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ABSTRACT 
 

 

             Fuel cell technology is currently a promising alternative for clean energy 

production due to its high efficiency and minimum environmental impact. A new design 

and optimization are a natural alternative to reduce cost and make fuel cells increasingly 

more attractive for power generation.  In order to predict the response of fuel cells 

according to the variation of manufacturing materials, internal structure and external shape, 

physical properties, operating and design parameters, a reliable simulation model (and 

computationally fast) is necessary. A simplified and comprehensive mathematical model 

for a polymer electrolyte membrane fuel cell (PEMFC) is developed and experimentally 

validated. The computed polarization and power curves are directly compared to the 

experimentally measured data with good qualitative and quantitative agreement. A 

mathematical model for a single Alkaline Membrane Fuel Cell (AMFC) with square section 

and fixed volume is introduced. The model is based on electrochemical principles, 

conservation of mass, momentum, energy and species; also based on pressure drop in the 

gas channels and gradient of temperature with respect to space in the flow direction. The 

pressure drop caused by the gas supply induces considerable power conumption as the 

operating current increases. Therefore, it must be taken in consideration in fuel cell design.  

The simulation results comprise temperature, net power, polarization curves and gas 

channels pressure drop. The computed temperature, polarization and power curves for 

AMFC are directly compared to the experimentally measured (using a prototype built in 

laboratory) with good qualitative and quantitative agreement. The model allows the existing 

trade-offs that determine the internal structure (geometry) aiming minimum thermodynamic 

losses be investigated. The spatial dependence was obtained knowing the position of the 

control volume in the fuel cell. Hence, the solution was obtained solivng a system of 

algebraic equation instead a system of partial differential equations, which would demand  

higher computational time. Therefore, the model is expected to be a useful tool for PEMFC 

and AMFC design and optimization. 

 



 

1 

 

CHAPTER ONE 

 

INTRODUCTION 
 

Nowadays fuel cell technology is well advanced, with applications in stationary power 

generation and in vehicles [1-4]. Political efforts to reduce greenhouse gases in the road 

transport sector are basically in conflict with the ever growing demand for transport services; 

emissions from internal combustion (IC) engines in the automotive application have already 

been subject to increasingly tougher statutory limits for quite some time [5]. 

In recent years, considerable funds and research resources have been invested in developing 

the fuel cell as a source of electrical energy to power vehicles, simultaneously to achieve the 

requirements of significant reduction of engine CO2 emissions and pollutant emission free 

operation [6,7]. 

As a promising technology that may successfully supersede the combustion of fossil fuel as 

the dominant method of energy conversion, hydrogen fuel cells are studied worldwide with an 

aim to improve the power output, lower the cost and extend the life of operation for widespread 

applications [8]. Fuel cells are expected to be of practical use because they emit less 

environmental pollutant and convert more efficiently from chemical energy to electrical energy 

than other energy resources; especially, polymer electrolyte membrane fuel cell (PEMFC) is 

expected to be the driving power of vehicles and stationary power supply, because it can work 

at low temperature and has high power density [9,10]. 

No other energy generation technology offers the combination of benefits that fuel cells do. 

In addition to low or zero emissions, benefits include high efficiency, multi-fuel capability, 

sitting flexibility, durability, and ease of maintenance. Fuel cells are also scalable and can be 

stacked until the desired power output is reached. Since fuel cells operate silently, they reduce 

noise pollution as well as air pollution and the waste heat from a fuel cell can be used to 

provide hot water or space heating for a home or office.  

Technically and economically, there are still many hurdles to be overcome in fuel cell 

development before wide spread application. Modeling and computational simulation in one, 

two and three dimensions have been developed in academia and industry to assess the effect of 

materials, geometric and operating design on fuel cell response [9-20]. The results show that 
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issues as high cost of materials, durability, water management and thermodynamic losses are 

still far from being appropriately solved. 

In order to be competitive economically with other existing power and vehicular systems, 

the industry needs an efficient methodology for the determination of the optimal project for 

maximum performance according to desired specifications (e.g., efficiency, power, 

environmental control). In the context of search for improvement, thermodynamic optimization 

is one way of lowering costs, associated with performance improvement [10]. 

In sum, currently, design methodologies seek to find a desirable condition from a group of 

candidates arbitrarily selected. This study is therefore motivated by the need to develop a 

methodology that provides a structured process to synthesize fuel cell optimal thermodynamic 

configurations directly from the physical laws. 

In this work a mathematical model is introduced for the single PEMFC and alkaline 

membrane fuel cell (AMFC), which divides the fuel cell into several control volumes that 

correspond to the most representative parts of the flow system. All the flow phenomena that are 

present are taken into account. The result is a model with unidirectional internal flow that 

contains additional three-dimensional features such as the electrode wetted area, heat transfer 

between the cell, fuel, oxidant and the surroundings, and pressure drops in the gas channels. 

The model is simple enough to ensure small computational time requirements, so that it is 

possible to predict the response of the single fuel cells according to variations of the material 

physical properties, and operating and design parameters. 

 

1.1 Research Objectives 
 

The main objective of this research is to develop and to validate a reliable model of PEMFC 

and AMFC that is computationally fast to predict their response to variations of physical 

properties of the materials, operating and design parameters. The model accounts for pressure 

drop in the gas channels, all major electrochemical and thermal interactions considering 

temperature gradient with respect to space in the flow direction and current increase.  The 

computed polarization curves of the PEMFC and AMFC will be directly compared to the 

experimental results.  A commercial PEMFC and an operational prototype of an AMFC built at 

laboratory scale using membranes made by cellulose (chromatography paper) and potassium 

hydroxide solution (KOH) as electrolyte will be used to validate and adjust the mathematical 
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model making possible its future use as a tool for the design of new fuel cells and the 

optimization of operating fuel cells.  

 

1.2 Literature Review 

 

 What defines whether a mathematical modeling is good or bad  is its application, so the 

area of interest has to be determined before start modeling. The modeling of fuel cells can 

focus on a single fuel cell (gas channels, electrode and membrane), stacks, or on an integrated 

system where the fuel cell is just one of the components [11]. 

 Rowe and Li investigated various design and operating conditions or a proton exchange 

membrane fuel cell, modeling thermal response and water management, including membrane 

hydration, phase change of water in the electrodes with unsaturated reactant gas streams. They 

concluded that the temperatures distribution is affected by the water phase change in the 

electrode and that operation on reformed fuel results in a decrease in the performance, since it 

reduces membrane hydration [12]. 

 Wang et al. in 2004, investigated the cathode catalyst layer of an PEMFC considering 

the kinetics of oxygen reduction, at the catalyst/electrolyte interface, proton transport through 

the polymer electrolyte network, the oxygen diffusion through gas pore, and the dissolved 

oxygen diffusion through electrolyte. They concluded that the thickness and the size of the 

agglomerate should be kept as small as possible to minimize the adverse effects of mass 

transport at high current density. The thickness and position of the catalyst layer ( rather is 

close to gas diffusion layer or to the membrane) depend on the oxygen diffusion and the proton 

conductivity. If the oxygen diffusion is very limited relative to the current density, the active 

region of the catalyst layer may be confined to a narrow region of the catalyst layer close to the 

gas diffusion layer. If the proton conductivity is the limiting factor, the active part of the 

catalyst layer may be confined to a narrow region near the membrane side of the catalyst layer 

associated with a higher effective overpotential [13]. 

In the same year, Ferguson and Ugursal developed a steady-state model of a PEM 

cogeneration fuel cell system. The  objective was to do integrate the model to existing 

simulation tools in order to size fuel cells systems for houses and predict their performance. 

The proposed model was capable of estimating the electricity production, fuel use and 

cogeneration heat recovery of the fuel cell in response to conditions in the building [14]. 
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Biyikoglu presented the state of the art of fuel cell modeling. He introduced and briefly 

explained the PEMFC components and its functions. According to Biyikoglu, until 2005, there 

was no complete computational model for fuel cell stacks including all the phenomena together 

and the available experimental data and mathematical models have been obtained for restricted 

and idealizes situations, contemplating just the phenomena investigated. His conclusions point 

out that future research should focus on the performance and integration of fuel cell stacks and 

associated sub-systems including fuel storage, reforming and processing, air delivery systems, 

heat exchangers and thermal integration, humidification and water management, DC power 

processing, sensor and control [15].  

In 2006 Manne et al. studied the applications of Buttler-Volmer equations in the 

modeling of activation polarization of PEMFC. Since many publications use the Buttler-

Volmer equations without  determination of its applicability, they conducted a study which 

conclusion is a some recommendations regarding the applicability of those equations [16]. 

 Yan and Wu proposed a model for prediction of the local mass diffusion of a sinlgel 

catalyst particle in the cathode catalyst layer. The catalyst particle is treated as many small 

platinum particles (1–10.0 nm) embedded in the larger carbon particle support (30–100 nm). 

This assembly is surrounded by an ionomer film with thickness ranging from 0.5 nm to 10.0 

nm. The modeling results confirm that the platinum particle size, platinum loading and ionomer 

thickness can each play an important role on local mass and charge transport in the PEM fuel 

cell catalyst particle  agglomerate.  The local spherical diffusion, reactant distribution and 

electrochemical kinetics are strongly influenced by particle size, platinum loading and ionomer 

thickness. The modeling results show that the better Nafion thickness is not more than 1 nm 

around the catalyst particle, i.e. no more than 40 wt% [17]. 

In 2009,  Baschuk and Li  presented a mathematical model for a isothermal, steady 

state, two dimensional PEMFC, where the transport of water and hydronium in the polymeric 

membrane and the transport of electrical current in the solid was included. They concluded that 

the convective gas velocity facilitates hydrogen transport trough the anode but inhibits oxygen 

transport.  They also show that the water produced at the cathode is not enough to be used at 

the anode, so the gas needs to be humidified [18]. 

The alkaline fuel cell has been described since 1902, but just in 1940s F.T. Bacon 

demonstrated that this type of fuel cell can be a viable power unit. Two units were used, each 

weighing 113kg, to  provide the electrical power, and much of the potable water, for the craft 
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that took man to the moon, however PEMFC has been used in the first NASA manned aircraft 

[19]. 

 

 

 

 

Figure 1.1: Fuel cell from the Apollo spacecraft. [19]. 

 

Alkaline Fuel Cells (AFC) have interesting features as compared to PEMFC, such as lower 

cost electrolyte (KOH aqueous solution) and mainly, the possibility of using non-noble 

catalysts (e.g., nickel, silver), since faster kinetics of the reactions is observed in alkaline media 

than in acid media [3, 4,23,24]. Nickel can be an alternative as a catalyst at the anode instead of 

Platinum as we can see in Table 1.1 [20,25]; which represents a good advantage when cost is 

an important issue [26]. Additionally, AFC can work at higher temperatures (100–120 
o
C) than 

PEMFC, which cannot operate above 90 
o
C due to the need to hydrate the nafion membrane 

[22]. The cathode activation overvoltage in an AFC is less than in a PEMFC, at similar 

temperatures. Unfortunately the reasons why are still poorly understood [27].  The Table 1.2 

shows some of the advantages and disadvantages of alkaline fuel cells. 
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Table 1.1: Standard state (T = 300K, 1 atm) exchange current densities for hydrogen 

oxidation reaction on various metal surfaces [20,25]. 

 

Catalyst Electrolyte 
0i [ A/cm

2
] 

Pt Acid 10
-3 

Pt Alkaline 10
-4 

Ni Acid 10
-5 

Ni Alkaline 10
-4 

 

 

Recently, a lot of effort is being applied to find new materials and catalyst for the electrodes 

of the fuel cells in order to improve the kinetics of the electrochemical reaction and make them 

affordable and competitive regarding to cost of manufacturing. Materials for the membrane 

have been also investigated since they also play an important role in transport losses [23,28-

43]. 

