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ABSTRACT 18 
 19 
A finite-element model of a polymer electrolyte membrane fuel cell (PEMFC) with fractal 20 

branching, lung-inspired flow-field is presented. The effect of the number of branching 21 

generations N on the thickness of the gas diffusion layer (GDL) and fuel cell performance is 22 

determined. Introduction of a fractal flow-field to homogenize reactant concentration at the 23 

flow-field | GDL interface allows for the use of thinner GDLs. The model is coupled with an 24 

optimized cathode catalyst layer microstructure with respect to platinum utilization and power 25 

density, revealing that the 2020 DoE target of ~ 8 kW/gPt is met at N = 4 generations, and a 26 

platinum utilization of ~ 36 kW/gPt is achieved at N = 6 generations. In terms of the overall 27 

fuel cell stack architecture, our results indicate that either the platinum loading or the number 28 

of cells in the stack can be reduced by ~ 75%, the latter option of which, when combined with 29 

a 100 µm GDL, can lead to > 80% increase in the volumetric power density of the fuel cell 30 

stack. 31 

 32 
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1. Introduction 34 

As global energy demands continue to rise, the need for viable alternative energy technologies 35 

is at an all-time high. Fuel cells have been amongst the most promising candidates for 36 

supplying reliable, clean, and efficient energy for a variety of applications, ranging from 37 

personal electronics to cars, homes, and larger commercial power generation. Decades of 38 

research have led to design improvements that leave fuel cell technology on the cusp of 39 

economic viability [1]. 40 

Despite the major advancements made over several decades to improve fuel cell performance 41 

and reliability, nearly all polymer electrolyte membrane fuel cell (PEMFC) designs suffer from 42 

the same fundamental flaw – depletion of reactant concentration along the flow path of the 43 

flow-field [2-5]. Within the confines of traditional flow-field geometries, such as serpentine 44 

and parallel, this is an unavoidable side effect. Uneven gas distribution in the flow-fields leads 45 

to fuel starvation, which is one of the main causes of component and performance degradation 46 

of a fuel cell [6-13]. Efforts to mitigate mass transport losses have led to the development of 47 

various flow-field designs [2, 3, 14-19]. 48 

Recently, we proposed a nature-inspired engineering methodology that addresses the uneven 49 

reactant distribution issues in fuel cells (Fig. 1) [20]. This is the first fuel cell design approach 50 

of its kind that is rooted in the mechanistic understanding of the structure of the respiratory 51 

organ. The characteristics of the lung to transition from fractal branching, bronchial airways to 52 

uniformly distributed acinar airways, corresponding to a transition from convective to diffusive 53 

transport (Péclet number, Pé ~ 1) and deliver oxygen uniformly over its entire structure to 54 

achieve minimal global entropy production [10, 21, 22], served as a guide towards the design 55 

of fractal flow-fields. This nature-inspired engineering approach stands in firm contrast to 56 

heuristic approaches that imitate biological features, by copying the apparent structure of 57 
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natural fluid distribution systems (e.g., lungs, leaves, and veins) without formal mathematical 58 

description or methodology to guide the design of such flow-fields [2, 17, 23-28]. The lung-59 

inspired flow-field design differentiates itself from conventional design approaches, which 60 

involve empirical alteration of the channel configurations to achieve more uniform gas 61 

distribution, but typically result in a higher pressure drop [29-31] and ineffective water and 62 

heat management [29, 30]. Numerical simulations of the lung-inspired flow-field based 63 

PEMFCs revealed that the ideal number of branching generations (N) for minimum entropy 64 

production lies between N = 5 and 7. Guided by the simulation results, three flow-fields with 65 

N = 3, 4, and 5 were 3D printed via direct metal laser sintering (DMLS) and tested against 66 

serpentine flow-fields. The N = 4 fractal flow-field demonstrated, respectively, ~ 20% and ~ 67 

30% increase in current density and maximum power density over serpentine flow-fields above 68 

0.8 A cm-2 [20].  69 

 70 

Fig. 1. (a) A computer generated image of the GDL integrated with a fractal flow-field with N 71 
= 4 generations, and (b) numerical simulations conducted in our previous study illustrating 72 
oxygen mass fraction distribution in the cathode catalyst layer using fractal flow-fields with N 73 
= 4, 6, and 8 generations [20]. Copyright © 2018 The Royal Society of Chemistry. 74 

To further improve the fuel cell performance realized from uniform reactant distribution, the 75 

electrode structure and composition can be tailored. The electrode of a fuel cell consists of two 76 
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main components, namely the gas diffusion layer (GDL) and the catalyst layer (CL). The GDL 77 

is typically a carbon fiber sheet treated with polytetrafluoroethylene (PTFE) that provides 78 

structural support for the membrane electrode assembly (MEA), while allowing gas and 79 

electrical transport to and from the catalyst layer [32]. Although the GDL is a seemingly minor 80 

component of a fuel cell, studies report that altering its structural properties (such as porosity, 81 

PTFE content, and thickness) can substantially affect fuel cell performance [32-34]. Additional 82 

gain in performance can be achieved via modification of the CL microstructure to improve 83 

catalyst utilization at reduced loading [35].  84 

Several models have been developed to explore the optimum composition and structure of the 85 

cathode catalyst layer in a PEMFC. These can be categorized as interface [36, 37], pseudo-86 

homogeneous [38-42], and agglomerate models [43-50]. Agglomerate models are usually 87 

employed due to the better representation of the cathode catalyst layer than the other models, 88 

resulting in good agreement with experimental data [39, 51]. This work introduces a finite-89 

element model of a lung-inspired flow-field based PEMFC, and examines the effect of the 90 

number of generations N on the thickness of the GDL and the fuel cell performance. Lung-91 

inspired flow-fields perform some of the tasks of the GDL, such as homogenizing reactant 92 

concentration, and reducing flow velocity prior to entering the catalyst layer. As a result, 93 

thinner GDLs can be used, allowing for a higher concentration of oxygen to reach the catalyst 94 

layer. To investigate the effect of the number of generations N on platinum utilization, a finite-95 

element model is combined with a two-phase agglomerate model [35] with optimized cathode 96 

catalyst layer microstructure. 97 

 98 

 99 

 100 

 101 
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2. Mathematical model of the flow-field 102 

