fixed current density and flow rates, effective water management and a 

reactant delivery system is suggested as the mitigation strategies to improve the 

durability of the cell, underlining the importance of the operating parameter and the 

fuel cell architecture on carbon corrosion [368]. Also, the graphitisation of carbon 

supports is suggested as one method to improve thermal stability under such 

conditions maintained [372]. 

A.4 The composition of reformate 

The purity of the reformate reactant coming out of the reformer, in this case, purity of 

H2, depends on the type of fuel, type of reformer, and the operating fuel processor 

efficiency [13]. Steam reforming or autothermal reforming are commonly used 

methods to produce hydrogen-rich feed, referred as the ‘reformate’ which typically 

contains 40 – 70% of H2, 15-25% of carbon compounds including carbon dioxide (CO2) 
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and carbon monoxide (CO), and small quantities of inert gases and sulphide 

impurities[373]. Natural gas reformate could lead to 42 % of H2, i.e. ~2.4 times lower 

concentration of the pure H2, 16% of carbon dioxide (CO2), and 42% of N2 [13]. The 

use of natural gas reformate as fuel results in lowered Nernst cell voltage reducing 

overall cell performance  

Similarly, reformation of methane (CH4) generates hydrogen-rich fuel feed with ~ 80% 

of H2 and ~ 20% of carbon compounds, including CO2 and carbon monoxide (CO) 

[374]. CO has a much more severe impact on fuel cell performance than CO2. 

However, CO2 can lead on to the formation of CO through electro-reduction of CO2 

[374], increasing CO concentration in the anode feed. Therefore, operating PEFCs on 

a hydrocarbon reformate gas could expose the anode CL to CO in the concentration 

range of 10-100 ppm. At low temperature, Pt has a higher affinity to CO than to H2; 

hence, occupying most of the catalyst sites that results in loss of ECSA and leading to 

carbon corrosion [375]. Therefore, the composition of reformate gas has the following 

effects on the PEFC performance [13,375],  

 Loss of potential due to low H2 concentration 

 Catalyst poisoning due to CO content 

 Poisoning of CLs and membrane due to ammonia and hydrogen sulphide. 
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Appendix B: Mechanical and assembly 

errors 
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The large scale market penetration of PEFC technology demands further 

improvements in the operating and durability performances and the factors defining 

these performances. The cell assembly process is one of those factors demanding 

attention and improvement. To meet the required power and voltage demands, 

multiple fuel cells (PEFCs) composed of MEAs, GDLs, BBPs, gaskets and endplates, 

are assembled with the help of bolts and tie-bars and subjected to the clamping 

pressure, as shown in Figure B-1. Practically, it has been seen that several factors 

such as assembly method, pressure, alignment, manufacturing errors, manufacturing 

tolerances, all can affect the stack integrity, and hence, the stack performance and 

durability [376,377]. The various mechanical and assembly errors are shown in Figure 

. The dimension and the shape error arises from the stamping and forming process 

(material forming and hydroforming) of the metallic bipolar plate and are unavoidable 

due to the limitations on the manufacturing process and tooling and forming tolerances 

[378–380].  

 

Figure B-1 Schematic of PEM fuel cell stack metallic BPPs' (a) dimensional error; (b) shape error; 

and (c) assembly error [378] 

Practically, hundreds of single cells are assembled in series to meet the required 

power output and the manual assembly process, which is a commonly used assembly 
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technique applied to most of the stacks leading to significant assembly errors. An 

increase in the number of cells in the stack further augments the positioning and 

cumulative assembly errors. In addition to this, the unavoidable vibration and hygro-

thermal cycling present in the operating fuel cell may aggravate the assembly error 

[381,382]. This is particularly relevant to the automobile application, which is subjected 

to frequent vibrations. The assembly errors could lead to potentially catastrophic 

failures of the stack; hence, it is crucial to control and reduce the assembly errors. 

However; due to the vast variation in the component sizing and tolerances, ranging 

from few nanometres on the membranes and CLs to few millimetres on the bipolar 

plates and endplates, it is difficult to control the assembly error without increasing the 

cost of the assembly process. At present, the positioning and assembly techniques in 

the stack building are made up of up to 14% of the total fuel cell cost [383]. This 

emphasises the need to investigate the effect of assembly errors on fuel cell 

component, in order to achieve a trade-off between non-uniform cell compression, the 

accuracy of the assembly process and the performance and durability of the cell. 

Majority of the efforts in the literature are focused on the non-uniform compression of 

the perfectly aligned fuel cell. The cell compression process results in the in-plane 

stresses in the membrane and operating cycles results in the non-uniform distribution 

of hydro-thermal stresses, localised bending stresses and further contribute to the 

delamination between the GDL and the MEA [225,384].  

Liu et al. [385] developed the parameterised FEA model and ‘least squares- support 

vector machine (LS-SVM)’ simulation to analyse the effect of assembly errors on the 

pressure distribution and stress failure of the MEA. The simulation results with the 

aligned flow-field, i.e. without the assembly error and the misaligned flow-fields, i.e. 

the with the assembly error designs results in the non-uniform contact pressure 

distribution at the GDL / MEA interface and approximately 25% increase in the von-

mises stress at the membrane highlighting the possibility of early failure of the cell( 
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Figure B-2. The same study also revealed that the probability of the stack failure 

increases exponentially with the cumulative assembly error and number of cells.  

 

Figure B-2 Contact pressure distribution between BPP and MEA (a) without assembly error 

(aligned flow-field) and (b) with assembly error (misaligned flow-field) [385] 

Banan et al. investigated the effect of 10% and 20% channel misalignment on 

delamination propagation over the number of operating cycles [381]. The study 

observed that the GDL/ CL interface experience a higher rate of the delamination 

propagation in case of misaligned channels compared to the aligned case; i.e. 

approximately 2-fold increase in the delamination rate when the channels are 

misaligned by 20%. The higher rate of delamination propagation has occurred from 

higher von-mises stresses caused by the channel misalignment that lowers the 

expected life span of the cell. 