 

Table 1.2: Advantages and disadvantages of an alkaline fuel cell 

 

Advantages Disadvantages 

 Inexpensive catalysts: 

- Nickel at the anode 

- Silver at the cathode 

 No expensive polymer membrane is necessary 

– liquid alkaline solution as electrolyte  

 Liquid electrolyte may enable a simple 

cooling of the stack 

 Activation overvoltage is less than with an 

acid electrolyte 

 High corrosivity of the electrolye 

 Electrolyte must be reconcentrated during long 

time 

 Intolerance to CO2 

OHCOOH2CO 2

2

32  

 
 

 Must use pure H2 and O2 

 

 

Carbon dioxide poisoning can be a crucial issue when talking about using potassium 

hydroxide as electrolyte for AFC. Potassium hydroxide reacts with the carbon dioxide that 

might exist in the air-operated alkaline fuel cell, resulting in a decrease  in the fuel cell output, 

since the electrolyte would not be used as an ionic conductor but a reactant for an unexpected 

reaction. This reaction has the effect of reducing the number of hydroxyl ions available for 

reaction at the electrodes, also reducing the ionic conductivity of the electrolyte solution, and 

could block the pores of the gas diffusion layer (GDL) by the precipitation of K2CO3 salt, but 
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not causing any degradation of the electrodes [44]. As a result, the AFC performance is greatly 

reduced in air breathing systems, i.e., when the oxidant is air which contains CO2. For this 

reason, alkaline fuel cells typically operate on pure oxygen, or at least purified air, and must 

have built-in mechanisms to clean out as much of the carbon dioxide as is possible. 

Because the generation and storage requirements of oxygen make pure-oxygen AFCs 

expensive, the active development of the technology has not attracted large industrial interest. 

Although the harmful effects of carbon dioxide poisoning can be partly reduced by several 

different strategies [22], a permanent solution would increase the possibility of AFC 

commercialization; however, some publications were released about carbon dioxide tolerance 

of alkaline fuel cells [37, 45-48]. 

Shin et al conducted a study about the characteristics of Hydrogen oxidation on Raney 

nickel electrode with carbon black in an alkaline fuel cell, in which was shown that the use of 

this electrode increased the limiting current density for hydrogen oxidation and the diffusivity 

of hydroxide ions [49].   

Bdaulf et al investgated Nickel foam as a potential electrode substrate for alkaline fuel cell 

electrode because its lower cost compared to nickel mesh. Lower ohmic and charge transfer 

resistance was obtained in tests made on silver plated nickel foam (7.9 x 10
-2

Ω) compared with 

uncoated nickel foam (9.3 x 10
-2 

Ω). The silver coating enhanced the catalytic activity of the 

uncoated nickel foam towards the oxygen reaction. The conclusion was that silver plating leads 

to an increase in the surface roughness of the nickel foam [31]. The Fig. 1.2 shows SEM of Ni 

foam surfaces. 

Stoica et al [28] and Sollogub et al [29] conducted a study where a polymer electrolyte was 

prepared and characterized. The measured ionic conductivity was superior to 10
-2

 Scm
-1

. These 

studies show the feasibility of an alkaline fuel cell using solid polymeric electrolyte instead a 

liquid solution electrolyte. The maximum power and current obtained were 100 mW/cm
2
 and 

270 mA/cm
2
, respectively. The catalyst content of the electrodes used is 0.17 mg Pt/cm

2
 [29].  

Park et al conducted an study where various anion exchange membrane were prepared to 

find out the best configuration for solid alkaline fuel cells operation, which have higher OH  

conductivity and thermal property where the possibility of using non-precious catalyst at 

cathode was taken in consideration. The ionic conductivity was enhanced when a mixture of 

mono and diamine and the diamine with longer alkyl chain. The referred anion exchange 

membrane, when used with Ag/C (at cathode) had results comparable with that using Pt/C. 

Using electrodes with 0.5 mg/cm
2
 Pt/C at the anode and 2.0 mg/cm

2
 Ag/C at the cathode, 



 

8 

 

results comparable to one with 0.5 mg/cm
2
 Pt/C at the anode and cathode when using an 

membrane made of chloromethylation and amination of polysulfone were obtained. The 

maximum power and current were 28-30 mW/cm
2
 and 130 mA/cm

2
, respectively [30]. 

 

. 
                                      

 

 

 

 

 

 

Figure 1.2:  Scanning electron microscope (SEM)  pictures:  (a) the Ni foam surface,  (b) the Ni 

foam surface after silver plating (Silver loading: 11 mg/cm
2
),  (c) open structure of nickel foam 

[31]. 

 

Ying Wan et al studied the performance of a solid polymer electrolyte composite 

membranes using  Chitosan and KOH used as the function ionic source. They tested the 

membrane in a alkaline fuel cell using electrode which the catalyst content is 1 mg/cm
2
 Pt/C. 

The maximum current obtained was 35 mA/cm
2
 [32]. 

 Alkaline fuel cells can be classified according to how the electrolyte is confined 

between the electrodes.  

 

a) Mobile electrolyte 

In this configuration the electrolyte is a liquid solution of KOH, that must be pumped 

through the fuel cell. Due to continuous flow of a liquid through the fuel cell, it is also a way to 

cool down the fuel cell and remove the water generated by the electrochemical reaction. The 

water produced by the fuel cell from the chemical reactions makes the concentration of the 

solution to decrease; while two mols of water are formed at the anode, just one mol is 

consumed at the cathode, so the concentration of the solution decreases;  what would make the 

(a) (b) 

(c) 
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performance of the fuel cell decrease as well. As a solution for this problem, a control system 

for the concentration must be design in order to keep it constant during operation time.  

b) Static electrolyte 

The first case of static electrolyte  alkaline fuel cell is the one similar to mobile electrolyte, 

where the electrolyte is also a liquid solution, but at this time the solution is not pumped but  

restrained within the  porous of a solid material (membrane),  in other words, the membrane is 

soaked with the solution. The membrane is then placed between the electrodes.  

Differently of the case above, the second type of static electrolyte fuel cells  are those that 

run using a solid electrolyte. In this case, there is no liquid solution between the electrodes;  the 

membrane allows the migration of the ions from one electrode to the other. It is called Anion 

Exchange Membrane (AEM). Anion Exchange Membrane is a polymeric material that allows 

anions to move through its chemical chains. In this research we will focus on the fist kind of 

static electrolyte, where the electrolyte is kept confined in the porous of the membrane made by 

cellulose (Fig 1.3). The two possible configurations of alkaline fuel cells are shown in the Fig. 

1.4. 

  

Figure 1.3: Schematic of a single alkaline fuel cell. 

 

Considering static electrolyte cells, the use of asbestos or ammonium-based membranes for 

commercial applications also bring additional restrictions, based on ammonia potential 

hazardous effects, such as acute toxicity [50] and Immediately Dangerous to Life or Health 
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H2O
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(IDLH) levels [51], and on asbestos being a known carcinogenic agent [52]. Therefore, recently 

a cellulose-based alkaline membrane fuel cell was proposed by our group [53]. 

 

 

 

(a) (b) 

 

           (c) 

Figure 1.4: Types of Alkaline fuel cells: (a) Mobile electrolyte, (b)  and (c) Static electrolyte. 

 

Although promising experimental results were obtained in the laboratory, design and 

operating parameters need to be optimized for maximum performance, so that a proper 

assessment can be made for possible future commercialization. For that, mathematical 

modeling and computational simulation is recommended in order to predict how fuel cell 
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performance is affected by the variation of operating and geometric parameters [54]. It is also 

important that the mathematical model accounts for temperature spatial gradients and gas 

channels pressure drops [54, 55] which significantly affect fuel cell performance. Such desired 

model features should not lead to the understanding that the more complex the better the model 

will be. On the contrary, when the model is considered for fuel cell structure optimization, a 

large number of different configurations tests are needed, then it is desirable for the model to be 

simple, computationally fast and still able to capture reliably the fuel cell behavior [ 55,56]. 

Though very useful refined information can be extracted from spatially dependent models, 

the two- and three-dimensional models are not suitable for the optimization of flow geometry, 

because they would require the solving of partial differential equations for flow simulation in a 

very large number of flow configurations. 

Proton exchange membrane fuel cells (PEMFC) and solid oxide fuel cells (SOFCs) are 

considered the most promising candidates for commercial exploitation, and much attention has 

been given toward system modeling, including the fluid flows that supply the cells with fuel 

and oxidant, with the use of computational fluid dynamics (CFD), as pointed out by Young 

[57] and Ma et al. [58], that recently reviewed the status of three-dimensional fuel cell 

modeling. On the other hand, there are few previous studies concerning AFC modeling and 

simulation. Verhaert et al. [59] presented a steady state AFC thermodynamic model without the 

consideration of possible temperature variation within the cell using a control volume 

approach, which was validated by experimental data for future fuel cell stack development; 

Duerr et al. [60] used an isothermal dynamic electrochemical model to predict the effect of 

several parameters on an AFC stack response during load change events; Mohan and Shrestha 

[61] investigated the effect of four different electrolyte concentrations and three different anode 

flow rates on AFC performance experimentally and with an isothermal steady state model, 

concluding that performance increased as electrolyte concentration increased, and deduced 

statistically from modeling and statistical analysis optimal electrolyte concentration and anode 

flow rate for maximum performance, and Weydahl et al. [62] introduced an isothermal, one-

dimensional transient model of a porous oxygen electrode in an alkaline medium based on mass 

balances and flooded-agglomerate theory in order to study time constants, the combined effects 

of fast potential propagation and slow oxygen diffusion targeting the dynamic improvement of 

the AFC cathodes without sacrifice of a steady-state response.  

In the next chapter we will present the thermodynamic model of Polymer electrolyte fuel 

cells and alkaline fuel cells. Since we use the same approach to model both fuel cells we 
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decided to present them in parallel so the difference between both models will be easily 

discern.  
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CHAPTER TWO 

 

THERMAL  MODELING  OF  A  POLYMER  ELECTROLYTE  

MEMBRANE  FUEL  CELL  (PEMFC)  AND  ALKALINE  

MEMBRANE FUEL  CELL  (AMFC) 
 

The thermal modeling of the fuel cells was done relating steady state thermodynamic and 

electrochemical model with efficiency, we will expose the details of the model in the following 

sections. 

 The fuel cell is divided into seven control volumes that interact energetically with one 

another. The fuel cells also interact with adjacent fuel cells in a package, and or with the 

ambient. Additionally, two bipolar plates (interconnects) are presented: these have the function 

of allowing the electrons produced by the electrochemical oxidation reaction at the anode to 

flow to the external circuit or to an adjacent cell. 

The model consists of the conservation equations for each control volume, and equations 

accounting for electrochemical reactions, where they are present. The reversible electrical 

potential and power of the fuel cell are then computed as functions of the temperature and 

pressure fields determined by the model. The actual electrical potential and power of the fuel 

cell are obtained by subtracting from the reversible potential the losses due to surface 

overpotentials (poor electrocatalysis), slow diffusion and all internal ohmic losses through the 

cell (resistance of individual cell components, including electrolyte layer, interconnects and any 

other cell components through which electrons flow). These are functions of the total cell 

current (I), which is directly related to the external load (or the cell voltage); in sum, the total 

cell current is considered an independent variable in this study. The present analysis is for a 

steady state fuel cell operation. 

 

2.1 Polymer Electrolyte Membrane Fuel Cell Model 
 

A schematic diagram of the internal structure of a PEMFC is shown in Fig. 2.1. The fuel 

considered in the analysis is pure hydrogen, but it is possible to use a diluted hydrogen mixture 

generated from a hydrocarbon reformation process when running a PEMFC. Although pure 

oxygen is assumed in the analysis, air could be used as the oxidant in the experimental 
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validation of PEMFC, provided that enough O2 is supplied to the cell to meet the amount of 

oxygen required by the hydrogen supplied to the cell for a complete reaction.   

 The control volumes (CV) are fuel channel (CV1), the anode diffusion-backing layer 

(CV2), the anode reaction layer (CV3), the polymer electrolyte membrane (CV4), the cathode 

reaction layer (CV5), the cathode diffusion backing layer (CV6) and the oxidant channel 

(CV7).  