2.1. Modeling domain 103 

The modeling domain consists of the GDL and CL at the anode and cathode, as well as the 104 

polymer electrolyte membrane (Fig. 2). The MEA is located in between fractal flow-fields with 105 

a surface area of 10 cm2, which are represented by arrows that correspond to the location of the 106 

fractal inlet and outlet channels.  107 

The model captures the effects of varying the number of branching generations N on fuel cell 108 

performance by “zooming in” on the flow-field outlets, such that the number of inlets and 109 

outlets being modeled remains the same for any given number of generations. However, the 110 

size of the modeling domain, along with the size of the inlets, outlets, and land area, changes 111 

with each additional generation (Fig. 2). The thickness of the GDL, CL, and polymer 112 

electrolyte membrane remains constant, regardless of the number of generations being modeled. 113 

Due to the symmetry associated with the fractal design, the results from the modeled section 114 

can be extrapolated to locally resolve fuel cell performance throughout the entire cell. 115 

 116 
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Fig. 2. Schematic of the modeling domain of the lung-inspired flow-field based PEMFC at 117 
various generations N. The rectangular box shows what is actually being modeled [20].  118 

2.2. Modeling assumptions 119 

The main modeling assumptions are as follows [52, 53]:  120 

Table 1. Assumptions used in the model 121 

• Steady state 

• Isothermal operation 

• Ideal gases 

• Fully humidified inlet gases 

• Fully hydrated polymer electrolyte membrane (Nafion) 

• Uniform catalyst nanoparticle size and uniform Nafion film thickness on these 

nanoparticles 

• No gas crossover 

• Liquid water is only present in the cathode 

• High enough electrical conductivity of the electrode to neglect electrical resistance 

• Negligible contact resistance between the flow-fields and MEA 

• Knudsen effects were not taken into account to simplify the model, as in [54, 55] 

 122 

Isothermal operation is a reasonable assumption for fuel cell simulation on a local scale where 123 

numerous studies report a maximum temperature difference of less than 3 K within an MEA 124 

[56-58]. This assumption is especially well-suited to our fractal flow-field model, due to the 125 

symmetry associated with the fractal design. 126 

Table 2. Parameters used in the model. 127 
Geometry Value Units Source Parameter Value Units Source 
A 10-3  m2  tGDL 350 ´ 10-6 m [59] 
ragg 150 ´ 10-9 m [35] tCL 40 ´ 10-6 m [60] 
Wc,1 0.25 ´ 10-2 m  tmem 150 ´ 10-6 m [61] 
        
Operating conditions 
P 1.1 atm [62] xO2 0.11 - [35] 
T 353 K [63] xN2 0.42 - [35] 
SCathode 2.0 - [64] xw 0.47 - [35] 
SAnode 2.0 - [65] Uref 1.0 V [53] 
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Physical properties 
CO2,ref 0.85 mol m-3 [63] i0,c,273 1.0 ´ 10-2 A m-2 [53] 
CH2,ref 56.4 mol m-3 [66] i0,c i0,c,273 ´ 2(T-273)/10 A m-2 [67] 
ac 1.0 - [64] i0,a 1.0 ´ 102 A m-2 [40] 
aa 0.5 - [52] µw 3.5 ´ 10-4 kg m-1 s-1 [68] 
HH2 4.5 ´ 10-2 atm m3 mol-1 [66] rC 2.0 ´ 103 kg m-3 [63] 
HO2 3.56 ´ 10-1 atm m3 mol-1 [69] rPt 2.15 ´ 104 kg m-3 [63] 
n 0.11 ´ l - [70] eV,GDL 0.75 - [71] 
l CW,N /Cf - [53] eV,CL 0.5 - [35] 
CW,N 4.2 ´ 103 mol m-3 [53] eagg,N 0.66 - [35] 
Cf 1.2 ´ 103 mol m-3 [53] mpt 4.0 ´ 10-3 kg m-2 [35] 
kv 100 atm-1 s-1 [53] kc 100 s-1 [53] 
PtïC 0.28 - [35]     
 
Transport properties 
Kw,0-GDL 2.0 ´ 10-15 m2 [53] DO2,H2O 2.82 ´ 10-5 ´ (T/308.1)1.5 m2 s-1 [72] 
Kw,0-CL 5.0 ´ 10-17 m2 [53] DO2,N2 2.2 ´ 10-5 ´ (T/293.2)1.5 m2 s-1 [72] 
sm 8.9 S m-1 [35] DN2,H2O 2.56 ´ 10-5 ´ (T/307.5)1.5 m2 s-1 [72] 
ss 1000 S m-1 [73] DH2,H2O 9.15 ´ 10-5 ´ (T/307.5)1.5 m2 s-1 [72] 
DO2,w 4.73 ´ 10-9 m2 s-1 [35] DO2,N 8.45 ´ 10-10 m2 s-1 [63] 

2.3. Incorporation of fractal flow-field design into the model 128 

The fractal flow-fields comprise self-similar, repeatedly branching “H” shaped channels 129 

designed to uniformly distribute reactants across the catalyst layer surface [20, 21] (Fig. 3). 130 

This channel geometry allows a single inlet to branch into 4N outlets via flow paths that are all 131 

equal in length. The fractal similarity dimension, D, is calculated by [74]:  132 

          

(1)

 

133 

where n is the number of daughter shapes per parent, and s is the contraction ratio between 134 

daughter and parent. The fractal dimension, D, is a measure for the space-filling capacity of an 135 

object; for self-similar objects, in which parts of the object are invariant under magnification, 136 

as in this recursively constructed tree, D is calculated by the above expression [74]. Contrary 137 

to classical objects from Euclidean geometry, the dimension of a fractal object is greater than 138 

its topological dimension [75], which would be 1 for a line, and can take non-integer values. 139 

The highest possible value of D is the dimension of the embedding space, which 2 for a plane, 140 

so, generally, 1 £ D £ 2. The more the tree tends to occupy the plane, the higher the value of D 141 
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[76].  In our case, D = 2 indicates that, for an infinite number of generations, the branching tree 142 

would become plane-filling. Reactant depletion over the channel path is eliminated with this 143 

fractal structure, as only the outlets of the fractal distributor are open to the active area. 144 

 145 

Fig. 3. Fractal structures of different generations N for gas distribution networks in PEMFCs. 146 
Red and blue dots represent fluid inlet and outlets, respectively, and dashed boxes represent 147 
active membrane area. Each H shape represents 4 daughter branches of radius rd; the radius of 148 
each branch in an H shape is the same, including the horizontal channel. 149 

Similar to the lung, the width of the channels in the fractal flow-fields was scaled by adopting 150 

Murray’s law, which dictates a cubic relationship between hydraulic diameters of parent and 151 

daughter branches, leading to minimum mechanical energy and thermodynamic losses [74, 77-152 

80]:     153 

           
(2) 154 

Here, rp (m) and rd (m) are the radii of the parent and n daughter branches, respectively (here, 155 

n = 4). By following Murray’s law, the scaling of the channel diameters leads to a reduction in 156 

flow velocity at each generation, due to a net increase in cross-sectional area. Similar scaling 157 

of the channel lengths leads to a constant pressure drop over each generation of the branching 158 

network, which minimizes the pressure drop required to drive the flow across the system [78]. 159 

This resembles the transition in flow regimes between bronchial tree (convection) and alveoli 160 

(diffusion) in the human lung, where gas transport has been shown to be optimal based on 161 

irreversible thermodynamics [78].  162 
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The ratio of convective and diffusive fluxes in the last generation of the fractal flow-field is 163 

characterized by the dimensionless Péclet number, defined as:
 

  164 

𝑃𝑒́ = %∙'
Ɗ            

(3) 165 

where L (m) is the GDL thickness, U (m s-1) is the average gas velocity within the GDL, and 166 

Ɗ (m2 s-1) is the diffusivity. The flow velocity at the flow-field | GDL interface is calculated 167 

using: 168 

           
(4) 169 

where Q0 (m3 s-1) is the volumetric flow rate of gas at the inlet, and AN (m2) is the cross-sectional 170 

area of a single fractal outlet at the Nth generation. Eq. (4) determines the gas flow velocity at 171 

the GDL | flow-field inlet boundary. The velocity calculated using this equation is valid for all 172 

individual fractal outlets, since the distance between the fractal inlet and individual outlet 173 

channels is exactly the same, thus, allowing for equal distribution of inlet gas and equal velocity 174 

through individual outlet channels. The optimal number of fractal generations, N, in the flow-175 

field is such that transport transitions from convective to diffusive, corresponding to a local Pé 176 

~ 1. For Pé numbers less than 1 (Pé < 1), transport resistance in the finer channels would 177 

increase unnecessarily. 178 

2.4. Governing equations for saturated agglomerate model 179 

A steady-state, two-phase, two-dimensional saturated agglomerate model has been employed 180 

to model transport and reaction in the catalyst layer [53], while a modified reaction term [35], 181 

detailed in the further described Eq. (21), is incorporated to account for the spherical geometry 182 

of the catalyst agglomerates (Fig. 4).  183 
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 184 

Fig. 4. Summary of governing equations in each domain of the PEMFC. All the terms are 185 
presented in detail in the following sections. Domains are not drawn to scale. 186 

2.4.1. Transport of gas species within the GDL and CL 187 

The continuity equation (Eq. 5) and Darcy’s law (Eq. 6) are used to evaluate the velocity and 188 

pressure profiles of the gaseous mixture inside the porous media:  189 

 
         (5) 190 

          
(6) 191 

where rg (kg m-3), ug (m s-1), and µg (Pa s) are the density, velocity, and viscosity of the gaseous 192 

mixture, respectively, kp (m2) is the permeability of the porous medium, and P (Pa) is the 193 

pressure. The Stefan-Maxwell equations are used to describe the multi-component diffusion:  194 

       
(7) 195 
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where 𝐷*+
,--(m2 s-1) is the effective binary diffusivity of species i in species j, xi is the mole 196 

fraction of species i, Ni (mol m-2 s-1) is the molar flux of species i, and C (mol m-3) is the total 197 

molar concentration of gas. The transport of each gaseous species is governed by a general 198 

convection-diffusion equation in conjunction with the Stefan-Maxwell equations to account for 199 

multispecies diffusion: 200 

   

(8) 201 

where wi and Si (kg m-3 s-1) are the mass fraction and source term of species i, respectively.  202 

The Bruggeman correlation is used to calculate the effective gas diffusion coefficient [53, 81-203 

86], which accounts for the reduction in pore space available due to the presence of liquid water 204 

within the porous media: 205 

         (9) 206 

where ev, s, and Dij (m2 s-1) are the void fraction of the porous medium, saturation, and binary 207 

diffusivity, respectively.  208 

2.4.2. Transport of liquid water through the GDL and CL 209 

Liquid water transport inside the GDL and catalyst layer is driven by capillary force and, hence, 210 

Darcy’s law is used to describe the flow of liquid inside the porous medium [53]:          211 

               (10) 212 

where Pl (Pa), rW (kg m-3), KW (m2), MW (kg mol-1), and µW (Pa s) are the pressure, density, 213 

permeability, molecular weight, and viscosity of liquid water, respectively. Analytical 214 

equations (Eqs. 11-14) for the description of capillary pressure (Pc), permeability of the porous 215 

medium (KW), and capillary diffusion coefficient (Dc) are listed below. 216 
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The capillary pressure is expressed by the following empirical correlation [87]:            217 

       (11) 218 

where s is the saturation level, Pg (Pa) is the gas phase pressure, and a1, a2, b, c, and d are fitting 219 

parameters (Table 3). The parameters used for the GDL have been obtained for carbon paper 220 

type [53]. 221 

Table 3. Parameters for the capillary pressure correlation in the GDL and CL [53].  222 

Capillary function a1 a2 b (Pa) c d (Pa) 