 

 

 

Figure 2.1: Control volume distribution of a single fuel cell unit (PEMFC). The fuel channels 

(CV1), the anode diffusion layer (CV2), the anode reaction layer (CV3), polymer electrolyte 

membrane (CV4), the cathode reaction layer (CV5), the cathode diffusion layer (CV6) and the 

oxidant channel (CV7). 
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2.1.1 Dimensionless Variables 
 

 

 Dimensionless variables are defined based on the geometric and operating parameters of 

the system. Dimensionless pressures and temperatures are referenced to ambient conditions 

  P  and T ,  ppP ii and  TTii , where subscript i indicates a substance or a location 

in the fuel cell, P is the dimensionless pressure, p  the pressure, 
2Nm

;   the dimensionless 

temperature, T the temperature, K.  Other dimensionless variables are defined as:   

 

ref

i
i

m

m




                                                                    (2.1) 

f,pref

3/2

Twi
i

cm

VU
N


 , 

3/2
T

i
i

V

A
A
~

                                                     (2.2) 

 

where  i  indicates a substance or location in the fuel cell, i is the dimensionless mass flow 

rate, m  the mass flow rate, kg s
-1

; refm  the reference mass flow rate, kg s
-1

. N the 

dimensionless global wall heat transfer coefficient; Uw  the global wall heat transfer coefficient, 

Wm
-2 

K
-1

; TV  the total volume of the fuel cell, m
3
; cp,f  the specific heat at constant pressure of 

the fuel, kJ kg
-1 

K
-1

; A
~

 the dimensionless area and A is the area, m
2
. 

 The fixed length scale 
3/1

TV is used for the purpose of non-dimensionalizing all the 

lengths that characterize the fuel cell geometry. 

 

3/1
T

j

j
V

L
                                                                     (2.3) 

 

where the subscript j indicates a particular dimension of the fuel cell geometry;  is the 

dimensionless length and  L the length,  m. 

 Dimensionless heat transfer coefficient   h
~
  and thermal conductivity   k

~
  are defined as 

follows: 
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f,pref

3/2
T

cm

hV
h
~


 , 

f,pref

3/1
T

cm

kV
k
~


                                                       (2.4) 

 

where h is  the heat transfer coefficient, W m
-2 

K
-1

; and  k
~

 is the dimensionless thermal 

conductivity. 

The physics of the fuel cell is described by taking into account the mass conservation 

and the first law of thermodynamics at each CV. The electrochemical reactions at CV3 and 

CV5 differ depending on the type of the fuel cell. In this study we will consider PEMFC and 

AMFC (Chapter 4). 

 

2.1.2 Mass Balance 
 

 The Fig. 2.2 shows the upper view of the control volumes of PEMFC. The anode is 

comprised by the CV2 and CV3 and the cathode is comprised by the CV5 and CV6.    

 

 

 

 

 

Figure 2.2: Upper view of the control volumes of a single PEMFC. 

 

The hydrogen mass flow rate required for the current (I) dictated by the external load is 

 

     
2222 HHHH M
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I
Mnm                  (2.5) 

 

Therefore, the oxygen mass flow rate needed for both fuel cells (PEMFC and AMFC) is:  
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222 OHO Mn
2

1
m                                                           (2.6) 

 

where n  is the molar flow rate, kmol s
-1

 and M the molar weight, kg kmol
-1

; n the equivalent 

electron per mole of reactant,eqmol
-1

; I the total current, A; F the Faraday constant, Ceq
-1

. 

 

2.1.3 Energy Conservation Analysis 
 

 The wall heat transfer area of one control volume is  
iswi Lp~A   )6i2(   and 

zyiswi LLLp~A   ( i = 1,7; assuming that 
ct LL   in Fig. 2.3), where )LL(2p~ zys   is the 

perimeter of the fuel cell cross-section. 

 The control volumes are 
jzyj LLLV   )6j2(   and 

zlccj LLLnV   ( j =1, 7), where nc 

is the integer part of  cty LL/L  , i.e., the number of parallel ducts in each gas channel (fuel 

and oxidant). 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.3:  Internal dimensions of gas channels (CV1 and CV7). 

 

 The fuel pressure (pf  in CV1) and oxidant pressure (pox  in CV7) are assumed known and 

constant during fuel cell operation. The stoichiometric ratio for an electrode reaction is defined 

as the provided reactant (mol s
-1

) divided by the reactant needed for the electrochemical 

reaction of interest.  The fuel enters the fuel cell through the CV1 and the oxidant through the 

CV1 CV7
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CV7, as shown in Fig.2.1. The mass and energy balances for CV1 yield the temperature in 

CV1. 

 

 0Q
~

Q
~

)(Q
~

ohm1121ff1w                                                

(2.7) 

 

where 

        )1(A
~

NQ
~

iwiiwi  ,   TcmIQ
~

f,prefi
2

iohm
                                     (2.8) 

 

where  ))(1(A
~

h
~

Q
~

122s112  , 
3/2

Tzys VLLA
~

 . Where  is the electrical resistance,  ; 

i  the porosity and sA
~

 the dimensionless cross-section area of the fuel cell. Subscript i 

represents a location in the cell, i.e., a particular CV. 

The dimensionless heat transfer rates for all the compartments are  TcmQQ
~

f,prefii
 . The 

subscript i accounts for any of the heat transfer interactions that are present in the model. 

Assuming that the channels are straight and sufficiently slender, the pressure drop in the 

channels is calculated using the ideal gas model as follows: 

 

2
i

j

f

i

j

c

z

i

z
ici u~

R

RP
fnP




















      (2.9) 

 

where i = 1,7 and j = f, ox, respectively. Here 2/)u~u~(u~ out,iin,ii   is the channel 

dimensionless mean velocity, defined as 2/1
f )TR/(uu~  , and f  the friction factor. According 

to mass conservation, the dimensionless mean velocities in the gas channels are 
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3/2

T

ref
2/1

f

Vp

m)TR(
C






                (2.12) 

 

where  
3/2

Ticcci V/LLnA
~

 , i = 1,7 , is the dimensionless total duct cross section area in the 

fuel cell and oxidant channels and Rf   the ideal gas constant of the fuel, kJ kg
-1 

K
-1

. Eqs (2.9)-

(2.12) model the mean velocity and pressure drop on the gas channels in the CV1 and CV7, 

1P and 7P . 

 We use the following relations to model the friction factor and the heat transfer 

coefficients in the gas channels. 

For the laminar regime (
hDRe < 2300) [63]: 
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where 
ici LL , for 

ic LL   and 
cii LL , for 

ic LL  ; )LL/(LL2D ctici,h   and 

iii,hii,hD DuRe   and i = 1,7.  

The correlations used for the turbulent regime are [64]: 

 

4/1
i i,hD

Re079.0f         )10x2Re2300( 4

i,hD
                         (2.15) 

 

)1(Pr)2/f(7.121

Pr)10D)(2/f(

k

Dh

3/22/1
i

i
3

i,hi

i

i,hi




       )10x5Re2300( 6

i,hD
               (2.16) 

 

The CV2 is the diffusion-backing layer; although this control volume is considered part of 

the electrode  the electrochemical reaction does not occur here, the gas reacts just in the CV3 

(reacting layer), where the three phase boundary (catalyst, reacting gas and electrolyte) is 

present.  
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Since the mass of fluid in CV2 can be considered negligible when compared with the solid 

mass of the electrode, just the later is taken into account in the energy balance.  

The net heat transfer rates at CV2 are ohm2232w122 Q
~

Q
~

Q
~

Q
~

Q
~

 , where 

 2/)(/)(A
~

)1(k
~

Q
~

3232s2a,s23  , where dual-porosity electrodes have been 

considered, as shown in Fig. 2.4. 

The pores are approximated as parallel tubes with an average diameter of the same order as 

the square root of the porous medium permeability, K
1/2

. Therefore, the wetted area for each 

porous control volume is s
2/1

jjjwet,j AKL4A   where Kj is the permeability. 

 

                

 

Figure 2.4: Cross-section details of dual-porosity electrodes and the internal structure. 

 

Assuming diffusion to be the dominant transport mechanism across the diffusion and 

catalyst layer [65], the fuel and oxidant mass fluxes are given by 

 

  
iinouti LDj                                                            (2.17) 

 

Where  is the density, kg m
-3

;   q2/1
MTR8rBD  , is the Knudsen diffusion coefficient, , 

B the dimensionless constant [66]; r the porous radius, m; R  the universal gas constant, kJ 

kmol
-1 

K
-1

,q the tortuosity [67-68];  Therefore , 
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

 


pD

LTRj
PP

i

iiki
in,iout,i

,   i = 2,6;  k = f,ox                         (2.18) 

 

where  
wet,3H2 Amj

2
  and 

wet,5o6 Amj
2

 , and wet,3A  and wet,5A . The average pressures in 

CV2 and CV6 are estimated as  

 

)PP(
2

1
P out,iin,ii  , i = 2,6                                                    (2.19) 

 

The energy balance delivers the CV2 temperature,  

 

  0
Q
~

2H

2
21 


                                                            (2.20) 

 

The electrical current is generated by the electrochemical reaction in the anode reaction 

layer (CV3). The water content of the polymeric membrane (Nafion 117,  considered as the 

electrolyte for PEMFC) needs to be taken into account when  we evaluate its electrical 

conductivity. In PEMFC analysis, the CV3  is composed by the electrode, the solid electrolyte 

(Nafion 117) and a liquid solution, however, in the thermal analysis just the solid is considered, 

since the mass of fluid in CV3 is also negligible in comparison with the mass of solid. The 

electrochemical reaction at the anode for PEMFC is: 

 

  e2H2H )aq()g(2                                       (2.21) 

 

The dimensionless enthalpy of formation is defined by   TcmHnH
~

f,prefiii
 , where 

the subscript i refers to a substance or a control volume. The enthalpy change due to the anode 

reaction is given by         tstanreac iiiproducts iii3 THTHH  and 
33e GW  , where 

3H  is the CV3 reaction enthalpy change, kJ/kmol; i  the stoichiometric coefficients;  ii TH  

the molar enthalpy of formation (kJ/kmol) at a temperature Ti of reactants and products i, 3G  

the CV3 reaction Gibbs free energy change, kJ/kmol; and We3 is the maximum electrical work 
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generated due to the reaction at the anode, kJ/kmol. The enthalpy of formation are obtained 

from tabulated values [69-70] at T2  for H2(g)  and T3 for 


)aq(H  at 1 atm. 

The reaction Gibbs free energy change, G , is a function  of temperature, pressure and 

concentrations, [70] 

 

QlnTRGG 0                  (2.22) 

 

where 000 STHG  . Where Q is the reaction quotient expressed as  
2)aq( H

2

3 p/HQ  , 

where  2
)aq(

H is the molar concentration of the acid solution, (mol l
-1

), and
out,2H pp

2
 .   

The dimensionless net heat transfer in CV3 is given by ohm3343w233 Q
~

Q
~

Q
~

Q
~

Q
~

  

The heat transfer rate between CV3 and CV4 (the polymer electrolyte) is dominated by 

conduction, therefore  )k
~

k
~

/(k
~

k
~

2A
~

))(1(Q
~

p3a,s4pa,ss43334  , where pk
~

 is the 

dimensionless thermal conductivity of the polymer electrolyte.  

The mass balances for CV3 together with the anode reaction equation (Eq. 2.21) deliver 

the relations 
222 HHH M/mn   , 

2HH
n2n   ,   HHH

Mn2m
2

 . The energy balance for the 

CV3 is: 

 

    0G
~

H
~

Q
~

333                  (2.23) 

 

where,   Tcm)G,H(n)G
~

,H
~

( f,pref33H33 2
 . 

In the cathode reaction layer (CV5) of a PEMFC, the following reaction occurs 

 

)l(2)aq()g(2 OHH2e2O
2

1
                                              (2.24) 

 

 The dimensionless net heat transfer in CV4 is obtained from 

ohm4454w344 Q
~

Q
~

Q
~

Q
~

Q
~

  where )k
~

k
~

/(k
~

k
~

2A
~

))(1(Q
~

p5c,s4pc,ss54545  . The 

CV4 temperature is obtained from 
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0)(H
~

)(H
~

Q
~

)aq()aq( H4H34                 (2.25) 

 

The analysis in the cathode reaction layer (CV5) is analogous to what we previously 

presented in the anode reaction layer (CV3) analysis. The CV5 dimensionless temperature is 

obtained by  

     0G
~

H
~

Q
~

555                (2.26) 

 

where   Tcm)G,H(n)G
~

,H
~

( f,pref55O55 2
 . 