GDL -17.3 -25.1 32.3 0.350 -4.06 
Catalyst layer -23.5 -17.4 477 0.460 -3.58 

 223 

The permeability of the porous medium depends on the liquid water saturation [87] as given 224 

by Eq. (12): 225 

          (12) 226 

where 𝐾/,1 (m2) is the permeability of liquid water at 100% saturation level [88]. Substituting 227 

Eqs. (11) and (12) into Eq. (10) yields the following expression for the liquid water flux:    228 

       
(13) 229 

where the capillary diffusion coefficient, Dc (m2 s-1), is defined as [53]:                230 

          (14) 231 

Saturation is assumed to be continuous within the GDL and the CL. However, saturation is not 232 

continuous at the GDL | CL interface, due to different pore sizes. This discontinuity is 233 

accounted for by assuming equal capillary pressure at the GDL | CL interface, which results in 234 

a saturation jump at the interface [53]. 235 
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2.4.3. Transport of dissolved water through the polymer electrolyte membrane 236 

The transport of dissolved water in the membrane is driven by electro-osmotic drag, diffusion 237 

due to the concentration gradient, and hydraulic permeation. However, since the model 238 

assumes fuel cell operation at constant pressure, the hydraulic permeation term is neglected. 239 

Hence, the water flux in the membrane can be simplified to: 240 

         
(15) 241 

where iN (A m-2) is the electrolyte current density vector, m is the electro-osmotic drag 242 

coefficient, 𝐷23  (m2 s-1) and 𝐶23  (mol m-3) are the diffusivity and concentration of water in 243 

membrane, respectively. At steady state, the flux of water is constant, so that, using Eq. (15):        244 

          
(16) 245 

2.4.4. Transport of charge 246 

The governing equations for the electronic and ionic charge transport are described using 247 

Ohm’s law as:                                              248 

           (17) 249 

          (18) 250 

where ss and sN (S m-1) are the electronic and ionic conductivities, and fs and fN (V) are the 251 

solid and electrolyte phase potentials, respectively. The charge balance equations (Eqs. 17 and 252 

18) are solved to obtain solid and electrolyte phase potentials:       253 

          (19) 254 

          (20) 255 

In the catalyst layer, the source term Sϕ represents the rate of reaction, 4FRO2 (A m-3). Sϕ is zero 256 

in the polymer electrolyte membrane and GDL, as no reaction takes place in these domains. 257 
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2.4.5. Local rate of reaction in the catalyst layer 258 

Assuming that the catalyst layer comprises a continuum of individual spherical catalyst 259 

agglomerates, the oxygen reduction reaction rate (mol m-3 s-1) can be described by [35]:             260 

     

(21) 261 

where R (8.314 J mol-1 K-1) is the universal gas constant, HO2 (atm m3 mol-1) is Henry’s constant 262 

of oxygen between air and electrolyte [89-93], dN and dw (m) are the ionomer and water film 263 

thicknesses surrounding an agglomerate, ragg (m) is the agglomerate radius, 𝐷56
3  and 𝐷56

/  (m2 s-264 

1) are the diffusivity of oxygen in ionomer and water, ar (m2 m-3) is the effective agglomerate 265 

surface area, x is the agglomerate effectiveness factor, and kt (s-1) is the reaction rate constant. 266 

The first and second term in the denominator describe the diffusion of oxygen through the 267 

water and ionomer film, while the final term accounts for diffusion and reaction inside the 268 

agglomerate. The reaction rate constant kt is expressed by: 269 

               
    (22) 270 

where e78% is the catalyst layer porosity, 𝑖1,: (A m-2) is the reference exchange current density 271 

for the cathode, 𝐶56
;,- (mol m-3) is the reference oxygen concentration in the catalyst layer, ac 272 

is the cathodic transfer coefficient, VA (V) is the applied cell voltage, Ueq (V) is the standard 273 

equilibrium potential of the oxygen reduction reaction, and ϕm (V) is the membrane potential.  274 

The effect of the catalyst morphology is taken into account by the active catalyst surface area 275 

per unit volume of agglomerates, 𝑎=>
?@@ (m2 m-3), which is defined as: 276 
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(23) 277 

where mPt (gPt m-2) is the platinum loading, tCL (m) is the catalyst layer thickness, and aPt (m2 278 

g-1) is the surface area per unit mass of platinum particle, which is estimated from the empirical 279 

correlation for platinum supported catalyst [63]: 280 

𝛼=> = 227.79 ∙ (𝑃𝑡|𝐶)J − 158.57 ∙ (𝑃𝑡|𝐶)O − 201.53 ∙ (𝑃𝑡|𝐶) + 159.5                          (24) 281 

where Pt|C is the platinum to carbon ratio in a catalyst agglomerate. The calculated value of 282 

aPt is 95.6 m2 g-1. 283 

The relation between Pt|C, mpt, and tCL is given by [35]: 284 

                               (25) 285 

The effectiveness factor, x, for a spherical agglomerate in Eq. (21) is given by: 286 

         
(26) 287 

where the Thiele modulus, 𝜑, is equal to [35]:  288 

         
(27) 289 

The use of the Thiele modulus for the calculation of the effectiveness factor of spherical 290 

agglomerates is based on the assumption that the interior pore space of agglomerates is void of 291 

liquid water. Although this does not fully reflect the actual condition within the catalyst 292 

agglomerates, the use of the Thiele modulus for PEMFC simulations is still common practice, 293 

with models showing remarkable agreement with experimental data [39, 51, 94]. Accounting 294 

for the presence of liquid water in the interior pore space would lead to some quantitative 295 

changes in the results, i.e., a reduction in the predicted overall cell performance. However, the 296 

general trend in performance improvement with respect to branching generations should 297 
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remain unchanged. This is because the improvement in fuel cell performance stems primarily 298 

from better distribution of reactant gas across the catalyst layer, instead of within the catalyst 299 

agglomerates. The effective oxygen diffusivity inside the agglomerates can also be expressed  300 

as a function of the pore volume fraction (𝜀3
?@@) and the tortuosity (𝜏?@@) via eqn. (28) [95]: 301 