Similarly, the dimensionless net heat transfer rate flowing in CV5 is given by 

ohm5565w455 Q
~

Q
~

Q
~

Q
~

Q
~

 , with   2//)(A
~

)1(k
~

Q
~

6565s6c,s56  .  

The enthalpy change during cathode reaction is       
tstanreac

iii
products

iii5 THTHH , 

while 55e GW  .  The enthalpy of formation are obtained from tabulated values [54-55] at 

T6 for O2(g) and T4 for 


)aq(H  and T5 for H2O(l) at 1 atm (Eq. 2.24).  

The change of Gibbs free energy 5G for the reaction of Eq. (2.24) is calculated by 

using Eq. (2.22), where the CV5 reaction quotient is  
1

2/1
O

2

5 2)aq(
pHQ










 , where out,6O pp

2
 .  

The dimensionless net heat transfer rate in CV6 result from 

ohm6676w566 Q
~

Q
~

Q
~

Q
~

Q
~

 , with ))(1(A
~

h
~

Q
~

676s767  ,  f,pref
3/2

T77 cmVhh
~

 . 

The dimensionless temperature for CV6 is given by  

 

0)(H
~

)(H
~

)(
c

c
Q
~

OH6OH567

f,p

ox,p

O6 222

              (2.27) 

 

The dimensionless net heat transfer rate in CV7 is ohm77w677 Q
~

Q
~

Q
~

Q
~

 .  

 

0)(H
~

)(H
~

)(
c

c
Q
~

OH7OH67ox

f,p

ox,p

ox7 22
                      (2.28) 
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2.1.4 Electrochemical Model 

 

 Based on the electrical conductivities and geometry of each compartment, the electrical 

resistances, )( , are given by:  

 

     
 ii

3/1
Ts

i
i

1VA
~




 ,        i = 1,2,6,7                                     (2.29) 

 

            
ii

3/1
Ts

i
i

VA
~




 ,                i= 3, 4, 5,  14                        (2.30) 

 

 The ionic conductivity,  11m , of Nafion 117 as a function of temperature is given by 

the following empirical formula [71]: 

 

       326.05139.0
T

1

303

1
1268exp i

i

i 






















,  i = 3,4,5       (2.31) 

 

  The conductivities of the catalyst layers are given by 33  and 55 , according to Eqs. 

(2.30)  and  (2.31). The conductivities of the diffusive layer, 2  and 6 , are the carbon-phase 

conductivities [72]. Finally, the conductivities of CV1 and CV7, 1  and 7 , are given by the 

electrical conductivity of the bipolar plate material.  

  In polymer electrolyte membrane, the water content  , is described as the ratio of the 

number of water molecules to the number of chargers sites, meaning, the number of ions 

HSO3 .  Usually, the anode water content in  the anode is different from the cathode [73]; 

therefore for assumed values of a (anode water content) and c (cathode water content), and 

by assuming a linear variation of the water content along the membrane thickness, the average 

water content in the membrane is defined as 

 

                           
2

ca 
                                                       (2.32) 
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  Eq. (2.32) allows for the calculation of  
)aq(H  as a function of  , namely 

  )M(H OHOH)aq( 22


 for a dilute water solution.  

  The appropriate figure of merit for evaluating the performance of a fuel cell is the 

polarization curve, i.e., the fuel cell total potential as a function of current. The dimensionless 

potential ( V
~

) and the dimensionless overpotential ( ~ )  are  defined in terms of a given 

reference voltage, refV , namely refVVV
~
 and refV~  . The dimensionless actual 

potential iV
~

 is an accumulated result of dimensionless irreversible anode electrical potential 

a,iV
~

, dimensionless irreversible cathode electrical potential c,iV
~

, and the dimensionless ohmic 

loss  ohm
~  in the space from CV1 to CV7, i.e., 

                 ohmc,ia,ii
~V

~
V
~

V
~

                                                     (2.33) 

 

  The ohmic loss ohm
~  is estimated by 

 

                   




7

1i

i

ref

ohm
V

I~                                                       (2.34) 

 

  The reversible electrical potential at the anode is given by the Nernst equation [55], 

 

                 
3

3o
a,ea,e Qln

nF

TR
VV                                                     (2.35) 

 

where  nFGV 3a,e   and  nFGV o
3

o
a,e  ; n is the equivalent electron per mole of 

reactant, eq mol
-1

 and F the Faraday constant.  At the anode there are two mechanisms for 

potential losses; (i) charge transfer, and (ii) mass diffusion. The potential  loss ( a ) due to 

charge transfer  is obtained implicitly from the Butler-Volmer equation for a given current I 

[74-75] 

 

             
 
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

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 






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3
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wet,3 TR

F
exp

TR

F1
expi

A

I
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where a is the anode charge transfer coefficient, and io,a is the anode exchange current  density 

(function of catalyst type and layer morphology). At thermodynamic equilibrium, the current at 

the anode (forward) and at the cathode (reverse) must balance so there is no net current density, 

this is what is called anode exchange current density (io,a). The anode charge transfer 

coefficient ( a ) represents how the change in the electrical potential across the reaction 

interface (anode) changes the sizes of the forward (oxidation) versus reverse (reduction) 

activation barrier.   

  The potential loss due to mass diffusion is [74-75]: 

 

                                                 















a,Limwet,3

3
a,d

iA

I
1ln

nF

TR
                                          (2.37) 

 

where, from Eq. (2.18): 

 

                                                   



TRLM

nFDp
i

2f2H

2f
alim,

2

                                                        

(2.38) 

 

 The limiting current density at the anode (iLim,a) occurs when the gas is completely depleted 

in the very thin active catalyst layer fraction situated at the interface with the gas diffuser, 

meaning P2,out=0. 

 The resulting electrical potential at the anode is a,daa,ea,i
~~V

~
V
~

 , where we have 

taken the absolute value of a,d  because 0a,d  . 

The methodology in estimating the anode potential is valid in building the cathode 

potential correlations. Similarly , the actual cathode potential is c,dcc,ec,i
~~V

~
V
~

  and the 

reversible electrical cathode potential is   55
o

c,ec,e QlnnFTRVV  , where  
1

2/1
O

2

5 2)aq(
pHQ












and  nFGV o
5

o
c,e  . The Butler-Volmer equation for calculating the cathode side 

overpotential c  is         5cc5ccc,owet,5 TRFexpTRF1expiAI  . The cathode mass 
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diffusion depleting overpotential is      c,Limwet,55c,d iAI1lnnFTR  , and the cathode 

limiting current density is   TRLMnFDp2i 6ox6O6oxclim, 2
. 

 

2.1.5 Fuel Cell Net Power Output and Efficiency 

 

The pumping power pW
~

 is required to supply the fuel cell with fuel and oxidant. 

Therefore the total net power (available for utilization) of the fuel cell is 

 

                     pnet W
~

W
~

W
~

                                                                (2.39) 

 

where  I
~

V
~

W
~

i , and refIII
~
 is the total fuel cell electrical power output , and 

                                               7
7

7
oxox1

1

1
ffp P

P
SP

P
SW

~






                                           (2.40) 

 

           
refref

iref
i

IV

RTm
S  ,   i = f,ox                                                (2.41) 

 

The ideal efficiency or maximum theoretical efficiency is expressed as 

 

53

5e3e
i

HH

WW




                                                        (2.42) 

 

Using the dimensionless variables we can re-write the ideal efficiency as 

 

53

53
i

H
~

H
~

G
~

G
~




                                                      (2.43) 

 

 The first law efficiency is given as 

 

53

I
H
~

H
~

W
~

E

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where  



Tcm

IV
E

f,pref

refref

 . 
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 The second law efficiency is defined as the ratio of the actual power to the reversible 

power of the fuel cell and  can be expressed as 

 

53

II
G
~

G
~

W
~

E


                                                       (2.45) 

 

 The net efficiency of  the fuel cell is  

 

53

net
net

H
~

H
~

W
~

E


                                                  (2.46) 

 

2.2 Alkaline Membrane Fuel Cell Model 
 

In the Chapter 1 we described two possible configurations of alkaline fuel cells 

according to how the electrolyte is confined between the electrodes; mobile or static electrolyte.  

We will focus our study in static electrolyte alkaline fuel cell, in which the electrolyte is a 

liquid alkaline solution confined in a porous medium called membrane. 

A schematic diagram of the internal structure of a PEMFC is shown in Fig. 2.1, the same 

diagram is suitable for AMFC, where the membrane (CV4) is an alkaline membrane.   

Differently of  PEMFC, air  is not recommended to be used as oxidant for AMFC. The 

carbon monoxide present in the air reacts with hydroxyl (Eq.2.47) consuming 
OH generating 

water and making the efficiency of the fuel cell to decrease. For that reason we will consider 

pure oxygen for the mathematical model and the experimental validation of AMFC.   

 

OHCOOH2CO 2
2
32  

                                            (2.47) 

 

Likewise the model for PEMFC, the AMFC model consists of applying conservation and 

electrochemical equations for the control volumes. The reversible electrical potential and power 

of the fuel cell are functions of the temperature and pressure fields. The actual electrical 

potential and power of the fuel cell are obtained by subtracting from the reversible potential the 

losses due to surface overpotentials, slow diffusion and all internal ohmic losses through the 

cell. These are functions of the total cell current (I), which is directly related to the external 
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load (or the cell voltage). The total cell current is also considered an independent variable in 

this study. The present analysis is also for steady state fuel cell operation. 

The control volumes (CV) are fuel channel (CV1), the anode diffusion-backing layer 

(CV2), the anode reaction layer (CV3), alkaline membrane (CV4), the cathode reaction layer 

(CV5), the cathode diffusion backing layer (CV6) and the oxidant channel (CV7). 

 

Figure 2.5: Control volume distribution of a single fuel cell unit (AMFC). The fuel channels 

(CV1), the anode diffusion layer (CV2), the anode reaction layer (CV3), alkaline membrane 

(CV4), the cathode reaction layer (CV5), the cathode diffusion layer (CV6) and the oxidant 

channel (CV7). 
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2.2.1 Dimensionless Variables and Mass Balance 
 

The dimensionless variables and the mass balance defined previously in the section 

2.1.1 and section 2.1.2 respectively are the same for AMFC model. Therefore, the Eq. 2.1-2.6 

are valid for both fuel cells, PEMFC and AMFC.  

The Fig. 2.6 show the upper view of the control volumes defined for the AMFC. A 

close comparison between the Fig. 2.6 and Fig. 2.2 will show that the flow indicated by the 

arrows on the figure indicate that the reactions in the electrodes are not the same for both fuel 

cells.  

 

Figure 2.6: Upper view of the control volumes of a single AMFC. 

 

2.2.2 Energy Conservation Analysis 
 

The geometric parameters presented in the section 2.1.3 and the internal dimension of 

gas channels are also valid for AMFC model.  The wall heat transfer area of one control 

volume is 

 

                                       
iswi Lp~A   )6i2(   ; 

zyiswi LLLp~A   ( i = 1,7)                      (2.48) 

 

where )LL(2p~ zys   is the perimeter of the fuel cell cross-section. 

 The control volumes are 
jzyj LLLV   )6j2(   and 

zlccj LLLnV   ( j =1, 7), where nc 

is the integer part of  cty LL/L  . 

 Since the AMFC and PEMFC have the same  energy interaction for the control volumes 

where the electrochemical reactions are not present, the fuel and oxidant channels (CV1 and 
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CV7) and  the anode and cathode diffusion layer (CV2 and CV6) have the same formulation for 

energy analysis for both fuel cells. For simplicity, we decided to group them according to their 

similarity.  