          
(28) 302 

The water film thickness is related to the liquid saturation level in the catalyst layer and it can 303 

be estimated by [35, 53]: 304 

           
(29) 305 

The effective agglomerate surface area, ar (m2 m-3), is defined as the outer surface area of the 306 

agglomerates per unit volume of the catalyst layer, and is given by: 307 

          
(30) 308 

where ragg (m) is the catalyst agglomerate radius. The effectiveness factor of the hydrogen 309 

oxidation reaction (HOR) is set to 1.0, because hydrogen dissolves rapidly into the electrolyte, 310 

and the Butler-Volmer equation is used to describe the HOR kinetics [96]: 311 

 
 

(31) 312 

where 𝑖1,? (A m-2) is the reference exchange current density for the anode, PH2 (Pa) is the partial 313 

pressure of hydrogen, 𝐶V6
;,- (mol m-3) is the reference hydrogen concentration in the catalyst 314 

layer, HH2 (atm m3 mol-1) is Henry’s constant of hydrogen between air and electrolyte, aa is 315 

the anodic transfer coefficient, and ha is the anodic overpotential. 316 
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2.4.6. Water phase change 317 

The rate of water phase change (mol m-3 s-1) in the porous medium is expressed by [53]: 318 

     

(32) 319 

where yv is the mole fraction of liquid water, rw (kg m-3) is the density of liquid water, Mw (kg 320 

mol-1) is the molar weight of water, P (Pa) is the total pressure, kc and kv (s-1) are the 321 

condensation and evaporation rate constant, respectively. The vapor saturation pressure,	𝑃7X?> 322 

(Pa), is calculated using the Antoine equation [97]: 323 

      
(33) 324 

Boundary conditions used in this model are outlined in supplementary information. 325 

  326 

3. Simulation procedure 327 

3.1. Inlet fractal flow-field  328 

The domain described in Fig. 2 was modeled using the finite element solver COMSOL v.5. 329 

Simulations were conducted using a DELL Precision T3500 workstation with 24 GB of RAM 330 

and a 3.2 GHz Intel Xeon processor; each simulation lasted approximately 60 seconds. The gas 331 

diffusion and catalyst layers were described by the parameters listed in Table 2. A series of 332 

parametric sweeps over the number of branching generations and GDL thickness was used to 333 

determine the effect of the fractal flow-field architecture on the overall fuel cell performance. 334 

The stoichiometry ratio of 2, a common value invoked in commercial fuel cell systems, was 335 

used for both cathode and anode, and the simulation was performed at an operating voltage of 336 

0.4 V throughout, unless otherwise stated. Such operating conditions were chosen to represent 337 
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a regime of operation expected to be limited by reactant access to the electrode, so that the 338 

advantages of the fractal flow-field could be expected to become important. 339 

The main solution variables we are solving for in this simulation include gas velocity (ug), gas 340 

pressure (P), capillary pressure (Pc), mole (xi) and mass (wi) fraction of individual gas species, 341 

saturation (s), solid (fs), and electrolyte (fN) phase potentials, rate of water phase change (Sphase), 342 

and reaction rate constant (kt). 343 

3.2. Optimization of the microstructure 344 

Parameters optimized with respect to power density (PD) and platinum utilization (UPt) were 345 

obtained using objective functions proposed in previous studies [35, 98]. The objective 346 

function for PD optimization aims to maximize the current density within the cathode catalyst 347 

layer, and is defined as follows [98]: 348 

         
(34) 349 

with: ; ; ; ; and . 350 

The objective function for UPt optimization seeks to achieve high power density at low 351 

platinum loading, and is expressed as follows [35]: 352 

         

(35) 353 

with the same constraints, as well as: . 354 

The constraints on volume fractions ensure proper percolation in each phase (solid, ionomer, 355 

gas). The constraint on minimum power density ensures that the microstructure can generate 356 
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sufficient power density, while keeping the platinum loading low. Parameters not listed under 357 

Eqs. (34) and (35), such as ragg, δagg, δGDL, and εvGDL, were kept constant during optimization.  358 

 359 

4. Simulation results and discussion 360 

4.1. Effect of the number of branching generations on fuel cell performance 361 

Increasing the number of branching generations, N, has two effects on the resultant 362 

concentration distribution in the porous medium. Firstly, with each additional generation, the 363 

distance between adjacent gas outlets is reduced, leading to an increasingly uniform boundary 364 

condition along the flow-field | GDL interface. Secondly, each subsequent generation increases 365 

the total cross-sectional area of the outlets of the fractal inlet channels, thereby lowering the 366 

velocity of the reactant gas and, ultimately, allowing the convective flux at a channel outlet to 367 

approach the diffusive flux in the GDL.  368 

 369 

Fig. 5. Change in average current density with respect to the number of generations, N. 370 
Simulation results were obtained for 100% RH.  371 

Fig. 5 illustrates the performance of the lung-inspired flow-field based PEMFC as a function 372 

of the number of generations (stoichiometry ratio of 2 in anode and cathode, 0.4 V operating 373 

voltage, see section 3.1). At low generation levels (N = 1 to 4), the spacing between adjacent 374 

distributor inlets is large (>> GDL thickness) and the flow exiting the final generation is 375 
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convection dominated (Pé > 1; Table 4). Therefore, only sub-sections of the active area directly 376 

in the projection of the inlet are exposed to an appreciable amount of oxygen for reaction [20]. 377 

This leads to a highly non-uniform gas distribution across the plane of the catalyst layer and 378 

low fuel cell performance. 379 

A sharp increase in fuel cell performance occurs between N = 3 and N = 6 generations, as the 380 

convective flux becomes equal to the diffusion flux at the exits for N ~ 6 (Pé ~ 1; Table 4), and 381 

the spacing between inlets is sufficiently small to engender more uniform concentration 382 

profiles at the GDL | CL interface.  383 

At higher generations (N ≥ 8), the spacing between adjacent inlets becomes very small (< 100 384 

µm) and diffusion takes over as the dominant transport mechanism in the final generation and 385 

GDL (Pé < 1; Table 4). The resultant concentration profile at the catalyst layer interface is 386 

essentially completely uniform. As a result, a plateau in fuel cell performance is observed and 387 

additional generations (higher N) provide little benefit. Table 4 summarizes key geometric 388 

parameters for the simulation conducted in this study. 389 

To validate the model, the theoretical results were compared to experimental results obtained 390 

at 100% RH for N = 3 and 4, and 50% RH for N = 5. The current densities obtained at 0.4 V 391 

for N = 3, 4, and 5 were 0.64, 0.76, and 1.10 A cm-2, which correspond to a deviation of ~ 52%, 392 

19%, and 20%, respectively [20]. The discrepancy between experimental and simulation results 393 

for N = 3 may have arisen from the 2D approximation, assuming uniform removal of unreacted 394 

reactant and product via fractal outlet channels. Despite this approximation, the deviation for 395 

N = 4 and 5 from the theoretical results is small, which indicates that the simplified model 396 

provides accurate results in these situations, where more uniformity is envisioned. Hence, this 397 

simplified model can be used for the optimization of the thickness of the GDL and the cathode 398 

catalyst layer (CCL) microstructure. 399 

 400 
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Table 4 401 

Summary of fractal flow-field simulations with standard composition cathode catalyst layer. 402 
N Number of outlets Outlet spacing (μm) Outlet width (μm) Pé 

3 64 4000 992 3.89 
4 256 1800 625 2.45 

5 1024 823 394 1.54 
6 4096 378 248 0.97 

7 16384 170 156 0.61 
8 65536 74.7 98.0 0.39 

9 262144 30.9 62.0 0.24 

4.2. Effect of the number of branching generations on GDL thickness. 403 

The incorporation of a fractal flow-field to homogenize reactant concentration at the catalyst 404 

layer | GDL interface makes the GDL partially redundant, since they serve the same purpose. 405 

Therefore, the GDL does not need to be as thick to provide the same degree of homogenization. 406 

By reducing its thickness, additional concentration losses (resulting from the concentration 407 

gradient across the GDL) can be avoided. As a result, utilizing a thinner GDL would provide a 408 

higher concentration of reactant gas to the catalyst layer, further enhancing fuel cell 409 

performance. 410 

 411 

Fig. 6. Effect of GDL thickness on fuel cell performance. Simulation results were obtained for 412 
100% RH. 413 

A similar trend in fuel cell performance is observed up to N = 5 generations for different GDL 414 

thicknesses (Fig. 6). At these low generations, a decrease in GDL thickness merely exacerbates 415 
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the variation in current density across the GDL | CL interface and does not enhance the fuel 416 

cell performance. The increased local current density in the region adjacent to the inlet is offset 417 

by a sharp decline in local current density under the land and outlet channels, due to diminished 418 

transverse reactant transport in thinner GDLs [99-101] (Fig. 7 (a)). 419 

At higher generations (N ≥ 5), an improvement in fuel cell performance is observed, as reactant 420 

mass transport is facilitated by increasing the reactant concentration gradient across the catalyst 421 

layer. This result is consistent with previous reports in the literature demonstrating an increase 422 

in fuel cell performance via the utilization of thinner GDLs [32, 99, 102, 103], due to enhanced 423 

mass transport. It is important to note that transport in the GDL is not limiting for N < 5, but 424 

GDL thickness plays a role between N = 5 and 6, as the effective reaction rate within the 425 

catalyst layer has then sufficiently increased such that the GDL plays a role in adding transport 426 

resistance, if it is too thick. 427 

  428 
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Fig. 7. Effect of gas diffusion layer thickness on local cell current density for (a) N = 3 and (b) 429 
N = 6 (inlet positions at x ~ 0.33 and 1; outlet positions at x ~ 0 and 0.67). Simulation results 430 
were obtained for 100% RH. This Figure was rotated clockwise by 90° for ease of visualization.  431 

Additionally, thinner GDLs enhance local current density as a direct consequence of higher 432 

oxygen concentration across the catalyst layer (Fig. 7 (b)). This observation is in slight contrast 433 

with previous reports exhibiting a small drop in current density under the land and outlet 434 

channels with thinner GDLs as a result of reduced lateral mass transport [99-101]. However, 435 

the reported aggravated reactant depletion near the outlet channels with thinner GDLs is 436 

circumvented for higher generation (N ≥ 5) fractal flow-fields due to their shorter path length 437 

between inlet and outlet channels, which subjects the entire catalyst layer to higher reactant 438 

concentration and current density. The reduction in lateral mass transport with thinner GDLs 439 

is not completely attenuated, though, as suggested by the suppressed improvement in current 440 

density in areas adjacent to the outlet channels, compared to the inlet channels (Fig. 7 (b)). 441 

Besides the improved fuel cell performance using a thinner GDL, an additional benefit of up 442 

to ~ 25% reduction in cell thickness and volumetric power density of the stack is realized, given 443 

a commercial cell thickness of 1.2 mm. 444 

Table 5 445 
Results of microstructure optimization to maximize power density (PD) and platinum 446 
utilization (UPt) in the cathode catalyst layer. 447 

Cathode catalyst mPt (mgPt cm-2) Pt|C εv
CL εs

CL εN
CL εN,agg tCL (μm) 

Base design 0.40 0.28 0.50 0.13 0.37 0.66 40 

PD optimized 0.18 0.29 0.25 0.13 0.62 0.78 18 

UPt optimized 0.01 0.27 0.25 0.14 0.61 0.77 1.0 

4.3. Fractal flow-field with optimized cathode catalyst layers 448 

Apart from the thickness of the GDL, the cathode catalyst layer (CCL) also plays a pivotal role 449 

in determining the performance of PEMFCs. From the perspective of fuel cell performance and 450 

cost, generating sufficient power density, while lowering the catalyst loading and improving 451 
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catalyst utilization, are key criteria to design an efficient catalyst layer. Here, fractal flow-fields 452 

are coupled with the CCL microstructures, which were independently optimized with respect 453 

to maximum platinum utilization (UPt) and power density (PD) under the assumption of uniform 454 

reactant concentration profile across the flow-field | GDL interface, as proposed by Marquis 455 

and Coppens [35, 98] (Table 5) and presented in section 3.2. While the ionomer fraction in the 456 