 

2.2.2.1 Fuel and Oxidant Channels (CV1 and CV7) 

 

 The energy balance for the CV1 states that:  

 

                                                0Q
~

Q
~

)(Q
~

ohm1121ff1w                                   

(2.49) 

 

where  

                 )1(A
~

NQ
~

iwiiwi  ,   TcmIQ
~

f,prefi
2

iohm
                          (2.50) 

 

                   ))(1(A
~

h
~

Q
~

122s112  , 
3/2

Tzys VLLA
~

                        (2.51) 

 

 The energy balance for the CV7 states that: 
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where   
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Q
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Q
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h
~

Q
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                                                           TcmHnH
~

f,prefiii
                                               (2.55) 

 

 The same assumptions considered for the pressure drop analysis for PEMFC are 

considered for the pressure drop analysis for AMFC, (the channels are straight and sufficient 
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slender). Therefore, the Eqs. (2.9-2.16) are valid for AMFC as well. The pressure drop and the 

velocity in the gas channels are, respectively 
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z
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where i = 1,7 and j = f, ox, respectively. Here 2/)u~u~(u~ out,iin,ii   is the channel 

dimensionless mean velocity, defined as 2/1
f )TR/(uu~  , and f  the friction factor. According 

to mass conservation, the dimensionless mean velocities in the gas channels are 
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T

ref
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f
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m)TR(
C






                (2.59) 

 

where  
3/2

Ticcci V/LLnA
~

  , i=1,7, is the dimensionless total duct cross section area in the fuel 

cell and oxidant channels and Rf  the ideal gas constant of the fuel, kJ kg
-1 

K
-1

. Eqs (2.56)-(2.59) 

model the mean velocity and pressure drop on the gas channels in the CV1 and CV7, 1P and 

7P .  

 The relations to model the friction factor and the heat transfer coefficient in the gas 

channel for AMFC is also the same demonstrated for PEMFC. Therefore the Eqs.(2.13-2.16) 

are also still valid.  

 For the laminar regime (
hDRe < 2300) [63]: 

 

)25371.09564.07012.19467.13553.11(24Ref 5
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3
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2
iij,hDi              (2.60) 
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where 
ici LL , for 

ic LL   and 
cii LL , for 

ic LL  ; )LL/(LL2D ctici,h   and 

iii,hii,hD DuRe   and i = 1,7.  

The correlations used for the turbulent regime are [64]: 
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2.2.2.2 Anode and Cathode Diffusion Layer (CV2 and CV6) 

 

 The purpose of diffusion layer is to uniformly provide gas to the  reactive layer  and 

remove the byproducts of the reactions. The diffusion layer is made hydrophobic  to avoid the 

electrolyte solution  to go to the gas stream. Therefore, we considered that there is only 

hydrogen in the anode diffusion layer (CV2) and oxygen and water in the cathode diffusion 

layer (CV6). 

    We  assume diffusion being the dominant mass transfer mechanism in the CV2, CV3, 

CV5 and CV6, so we write the mass flux of fuel and oxidant as  

 

                                                            
iinouti LDj                                                  (2.64) 

 

Where  is the density, kg m
-3

;   q2/1
MTR8rBD  , the Knudsen diffusion coefficient, 

where B the dimensionless constant; r the porous radius, m; R  is the universal gas constant, kJ 

kmol
-1 

K
-1

; q the tortuosity [67-68]; Therefore , 
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where  
wet,3H2 Amj

2
  and 

wet,5o6 Amj
2

 , and wet,3A  and wet,5A . The average pressures in 

CV2 and CV6 are estimated as  

 

)PP(
2

1
P out,iin,ii  , i = 2,6                                                    (2.66) 

 

Only the mass of the solid part of the diffusive layers is take into considerations for the 

energy balance of CV2 and CV6. Since these layers  are hydrophobic we make the assumption 

that mass of fluid is negligible compared to the mass of solid. Hydrogen diffuses through the 

CV2 and CV3 and oxygen and water vapor diffuse through the CV5 and CV6. 

 The energy balance for the CV2 and CV6 are, respectively 
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2.2.2.3 Anode and Cathode Catalyst Layer (CV3 and CV5) 

 

These are the control volumes where the electrochemical reactions occur. These  layers 

are also porous and less hydrophobic than the diffusion layers. 

The anode (CV3) is composed  by the porous electrode,  fuel (hydrogen) and electrolyte 

solution (KOH) that is present in the pores of the electrode. The electrons released by the 

oxidation of the hydrogen [Eq.(2.69)]  in the CV3 pass through an external circuit and are used 

as reactants for the reduction of the oxygen in the CV5 [Eq. (2.70)].  The cathode (CV5) is also 

porous and less hydrophobic than the diffusion layers. The CV5 is composed by the porous 

electrode, oxygen and the electrolyte.  
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 The Hydrogen Oxidation Reaction (HRO) 

 

            
  e2OH2OH2H )l(2)aq(2                                             

(2.69) 

 

 The Oxygen Reduction Reaction (ORR) 

 

                                          
  OH2e2OHO

2

1
)l(2)g(2                                            (2.70) 

 

On thermal analysis of CV3 and CV5, the mass of liquid contained in these CVs is also 

neglected compared to the solid mass of the electrode. CV3 and CV5 interact thermally with 

the adjacent control volumes by conduction  and  to the ambient by convection. Heat is 

generated by the electrochemical reactions and by the irreversible mechanisms (ohmic 

resistance, activation and concentration overpotentials losses) [76]. 

In the present model, we include the heat generation due to activation overpotential  

losses ( a ) and concentration overpotential losses ( a,d ).  However the ohmic heat generated 

in the CV3, CV4 and CV5 due to the ion transport resistance of the solution and the electric 

resistance of their solid components has been previously considered for the PEMFC model. The 

calculation of the overpotential losses ( a , a,d and ohm ) are discussed later in the 

electrochemical model section. 

The energy balance for the CV3 is 

 

                 0G
~

H
~

Q
~

333                                   (2.71) 

 

where 

 

                                            dif,3act,3ohm3343w233 Q
~

Q
~

Q
~

Q
~

Q
~

Q
~

Q
~


 
                      (2.72) 

 

)k
~

k
~

/(k
~

k
~

2A
~

))(1(Q
~

memb3memb4memba,ss43334                (2.73) 

 



 

36 

 

       





Tcm

I
Q
~

f,pref

a
act,3 

,   





Tcm

I
Q
~

f,pref

a,d
dif,3 

                               

(2.74) 

 

The energy balance for the CV5 is 
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where  f,pref
3/1

Tmembmemb cmVkk
~



 

, )1(kkk 4pap4solmemb  , ksol is the thermal 

conductivity of the KOH solution, W m
-1

 K
-1

 [77]; kpap is the thermal conductivity of the 

chromatography paper (material of the membrane), 

 

W m
-1

 K
-1

. 

The dimensionless molar enthalpy change and dimensionless Gibbs free energy change 

for CV3 and CV5 are   Tcm)G,H(n)G
~

,H
~

( f,pref33H33 2
   and

  Tcm)G,H(n)G
~

,H
~

( f,pref55O55 2
 . 

The enthalpy change during anode and cathode reaction are given by respectively, by 

        tstanreac iiiproducts iii3 THTHH  while 
33e GW   and  

      
tstanreac

iii
products

iii5 THTHH  while 55e GW  .   

The enthalpy of formation are obtained from tabulated values [69-70] at T2  for  H2(g), 

T4 for 


)aq(OH  and  T3 H2O(l) (Eq. 2.69); T6 for O2(g) and T4 for the reactant )l(2OH  and  T5 for


)aq(OH  (Eq. 2.7), both cases at 1 atm. 
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The Gibbs free energy change is defined QlnTRGG 0   where 

000 STHG  . The reaction quotient Q is given by  
1

H

2

3 2
pOHQ


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 and 

  2/1
O

2

5 2
p/OHQ  , where out,2H pp

2
  and out,6O pp

2
 . 

 

2.2.2.4 Electrolyte and Membrane (CV4) 

 

 In our study, the electrolyte is an alkaline solution of KOH and the membrane is made by 

cellulose (chromatography paper). The molar concentration of KOH, [KOH], can be obtained 

from the weight percentage of KOH in solution, y. 
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                                                 (2.79) 

 

where  sol  is the density of the solution in terms of y [78] and MKOH  the KOH molecular 

weight.  

 The energy balance for the CV4 is  
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2.2.3 Electrochemical Model, Power and Efficiency 
 

Based on the electrical conductivities and geometry of each compartment the electrical 

resistances )( ,  are given by 
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where soli   for  i =3,4 and 5. 

 Similarly the PEMFC model, the appropriate figure of merit for evaluating the performance 

of a fuel cell is the polarization curve, i.e., the fuel cell total potential as a function of current. 

The dimensionless potential ( V
~

) defined previously for PEMFC are also valid for AMFC 

analysis. The dimensionless actual potential iV
~

 is an accumulated result of dimensionless 

irreversible anode electrical potential a,iV
~

, dimensionless irreversible cathode electrical 

potential c,iV
~

, and the dimensionless ohmic loss  ohm
~  in the space from CV1 to CV7, i.e., 
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  The ohmic loss ohm
~  is estimated by 
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  The reversible electrical potential at the anode is given by the Nernst equation [55], 
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where  nFGV 3a,e   and  nFGV o
3

o
a,e  ; n is the equivalent electron per mole of 

reactant, eq mol
-1

 and F the Faraday constant.  The potential  loss ( a ) due to charge transfer  is 

obtained implicitly from the Butler-Volmer equation for a given current I [58-59] 
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where a is the anode charge transfer coefficient, and io,a is the anode exchange current  

density. The potential loss due to mass diffusion is [74-75]: 
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where, from Eq. (2.65): 
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  The resulting electrical potential at the anode is a,daa,ea,i
~~V

~
V
~

 , where we have 

taken the absolute value of a,d  because 0a,d  . 

 Similarly, the actual cathode potential is c,dcc,ec,i
~~V

~
V
~

  and the reversible 

electrical cathode potential is   55
o

c,ec,e QlnnFTRVV  , where and  nFGV o
5

o
c,e  . The 

Butler-Volmer equation for calculating the cathode side overpotential c  is 

        5cc5ccc,owet,5 TRFexpTRF1expiAI  . The cathode mass diffusion depleting 

overpotential is      c,Limwet,55c,d iAI1lnnFTR  , and the cathode limiting current density is 

  TRLMnFDp2i 6ox6O6oxclim, 2
. 

 The pumping power pW
~

 is required to supply the fuel cell with fuel and oxidant. 

Therefore the total net power (available for utilization) of the fuel cell is 
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The ideal efficiency or maximum theoretical efficiency is expressed as 
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Using the dimensionless variables we can re-write the ideal efficiency as 
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 The first law efficiency is given as 
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 The second law efficiency is defined as the ratio of the actual power to the reversible 

power of the fuel cell and  can be expressed as 
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 The net efficiency of  the fuel cell is  
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CHAPTER THREE 

 

NUMERICAL RESULTS AND EXPERIMENTAL VALIDATION 

OF POLYMER ELECTROLYTE MEMBRANE FUEL CELL 

(PEMFC) MODEL 
 

An experimental rig was built in the laboratory to produce the necessary experimental 

data to perform the experimental validation of the numerical results obtained with the 

mathematical model presented in the Chapter 2. Figure 3.1 shows two photos of the 

experimental set of single PEMFC’s utilized in this study. Ten low power (1 – 2 W) single 

PEMFC’s manufactured by Schatz Energy Research Center, SERC [79] were assembled on 

equally spaced supports, as shown in Fig. 3.1.  

 

 

 

 

 

 

 

 

 

 

(a) 

 

 

 

 

 

 

 

 

 

 

(b) 

Figure 3.1: (a) ten single PEMFC’s experimental setup and air compressor, and (b) single 

PEMFC detail  and adjustable electric load. 

 

 On the inferior right side of Fig. 3.1a, it is shown the dental oil free air compressor 

utilized to feed the system. The H2 and air feed systems with respective manometers were 

placed on the wall, and from them a system of hoses and valves distribute the fuel and oxidant 

supply to the cells. An adjustable low power electric load was built with nickel-chrome alloy 

wire, as shown in Fig. 3.1b.  