PD and UPt optimized CCL are higher than values typically reported in the literature, the higher 457 

Nafion content is accounted for by a much thinner catalyst layer. Also, in the case of a UPt 458 

optimized CCL, the lower reaction rate (due to ultra-low platinum loading) diminishes the 459 

effect of diffusion limitations and, therefore, allows for a higher ionomer fraction in the catalyst 460 

layer. The radius of the catalyst agglomerates is known to significantly dictate the performance 461 

of the CCL. While not included as a design variable in this work, a value of 100 nm is chosen 462 

to minimise any diffusion limitations occurring within the agglomerates themselves [35]. 463 

 464 

Fig. 8. Simulation results showing the effect of the number of fractal branching generations on 465 
average cell current density for the base and optimized CCL (cathode catalyst layer) 466 
microstructures. The operating conditions are SAnode = 1.5, SCathode = 2, ragg = 100 nm, and 100% 467 
RH. 468 

Fig. 8 compares the fractal flow-field performance of UPt and PD optimized CCL 469 

microstructures to the base design at different generations N. The trend in fuel cell performance 470 

improvement is similar to previous results, differing only in the magnitude of change in the 471 

average current density.  472 
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The PD optimized CCL microstructure displays the highest average current density at N ≥ 5, 473 

despite its lower platinum loading than the base (non-optimized microstructure) CCL (Table 474 

5). Its optimized microstructure alleviates the diffusion limitations inside the catalyst layer and 475 

agglomerates, resulting in a ~ 20% increase in average current density (Fig. 8). With less 476 

branching generations (N < 5), the PD optimized CCL microstructure performance 477 

improvement over the base microstructure is lower, indicating that non-uniform gas 478 

distribution limits mass transport towards the catalyst layer and, hereby, catalyst utilization. A 479 

significant portion of the catalyst layer adjacent to the outlet channels is oxygen-depleted, and, 480 

thus, the optimized catalyst layer in these regions does not result in higher current density. 481 

On the contrary, the UPt optimized CCL exhibits the lowest average current density due to its 482 

low platinum loading (~ 40 times lower than the base design) resulting in a low reaction rate 483 

[35]. Despite its low intrinsic performance, the UPt optimized CCL as a whole surpasses the 484 

DoE target for platinum utilization of ~ 8 kW/gPt [104] at N = 4 generations, and plateaus at 485 

approximately 36 kW/gPt at N = 6 generations (Fig. 9). This finding suggests that either the 486 

platinum loading or the number of cells in the stack could potentially be reduced by ~ 75%, 487 

allowing for a significant cost reduction in the electrocatalyst and fuel cell components. The 488 

ultra-low platinum loading of a UPt optimized CCL allows exposure of appreciable oxygen 489 

concentration to platinum catalyst along the radius of the agglomerates, enhancing platinum 490 

utilization. Its significantly thinner catalyst layer (Table 5) also facilitates gas diffusion and 491 

proton conduction across the CCL, improving mass transport across the CCL and subsequent 492 

platinum utilization.  493 
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 494 

Fig. 9. Simulation results showing the effect of the number of fractal branching generations on 495 
platinum utilization for the base and optimized CCL microstructures. The operating conditions 496 
are SAnode = 1.5, SCathode = 2, ragg = 100 nm, and 100% RH. 497 

The base and PD optimized cathode CL designs demonstrate substandard platinum utilization 498 

for all generations, since metal nanoparticles situated towards the center of an agglomerate are 499 

subjected to extremely low oxygen concentrations, due to significant diffusion limitations 500 

arising from surplus catalyst loading. A small improvement in platinum utilization with respect 501 

to the number of generations indicates that platinum utilization is not limited by reactant 502 

distribution across the electrode, but by reactant transport within the catalyst agglomerate. 503 

Collectively, these results show that proper design of catalyst layer microstructure and platinum 504 

loading, factors that predominantly determine oxygen concentration profile within an 505 

agglomerate, is indispensable to realize enhanced platinum utilization from a uniform gas 506 

distribution. 507 

 508 

5. Conclusions 509 

A finite-element model of a lung-inspired flow-field based PEMFC was presented. This model 510 

was used to determine the effect of the number of branching generations, N, on the required 511 

thickness of the GDL and fuel cell performance.  512 
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Introduction of a fractal flow-field to homogenize reactant concentration at the flow-field | 513 

GDL interface allows for a thinner GDL to be used. Fuel cell performance is enhanced further 514 

with a thinner GDL, as a result of higher oxygen concentration across the catalyst layer for a 515 

higher number of branching generations, N. However, the reduction in lateral mass transport 516 

with thinner GDLs only leads to minimal improvement in fuel cell performance for lower 517 

numbers of generations (N ≤ 5). 518 

The finite-element model of the lung-inspired flow-field based PEMFC was coupled with 519 

cathode catalyst layer (CCL) microstructures optimized with respect to platinum utilization 520 

(UPt) and power density (PD). Despite its lower platinum loading, the PD optimized CCL yields 521 

a higher average current density than the base design, because of a microstructure that 522 

facilitates diffusion within the catalyst layer. In the case of a UPt optimized CCL, the ultra-low 523 

platinum loading significantly lowers the reaction rate, resulting in a reduced fuel cell current 524 

density. 525 

In terms of platinum utilization, the UPt optimized CCL surpasses the 2020 DoE target for 526 

platinum utilization of ~ 8 kW/gPt for N = 4 generations, and achieves a value of ~ 36 kW/gPt 527 

when N = 6. The base and PD optimized microstructures demonstrate extremely low platinum 528 

utilization, due to substantial oxygen deprivation towards the center of the catalyst 529 

agglomerates from surplus platinum loading. A multi-objective optimization involving 530 

platinum loading and power density may be beneficial to evaluate the trade-off between the 531 

objectives for the design of efficient and robust fuel cell catalyst layers. 532 

An important aspect of PEMFC operation using a fractal flow-field is how liquid water is 533 