The SERC single fuel cell internal structure was characterized through direct measurements 

of the length, width, and thickness of the internal parts.  L1 = 1.55mm, L2 = 0.45 mm, L3 = 

0.005 mm, L4 = 0.045mm, L5 = 0.005 mm, L6 = 0.45mm, L7 = 1.55mm. The dimensionless 

Oil free air 

compressor 

10 (ten) single 

PEMFC’s 

Adjustable 

electric load 
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parameters were then calculated for the SERC single PEMFC, obtaining 38.0x7x1  , 

111.0x6x2  , 0025.0x5x3  , 013.0x4  , 1504.0x  , 5783.2y   and  

5783.2z  , 00258.0t  , 2891.1c  , with 5
T 1095867.1V  m

3
. A schematic of the 

experimental set up is shown in the Fig. 3.2. 

 

 

Figure 3.2: Schematic of the experimental set up for PEMFC. 

 

3.1 Physical Properties 
 

 Besides the single PEMFC internal and external geometry, the mathematical model needs 

information on the actual physical properties of the manufacturing materials. For that, the 

Membrane Electrolyte Assembly (MEA) of one of the cells utilized in the experiments was 

characterized in the laboratory. The MEA is composed by the polymeric membrane (Nafion 

117) coated with carbon, the two reaction layers and the two diffusive layers, according to the 

following procedures for the property to be determined. 

 

 

air compressor

FC
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a) density 

 The densities of the membrane and of the diffusive layer were measured using a 50 ml 

picnometer, with a nominal uncertainty of %019.0 . The experiments were carried out 

according to ASTM D-792-00 [65]. 

b) porosity 

Porosity was evaluated following a gravimetrical study regarding solvent absorption. The 

material was dried at 75ºC overnight, then weighed to obtain its dry weight (wdry), and 

immersed in distilled water for 24 hours to reach equilibrium. After that, the saturated 

membranes were carefully weighed to obtain the wet weight (wwet). The scale utilized in the 

procedure had a 4 decimal digit precsion, with a nominal uncertainty of %02.0 . 

Membrane porosity ( ) at room temperature was then calculated using the following 

equation [34,35]. 
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drydrywet

www

ww
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      (3.1) 

 

where ρdry is the density of the material after drying and ρsol is the solution density. The tested 

materials were the membrane, the membrane covered with carbon and the diffusive layer. 

c) specific heat 

 The specific heat was measured by power compensated differential scanning calorimetry 

(DSC) - TA Instruments Model 20-10 [68], with a sensitivity of %5.2 from -100 to 500
o
C and 

nominal uncertainty of %1 . DSC analysis was carried out with a 10-mg sample enclosed in 

an aluminum pan, with a heating and a cooling rate of 10ºC/min under Nitrogen atmosphere. 

The specific heat of the membrane is 1.6 J/g
o
C. The membrane specific heat (cp) was evaluated 

using the output curve of the DSC (heat flow, temperature and time data – Fig. 3.3), based on 

the enthalpy gradient calculated at a certain temperature range, according to the equation below 

[81] 

 

         TcmH pp        (3.2) 
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d) electrical conductivity 

 The two-probe method was used to determine the area resistance of the sample with a 

multimeter ET 2082A. Then, taking into account 2
nd

 Ohm’s Law, the electrical conductivity of 

the diffusive layer at 17 ºC and 20 % of relative humidity was calculated.  Electrical 

conductivity of the diffusive layer in the through-the-thickness direction was evaluated in a 

potentiostat with an impedance spectroscopy cell (Autolab PGSTAT 30), with a nominal 

uncertainty of %2.0  .  

 All the results obtained for the measured properties in the laboratory are shown in Table 

3.1. Table 3.2 summarizes the geometric features and physical properties of the single PEMFC 

simulated in this study. 

 

 

 

 

 

Figure 3.3:  Differential scanning calorimetry (DSC) output curve for the tested 10-mg 

membrane sample. 
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Table 3.1: Measure properties of SERC single PEMFC. 

 

 

 

 Membrane (Nafion) Membrane with 

carbon (reactive 

layer) 

Diffusive layer 

Density     

 Dry condition 

3.28 g/cm
3
 1.91 g/cm

3
 0.58 g/cm

3
 

Porosity    0.285 or 28.5% 0.1802 or 18% 0.0085 or 0.85% 

Electrical  

conductivity     

 

Eq (2.31) 

59.4 S/cm (2-point 

in-plane) 

85.7 S/cm (through-

the-thickness) 

 The remaining necessary data were taken from the technical literature [66, 71-75,82]. 

Since the values for the anode and cathode exchange current densities  c,0a,0 i,i  are commonly 

reported in a wide range [75], the values adopted in this study were determined by the solution 

of an inverse problem of parameter estimation.  

 The single PEMFC net power output, defined by Eq. (2.39), depends on the internal 

structure and the external shape of the fuel cell. As soon as the physical values and a set of 

geometric internal and external parameters are known, the mathematical model allows the 

computation of the total net power of the fuel cell, netW
~

. In the case of the present study, such 

set is given by Table 3.2. 
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Table 3.2:  Physical properties used in the experimental validation of the single PEMFC 

mathematical model. 

 

B = 0.156  

 cp,f = 14.95 kJ kg
-1

 K
-1

 

cp,ox = 0.91875 kJ kg
-1

 K
-1

 

cv,f = 10.8 kJ kg
-1

 K
-1

 

cv,ox = 0.659375kJ kg
-1

 K
-1

 

(i0,a, i0,c) = (0.3, 0.003) A m
-2

  

Iref = 1 A  

kf = 0.2 W m
-1

 K
-1 

kox = 0.033 W m
-1

 K
-1

 

kp = 0.21 W m
-1

 K
-1

 

K2, K6 = 4  10
–14

 m
2
 

K3, K5 = 4  10
–16

 m
2
 

4

ref 10m  kg s
-1 

pf = 0.12 MPa 

pox, p = 0.1 MPa 

q = 1.5 

Rf = 4.157 kJ kg
-1

 K
-1

 

Rox = 0.2598 kJ kg
-1

 K
-1

 

Tf, Tox, T = 298.15 K 

Uwi = 50 W m
-2

 K
-1

, i = 1 to 7 

Vref = 1 V 

VT
35 m 1095867.1   

35
ref,T m 10V   

a, c = 0.75 

2, 71   

   7 ,5, ca   

Pa.s 10 5
1

  

Pa.s 104.2 5
7

  

116
71 m 10388.1,   

11
62 m 8570,   

2, 6 = 0.0085 

3, 5 = 0.1802 

4 = 0.285 

 

 

 

3.2 Numerical Results and Experimental Validation 
 

   The numerical simulation of the single PEMFC is performed by solving Eqs. (2.7), 

(2.18), (2.20), (2.23), (2.25), (2.26), (2.27) and (2.28), which form a system of nine algebraic 

equations. The unknowns are i  and iP , i.e., the temperatures in the seven control volumes, 

and the gas pressures in CV2 and CV6. Once the temperatures and pressures are known, the 

electrical potentials and power are calculated for any assumed current level. 
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  Pressures are related to temperatures via Eq. (2.18). The system reduces to seven 

nonlinear algebraic equations, in which the unknowns are the temperatures of the seven control 

volumes. This system was solved with a Fortran code, using a quasi-Newton method [83], 

where a tolerance for the norm of the residual vector less or equal to 10
-6

 was considered to 

obtain a converged solution. 

  For obtaining the experimental results in the present study, the fuel cells were operated at 

a hydrogen pressure of 2.5 psi and at a very low flow of atmospheric air (compressed air from a 

dental oil-free compressor). The air-flow although not measured was high enough to maintain a 

steady current output but not too high as to dry out the interior of the cell (water condensation 

was visible). A variable electrical resistance made from high resistivity Ni-Cr resistance wire 

was used as variable electrical load (Fig. 3.1b). It was set as to render the current output needed 

to each experiment. 

  The experimental validation was based on direct measurements of the current and voltage 

produced by the fuel cell. In order to produce the cell polarization curve, the adjustable load 

resistance was reduced from open circuit  0I,load   to short circuit  0load  , where the 

measured current was approximately 3.1 A. Voltage and current measurements were performed 

for each of the ten cells with a digital multimeter ICEL-MD-6110.  

Ten runs were conducted, the precision limit for each voltage and power point was 

computed as two times the standard deviation of the average value of the ten runs obtained, 

[84].  

In the numerical simulations, the cells electrical and net power were calculated by 

starting from open circuit  0I
~
 , and proceeding with increments of  1.0I

~
  until the 

electrical current reached 3.1 A, i.e., the highest value of current experimentally measured in 

the laboratory. 

  This procedure is illustrated in Fig. 3.4. According to the model, the actual open circuit 

voltage is equal to the reversible cell potential, because it has been assumed that no losses 

result from species crossover from one electrode through the electrolyte, and from internal 

currents. The total polarization is the sum of the electrical potential produced at the anode and 

cathode, a,iV
~

 and c,iV
~

. In a PEMFC, the electrical potential produced at the anode is negative. 

Conversely, the electrical potential produced at the cathode is positive. The sum of such 

potentials minus the potential losses the cell is the total fuel cell potential, iV
~

.  
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  The change in the Gibbs free energy of reaction decreases as the temperature increases. 

Therefore, according to Eq. (2.35), the reversible electrical potential decreases as the 

temperature increases, and this happens when the current increases.  

 

 

 

 

 

 

 

 

 

    (a)      

                              

 

 

 

 

 

 

 

 

 

 

 

 

   (b) 

 

Figure 3.4: (a) Total cell reversible, total cell irreversible, cathode and anode numerically 

simulated potentials and (b) the numerically simulated total cell irreversible potential and 

output power. 
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  Figure 3.4a shows the  polarization curves and all those trends until the cells reach the 

maximum current measured experimentally  A 1.3I  . 

  Figure 3.4b shows the simulation results for the irreversible cell potential output and the 

electrical power produced. Since the tested cells operate at low currents, pressure drops are 

negligible in the gas channels, therefore, in the tested cells, netW
~

W
~
 . 

  The numerical voltage results are compared with the experimentally measured data in 

Fig. 3.5. Error bars were placed in the experimental points. The precision limit was computed 

as two times the standard deviation of the average value of the ten runs obtained. In this graph, 

it is possible to verify that the numerical simulation results are in good quantitative and 

qualitative agreement with the measured polarization curve. The numerical results are all 

within the range established by the error bars, except in the beginning of the current range 

 0.6I
~
 , because the losses from species crossover through the electrolyte, and from internal 

currents are not considered in the mathematical model. However, in practice, fuel cells are 

expected to operate at higher currents, where maximum power occurs; therefore the model is 

expected to provide accurate output voltage results at that current range of greater interest. 

   

 

Figure 3.5:  The comparison between the numerically and experimentally obtained total cell 

irreversible potential. 
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   Figure 3.6 depicts the comparison of the cells output power between the obtained 

numerical and experimental results. It is observed that the numerical simulation results fall 

within the range established by the error bars in the entire current range analyzed in the 

experiments  A 1.3I0  . This shows good quantitative and qualitative agreement 

between numerical and experimental results. 

 

   

Figure 3.6: The comparison between the numerically and experimentally obtained total cell 

output power. 

 

  Since the ideal efficiency is proportional to Gibbs free energy, any decrement in the 

Gibbs free energy caused by the increment of the temperature will be expressed in the ideal 

efficiency.  The Fig. 3.7 shows that the ideal efficiency  decreases slightly as the current 

increases. 

  Both, the first law and the second law efficiency  decreases monotonically as the current 

increases, but their maximum values ( 0I
~
 ) are different. The maximum first law efficiency is 

equal the ideal efficiency at open circuit. The second law efficiency has its maximum equal to 

1, meaning no losses (reversible case).  The net efficiency is equal to the first law efficiency 

due to low current regime that this fuel cell operates. At low currents, the pressure drop in the 

gas channels is very low, making the pumping power be negligible, 0W
~

p  . 
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Figure 3.7: The ideal, first law, second law and net efficiencies for the SERC PEMFC. 
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CHAPTER FOUR 

 

NUMERICAL RESULTS AND EXPERIMENTAL VALIDATION 

OF ALKALINE MEMBRANE FUEL CELL (AMFC) MODEL 
 

 The previous chapter shows the results and preliminary conclusions obtained from the 

development of a simulation model for PEMFC that contemplates variation of manufacturing 

materials physical properties, operation and design parameters. The simulation model was 

validated experimentally considering the temperature as space and current dependent. The 

experimental validation of the PEMFC model presented was considered a learning process that 

allowed for understating fuel cell physics concepts, components and operation.  Once these first 

steps have been successfully accomplished we applied the acknowledge acquired on the 

development of a simulation model for AMFC.  

In this chapter we will present the numerical results for AMFC and the experimental 

results obtained using a prototype of a single fuel cell built in our laboratory.  

 

4.1 Alkaline Membrane Fuel Cell Prototype 
 

The maturation of the knowledge on the subject allowed the development in the 

laboratory of an AMFC prototype using celluloses based membrane (which replaced the 

polymeric electrolyte membrane of the PEMFC), platinum-carbon electrodes and as electrolyte, 

alkaline solution of potassium hydroxide (KOH), as it will be described in the following 

sections. With respect to current alkaline fuel cells, the herein proposed alkaline membrane fuel 

cell has the advantage of a solid membrane made by cellulose instead of only a liquid 

electrolyte and does not require elaborated seals to operate or a pumping system to keep the 

electrolyte flowing through the fuel cell. 

 

4.1.1 Bipolar Plate 

 

The bipolar plates consist of two plates 120 mm x 120 mm made of brass with 34 

channels with 1 mm width, 2 mm depth and 80 mm long each, as can be seen in the Fig. 4.1. 

The Fig. 4.2 is a picture of bipolar plates where its details and channels can be seen. Each 



 

53 

 

bipolar plate has a socket head cap screw that works as a positive pole when connected to the 

positive plate (cathode) or negative pole when connected to the negative plate (anode). These 

screws connect the fuel cell to the external circuit. 

 

 

 

 

 

 

 

 

 

 

 

 

(a)                                                                        (b) 

 

Figure 4.1: Drawing of the alkaline fuel cell prototype. (a) front and side view of the fuel 

cell; (b) gas channels.  (unit: mm) 

 

4.1.2 Membrane 
 

The membrane is the medium where the liquid electrolyte will be confined. In our 

prototype we used WHATMAN ® Chromatography paper 31ET Chr, purchased from 

BioAmerica Inc. Chromatography separates the components of a mixture by their distinctive 

attraction to a mobile phase (liquid solvent) and the stationary phase (paper). The affinity 

between the paper and the liquid is a very important property of the membrane since the liquid 

is supposed to be confined in the porous of the paper and not leave the fuel cell with the 

products of the electrochemical reactions. The paper provides mechanical strength to the 

electrolyte, minimizes the distance between the electrodes while preventing shorts circuits and 

prevents crossover of reactant gases through the electrolyte.  

  The thickness of the membrane is 0.50 mm.  The specifications of the membrane given 

by the manufacturer are shown in Table 4.1. 
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Figure 4.2:  Picture of the bipolar plates. 
 

 

 

 

Table 4.1:  Specifications of the membrane.  
1
 Air flow rate determined with Gurley 

Densometer with 5 oz abd 1 in
2
 test area. 

2
 Grammage defines weight per unit area, preferably 

of circular sheets of area 100 cm
2
 . 

3
 Wet burst as well as dry burst is determined with filter test 

area of 1 in
2
 which is made to burst by applying an increasing pressure. 

 

Gurley
1
 (s/300ml/in

2
) 15 

Grammage
2
 (g/cm

2
) 192 

Wet burst 
3
 (ins H2O) 12 

Dry burst 
3
 (psi) 18 

 

 

The Fig 4.3 shows pictures of dry and wet membrane with the alkaline solution after run 

an experiment and the Fig.4.4 and 4.5 show SEM (scanning electron microscope) images of the 

dry membrane. 
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(a) (b) 

Figure 4.3:  (a) Dry membrane; (b) Membrane wet with alkaline solution. 

 

 

 

 

Figure 4.4: SEM image of the dry membrane. 
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Figure 4.5: SEM image of a cross section of dry sample of the membrane. 
 

 

4.1.3 Electrode 
 

The electrode used to obtain experimental polarization curve was a low temperature 

ELAT ®  GDE (Gas diffusion electrode) microporous layer including 5g/m
2
 Pt electrode on 

woven web, with thin layer on backside, with standard ionomer application manufactured by 

BASF ®. The Fig.4.6 shows the electrode used. 

 

 

 

Figure 4.6: Platinum-Carbon based electrode.  
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The electrode has a hydrophobic and a hydrophilic side. The Fig. 4.7 shows a SEM 

image of the hydrophobic side, which is the gas diffusion layer (CV2 and CV6); this side of the 

electrode is in contact to the gas channels (bipolar plate). The Fig. 4.8 shows a SEM image of 

the hydrophilic side of the electrode, which is the reaction layer (CV3 and CV5), this side is in 

contact to the membrane. We can see that the hydrophobic and hydrophilic sides have different 

aspects. The hydrophobic side is rougher than the hydrophilic side. The morphology cracked 

mud surface of the hydrophilic side is due the catalyst coating (Platinum).  

 

 

 

Figure 4.7:  SEM image of the electrode – hydrophobic side  (diffusion layer). 

 

 

 

Figure 4.8:   SEM image of the electrode – hydrophilic side (reactive layer). 
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The Figure 4.9 shows the cross section SEM image of the electrode, we can clearly see 

that it is composed of two distinct layers. The darker layer one on top is the reactive layer, 

where the catalyst is present and on the bottom is the diffusion layer. We can also see that the 

reactive layer is thinner that diffusion layer.  

 

 

 

Figure 4.9:  SEM image of a cross section of the electrode. On the bottom is the diffusion layer 

(hydrophobic) and on top is the reactive layer (hydrophilic). 

 

4.1.4 Membrane Electrode Assembly (MEA) 

 

The assembling procedure of the prototype was the following: the hydrophobic side of 

the electrode is placed facing the bipolar plate (gas channels). We can find out which side is 

hydrophobic or hydrophilic by the roughness of the faces of the electrode, the hydrophobic side 

is rougher than the hydrophilic side. Another way to do it is to put a drop of water on one of the 

faces. The water will slip more easily on the face that is hydrophobic.   

After the membrane is immersed in the alkaline solution we remove the excess of the 

solution holding the membrane with tweezers for a few seconds and letting the excess to drip 

off through the edges of the membrane.  

The wet membrane is put on top of the electrode (facing the hydrophilic side of the 

electrode) and on top of the membrane we put the other electrode, making sure that the 

hydrophilic side of the electrode is facing the membrane. 
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We have now a “sandwich”, electrode-membrane-electrode, what is called  membrane 

electrolyte assembly (MEA). The second bipolar plate is then placed on top of the whole 

structure. A bench vise was used to hold and supply sufficient pressure on the whole structure,  

as can be seen in the Fig. 4.10.  To keep the pressure needed to maintain all the internal 

components connected without any leaking, the fuel cell was put between two “H” shape metal 

bars (one in each side) that were attached to each other with bolts. A thin piece of rubber was 

used as an electric insulation between the “H” bars and the bipolar plates. Fig. 4.11 shows the 

finished alkaline fuel cell. 

 

 

  

 

Figure 4.10. Bipolar plates and the MEA. 

 

The AMFC internal structure was characterized through direct measurements of the 

length, width, and thickness of the internal parts.  L1 = 2 mm, L2 = 0.273 mm, L3 =0.146  mm, 

L4 = 0.5 mm,  L5 = 0.146 mm, L6 = 0.273 mm, L7 = 2 mm. The dimensionless parameters were 

then calculated for the AMFC, obtaining 374.0x7x1  , 051.0x6x2  , 

027.0x5x3  , 094.0x4  , 125.0x  , 822.2zy   and 374.0t  , 

187.0c  , with 
5

T 1069.7V  m
3
.  

Electrode-membrane-

electrode (MEA) 
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4.1.5 Fuel Cell Station 

 

A test station was set up to run the experiments for the AMFC. The test station consists 

of a fume hood, hydrogen and oxygen tanks, gauges and pressure regulators. All the equipment 

is kept inside of a hood where any eventual leaking from the gas tanks or any line can be 

exhausted. The experiment set up is shown in Fig. 4.12, Fig. 4.13 and Fig. 4.14. 

 

 

Figure 4.11:  Photo of a finished alkaline membrane fuel cell using membrane made from 

cellulose. 

 

 

Figure 4.12:  Schematic of the experimental set up for AMFC 
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Figure 4.13: Fuel cell test station. 

 

 

 

 

 

 

 

 

 

 

                                  

Figure 4.14:  Alkaline fuel cell and all the components. 
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4.2 Numerical Results and Experimental Validation 
 

The numerical simulation of the single AMFC is performed by solving the equations:  

Eqs. (2.49), (2.65), (2.67), (2.71), (2.80), (2.75), (2.68) and (2.52). The unknowns are i  and iP

, i.e., the temperatures in the seven control volumes, and the gas pressures in CV2 and CV6. 

The system is solved like the previous model, i.e. with a Fortran code, using a quasi-Newton 

method [83], where a tolerance for the norm of the residual vector less or equal to 10
-6

 .   

The experimental results were obtained using hydrogen and pure oxygen as fuel and 

oxidant, respectively; both at the pressure of 1.5 psi . Due to possibility of the carbon monoxide 

present in the air to react with the hydroxyl (Eq.2.47), pure oxygen was used instead of air as 

oxidant.  The gas flow was high enough to maintain a steady current output but not too high as 

to dry out the interior of the cell. A variable electrical resistance made of  Ni-Cr wire was used 

as variable electrical load. 

 The experimental validation was based on direct measurements of the current and voltage 

produced by the fuel cell running with two different solution concentrations, 30wt% KOH and 

45wt% KOH. In order to produce the cell polarization curve, the adjustable load resistance was 

reduced from open circuit  0I   to short circuit (maximum current) where the maximum 

measured current was approximately 2.2 A  for electrolyte concentration of  30% and 1.87 A 

for electrolyte concentration of 45wt%. Voltage and current measurements were performed for 

each of the ten cells with a digital multimeter ICEL-MD-6110. 

Five runs were conducted for  concentration of  30wt% and 45wt % KOH,  the voltage 

and the current were measured from resistance equal zero to  8 . The Fig. 4.15 and 4.16 show 

the experimental results of voltage and current for the five runs for 30wt% KOH and the Fig. 

4.17 and 4.18 show the experimental results of voltage and current for the five runs for 45wt% 

KOH. Where
refR

R
R
~
 ; R

~
is the dimensionless electrical resistance; R is the electrical 

resistance,   and   1R ref  is the reference electrical resistance.   

The precision limit for each voltage and current point was computed as two times the 

standard deviation of the average value of the five runs obtained for each  load, [70]. The Figs. 

4.19-4.22 show the obtained experimental results for two electrolyte concentrations (30wt% 

and 45 wt% KHO). 
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Figure 4.15: Experimental irreversible voltage measured for 30wt% KOH solution. 

 

 

 

Figure 4.16: Experimental current measured for 30wt% KOH solution. 
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Figure 4.17: Experimental irreversible voltage measured for 45wt% KOH solution. 

 

 

Figure 4.18: Experimental current measured for 45wt% KOH solution. 
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Figure 4.19: Precision limit for the experimental irreversible voltage for 30wt% KOH.  

 

 

 

 
Figure 4.20: Precision limit for the experimental current for 30wt% KOH. 
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Figure 4.21: Precision limit for the experimental irreversible voltage for 45wt%  KOH. 
 

 

 

Figure 4.22: Precision limit for the experimental current for 45wt% KOH. 
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The electrical current is considered an independent variable in our model, meaning; it is 

an input value in the numerical code. The adjustment of parameters of the model was made 

such as the numerical voltage computed for the input electrical current would be in agreement 

with the voltage corresponding to the current measured experimentally, i.e, both, the numerical 

current and voltage would be in agreement with experimentally measured current and voltage. 