handled in the gas channels. Water transport across a channel cannot be investigated on a 2D 534 

domain; a 3D model should be developed to substantiate the effect of channel geometries on 535 

water removal, despite the high computational cost. Fortunately, however, this may not be 536 

necessary: By integrating the capillary-based water management strategy recently developed 537 
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in our group[105, 106] with the fractal flow-fields, flooding in the cathode should be pre-538 

empted, which would lead to robust and reliable fuel cell performance, irrespective of the 539 

operating conditions. Therefore, the advantages of a uniform gas flow could be preserved also 540 

at higher branching ratios, N. 541 

To further improve the model presented in this manuscript, the following aspects have to be 542 

implemented: i) percolation theory instead of the Bruggeman equation to account for reduced 543 

connectivity of the pores by using an adaptation of recent pore network modeling approaches 544 

developed by our group in collaboration with ECUST.[107, 108] The percolation theory 545 

ensures that the effective diffusivity is zero below the percolation threshold, when a connected 546 

gas diffusion network ceases to exist. [53, 109]; ii) temperature effects to monitor the changes 547 

in liquid water content in the fuel cell under different experimental conditions [110-113]; and 548 

iii) local resistance in the form of an oxygen transport barrier to capture transport losses at the 549 

surface of the catalyst layer microstructure [114-118].  550 
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Nomenclature 563 

A active area, m2 

AN cross-sectional area of a single outlet at the Nth generation, m2 

ar effective agglomerate surface area, m2 m-3 

aPt effective catalyst surface area, m2 g-1 

C total gas concentration, mol m-3 

Cf fixed charge site concentration in membrane, mol m-3 

𝐶VO
;,- reference concentration of hydrogen, mol m-3 

CO2 concentration of oxygen in catalyst layer, mol m-3 

𝐶5O
;,- reference concentration of oxygen, mol m-3 

𝐶5O?*; concentration of oxygen in inlet air, mol m-3 

𝐶7
@ concentration of vapor, mol m-3 

𝐶7
@,?*; concentration of water vapor in inlet air, mol m-3 

𝐶/3 water concentration in membrane, mol m-3 

D fractal dimension 

Ɗ diffusivity (m2 s-1) 

Dc capillary diffusion coefficient, m2 s-1 

Dij element of the Maxwell-Stefan diffusion coefficient matrix, m2 s-1 

𝐷5O3  oxygen diffusivity in Nafion, m2 s-1 

𝐷5O,3
,--  effective oxygen diffusivity in Nafion, m2 s-1 

𝐷5O/  oxygen diffusivity in water, m2 s-1 

𝐷/3 diffusivity of water in Nafion, m2 s-1 

F Faraday’s constant, 96500 C mol-1 
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H Henry’s constant, atm m3 mol-1 

iN electrolyte current density, A m-2 

id current density, A m-2 

is electronic current density, A m-2 

i0 exchange current density, A m-2 

kc condensation rate constant, s-1 

kp electrode permeability, m2 

kv evaporation rate constant, atm-1 s-1 

kt reaction rate constant, s-1 

Kw water permeability, m2 

Kw,0 water permeability at 100% saturation, m2 

L width of fractal outlet at the final generation, m 

mpt platinum loading per unit area of catalyst layer, gPt m-2 

Mi molecular weight, kg mol-1 

m electro-osmotic drag coefficient 

N number of fractal generations 

𝑁*
@ flux of gaseous species i, mol m-2 s-1 

𝑁7
@ flux of vapor, mol m-2 s-1 

Nw flux of liquid water, mol m-2 s-1 

𝑁/
@ flux of water vapor, mol m-2 s-1 

𝑁/3 flux of liquid water in membrane, mol m-2 s-1 

P total pressure, Pa 

Pc capillary pressure, Pa 

PD power density, W cm-2 
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Pg gas pressure, Pa 

Pi partial pressure, Pa 

Pl liquid pressure, Pa 

Psat saturation pressure, Pa 

UPt platinum utilization,  kW g-1Pt 

𝑃𝑡|𝐶 mass percentage of platinum catalyst on carbon black, kg Pt / (kg C + kg Pt) 

Qo volumetric flow rate of gas at the inlet, m3 s-1 

ragg agglomerate radius, m 

R ideal gas constant, 8.314 J mol-1 K-1 

Ri reaction rate, mol m-3 s-1 

SAnode anode stoichiometry ratio, 2 

SCathode cathode stoichiometry ratio, 2 

Sphase evaporation/condensation rate, mol m-3 s-1 

s liquid water saturation 

S source term 

T temperature, K 

tCL catalyst layer thickness, m 

tGDL gas diffusion layer thickness, m 

tmem membrane thickness, m 

ug gas phase velocity, m s-1 

Ueq standard equilibrium potential, V 

V voltage, V 

VA operating voltage, V 

Wc,1 initial channel width, m 
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wi mass fraction of species i 

xi mole fraction of species i 

yv mole fraction of liquid water 

Greek 

a charge transfer coefficient 

𝑎=>
?@@ specific catalyst surface area, m2 m-3 

dN Nafion film thickness, m 

dW water film thickness, m 

𝜀3
?@@ agglomerate-ionomer volume fraction, m3 ionomer m-3 agglomerate 

ev void phase volume fraction 

η overpotential, V 

µ viscosity, Pa s 

x effectiveness factor 

r density, kg m-3 

sm ionic conductivity, S m-1 

ss electronic conductivity, S m-1 

τ tortuosity 

f potential, V 

j Thiele modulus 

fN membrane phase potential, V 

Superscripts and subscripts 

0 intrinsic 

a anode 
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 564 

 565 

 566 

 567 

 568 

 569 

agg agglomerate 

c cathode 

CL catalyst layer 

eff effective 

eq equilibrium 

g gas 

GDL gas diffusion layer 

H2 hydrogen 

i species i 

j species j 

mem membrane 

N Nafion 

N2 nitrogen 

O2 oxygen 

Pt platinum 

ref reference 

s solid phase 

v void phase / vapor 

w liquid water 
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