Such agreement can be seen in the Fig.4.24 and Fig.4.26.   Comparing the Fig.4.15 – Fig. 4.22 

we can see that the electrical current generated by the fuel cell decreases as the voltage and the 

load (electrical resistance) increases. The voltage and the current are inversely proportional 

quantities, meaning, high values of current correspond to low values of voltage, due voltage 

losses.  

Once we have the experimental results, the next step for the experimental validation of 

the model is to compare them with the numerical solution of the governing equations. Some of 

the necessary data were either taken from technical literature [66,71-75,77,82,85] or measured. 

The remaining values were determined by the solution of an inverse problem of parameter 

estimation using as reference values the ones measured for the PEMFC model. The Table 4.2 

and 4.3 bring the values of physical properties used in this study. 

 

Table 4.2: Thermal conductivity, density and electrical conductivity of the electrolyte as 

function of concentration of the alkaline solution [77,85]. 

 

 

 

 

 

 

% wt  1-1KW.m k    -3kg.m    1-1
sol m   

10 0.611 1091.876 36.90 

30 0.59 1292.00 62.11 

45 0.561 1475.35 48.74 

 

The experiments were run using the same components under the same conditions just 

changing the concentration of the electrolyte; therefore the simulation model should be able to 

capture that change when just the parameters related to concentrations are altered.  

For the case where the concentration of  KOH is  30wt%, we assume   V
~

V
~

e when 

.0I
~
 The cells electrical and net power were calculated by starting from 1.0I

~
 , and 

proceeding with increments of ( 05.0I
~
 ) until the limit current is reached. 
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The Figs. 4.23 – 4.26 bring the comparison between the numerical results for voltage 

and current and the experimentally results measured in laboratory for 30 and  45wt%  KOH. 

Error bars were placed in the experimental points and the precision limit was computed as two 

times the standard deviation of the average value of the 5 runs obtained (Fig. 4.19-4.22). 

According to the model, the actual open circuit voltage ( when 0I
~
 ) is equal to the 

reversible cell potential, because it has been assumed that no losses result from species 

crossover from one electrode through the electrolyte, from internal currents or leakage.  

 

Table 4.3: Physical properties used in the experimental validation of the single AMFC 

mathematical model. 

 

cp,f = 14.95 kJ kg
-1

 K
-1

 

cp,ox = 0.91875 kJ kg
-1

 K
-1

 

cv,f = 10.8 kJ kg
-1

 K
-1

 

cv,ox = 0.659375kJ kg
-1

 K
-1

 

Iref = 1 A  

(i0,a, i0,c) = (0.11, 1.97) A m
-2

  

kf = 0.18 W m
-1

 K
-1 

kox = 0.0266 W m
-1

 K
-1

 

kp = 0.12 W m
-1

 K
-1

  

5
ref 10.5m  kg s

-1 

pf = pox = 0.01 MPa = 1.5 psi 

 p = 0.1 MPa = 1 atm 

 q = 2.45 

Rf = 4.157 kJ kg
-1

 K
-1 

Rox = 0.2598 kJ kg
-1

 K
-1

 

 

Tf, Tox, T = 290.15 K = 17 
o
C 

Uwi = 50 W m
-2

 K
-1

, i = 1 to 7 

Vref = 1 V 

VT
35 m 1069.7   

4=0.442 

cp,4=0.109 kJ kg
-1

K
-1

 

-3
4 kg.m 8.461   

11
62 m 8570,    

2, 6 = 0.01 

3, 5 = 0.003 

a, c = 0.5 

Pa.s 10 5
1

  

Pa.s 104.2 5
7


 

1-1
71 m 91.2   

sol543 ,,   
 

  

The Fig. 4.23 and 4.25 show a good qualitative and quantitative agreement between the 

numerical and experimental results for low resistance ( 5.2R
~
 ) for both concentrations studied 

and  the Fig. 4.24 and 4.26 shows that the fuel cell generates low current at high resistance 

levels ( 5.2R
~
 ).  
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Figure 4.23: Comparison between the numerical and experimental results of voltage for 30wt % 

KOH. 

 

 
Figure 4.24: Comparison between the numerical and experimental results of current for 30wt 

%KOH. 
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Figure 4.25:  Comparison between the numerical and experimental results of voltage for 45wt 

% KOH. 

 

 
 

Figure 4.26: Comparison between the numerical and experimental results of current for 45wt 

%KOH. 
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The reason why we do not have a good quantitative agreement between the numerical 

and experimental results for high resistance levels ( 3.0I
~

0  ) is that our model does not 

consider losses from species crossover through the electrolyte, internal currents and leakage. 

All these factors make the actual open circuit voltage (at 0I
~
 ) not to be equal to the 

reversible open circuit voltage (the Nernst thermodynamic equilibrium potential). This 

difference is expressed by the gap between the numerical and experimental results in the Fig. 

4.23 and 4.25.  

The Fig. 4.27 and 4.28 show the numerical results of current, voltage and power, which 

was computed multiplying the voltage by the current numerically obtained for 30wt% and 

45wt%.  

The point of greater interest is the maximum power point which occurs at higher current 

levels. Comparing the Fig. 4.27 and 4.28 to Fig. 4.23-4.26 we can conclude that the maximum 

power point lies in a region where there is a good qualitative and quantitative agreement 

between the numerical and experimental results for both concentrations. ( 5.1R
~

0  ). We 

expect to present a model that gives accurate results at the current levels where the maximum 

power is achieved. 

 

 
Figure 4.27: Numerical voltage and current curve and average power for 30wt% KOH. 
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Figure 4.28: Numerical voltage and current curve and average power for 45wt% KOH. 

 

The Fig. 4.29 and 4.30 show the numerical polarization and power curve for 30wt% and 

45wt% respectively. Since the numerical and experimental results are in agreement, we used 

the numerical results to evaluate the polarization and the power curve, which means voltage 

and power versus current, respectively, from 0I
~
  when eV

~
V
~
  to a maximum current, when  

0V
~
 .  Due the activation losses, we can see an accentuated potential drop at low current 

followed by a region where the ohmic losses are dominant and after 2I
~
  (for this prototype 

and electrolyte concentrations), the losses are mainly due concentration losses. 

 The total polarization is the sum of the electrical potential produced at the anode and 

cathode, a,iV
~

 and c,iV
~

. The sum of such potentials minus the potential losses the cell is the 

total fuel cell potential, iV
~

.  The Fig. 4.31 and 4.32 shows the numerical electrical potential at 

the cathode and anode for the both concentration studied.  
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Figure 4.29: Total power and polarization curve numerically simulated for 30wt% KOH. 

 

 

 

Figure 4.30: Total power and polarization curve numerically simulated for 45wt% KOH. 
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Figure 4.31: Total cell reversible, total cell irreversible, cathode and anode numerically 

simulated potentials for 30wt% KOH. 

 

 

 
 

Figure 4.32: Total cell reversible, total cell irreversible, cathode and anode numerically 

simulated potentials  for 45wt% KOH. 
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  Since the temperature of the fuel cell increases as the current increases and the change in 

the Gibbs free energy of reaction decreases as the temperature increases, according to Eq. 

(2.85), the increase of temperature will cause the reversible electrical potential to decreases. As 

the current increases the partial pressure of  hydrogen and oxygen at the catalyst layers 

decrease (Eq. 2.65 ) due the increase of reactant consumption, reaching the zero limit, where 

the voltage at the electrode also drops to zero. In this simulation, the partial pressure of the 

oxygen at the cathode drops to zero first, 0V
~

c,i  , i.e, the cathode controls the limiting fuel cell 

operating conditions. 

  The model is also able to evaluate efficiency of the fuel cell as function of the current 

being generated as is shown in the Fig. 4.33 and 4.34. 

 

 
 

Figure 4.33: The ideal, first law, second law and net efficiencies for 30wt %KOH. 

 

  The Fig. 4.33 and 4.34 show a slight decrease in the ideal efficiency as the current 

increases. This is explained by the fact that the temperature also increases with the increase of 

the current. The first law efficiency is equal to the ideal efficiency for 0I
~
  and decreases as 

the current decreases. The second law efficiency is equal to 1 at 0I
~
 , since at this current we 
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consider reversible operation  (no losses). The simulation points out that the net efficiency is 

equal to the first law efficiency due the fact for this low range of current the work required to 

keep the reactant flow level are small (Eq. 2.89, 2.96). 

  The Fig. 4.35 and 4.36  show the comparison between  power and polarization curve 

simulated numerically and efficiency between 30wt% and 45wt% KOH. We can see that the 

highest maximum power is reached at 3.1I
~
  for 30wt% KOH, which is the central point for 

performance evaluation. From this analysis we can demonstrate that the prototype using 30wt% 

KOH reaches higher maximum current and generates higher power at a higher current than 

45wt% KOH and reaches higher efficiency as well (Fig. 4.36).  

 

 
Figure 4.34: The ideal, first law, second law and net efficiencies for 45wt% KOH. 

 

  In other words, the fuel cell running with concentration of 35wt% KOH generates higher 

output power and efficiency for the entire range of operating current than running with 

concentration of 45wt% KOH. 
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Figure 4.35: Comparison between total power for 30wt% and 45wt% KOH. 

 

 

 
Figure 4.36: Comparison between first and second law efficiency for 30wt% and 45wt% KOH. 
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The measurement of temperature was made with the AMFC prototype at open circuit 

with electrolyte concentration of 10wt%KOH.  High precision thermistors YSI 44004RC were 

used to measure the temperature of the electrodes and two Pipe-plug thermistor probes (TH-

44004 Series, manufactured by Omega®) connected to the hydrogen and oxygen lines were 

used to measure the temperature of the reactant gas. The calibration was done in our laboratory 

using a thermal bath with crushed ice, where the resistance of the thermistors was measured 

every 21 seconds during 43 minutes using the software Labview data acquisition application 7 

Express, from National Instruments [86]. 

The average and the standard deviation of the measured resistance were calculated and 

used to compute the coefficient  of the thermistor according to the Eq. 4.1. 

 

0

0

T

1

T

1

ln
















                                                             (4.1) 

 

where    is the average electrical resistance of the thermistor during the thermal bath with 

crushed ice,  ; 0  is the electrical resistance of the thermistor at T=25
o
C (298.15 K) equals to 

2252   (value of resistance given by the manufacturer);  T0 = 0
o
C  is the temperature of the 

thermal bath.   

 The coefficient   (Table 4.4) was calculated for each thermistor using the average of 

the resistance measured during the ice bath and then used to compute the temperatures related 

to the measured resistances according to the Eq. 4.2. 

 

                                                         

















00 R

R
ln

1

T

1

1
T

                                                     (4.2) 

 

The average and the standard deviation of the computed temperature were calculated 

and the bias limit, Bi,  was determined. The bias limit was calculates as  Bi=2    [70]. 
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The Table 4.5 shows the values of the average, standard deviation and bias limit for the 

resistance and temperature of the thermistors. 

The Bi  for resistance and temperature for the thermistors TH-44004 was much higher 

than the thermistors YSI-44004 however it was considered a good precision since it is not 

expected changes in temperature of the reactants in the gas lines.  

A hole was made in the bipolar plate so the thermistor would be able to pass through the 

metal and electrode and to touch the membrane (Fig.4.37). We intended to measure the 

temperature at the interface between the membrane and electrode (membrane/cathode and 

membrane/anode) verifying that the temperatures are not equal and they are both higher than 

the temperature of the inlet gas flow, what would demonstrate that the fuel cell has a 

temperature gradient in the flow direction. It is also our goal to show that the present model is 

capable of capturing the temperature gradient measured experimentally.    

 

Table 4.4:  Average, standard deviation and bias limit for the resistance a thermistors. 

  Thermistor resistance,  ( ) 

YSI 44004RC TH-44004 

 Cathode Anode H2 O2 

Average 7388.915257 7389.134537 7267.232469 7288.887211 

Standard deviation (  ) 0.179716 0.204970 8.026705 46.006100 

Bias (Bi) 0.359432 0.409940 16.053412 92.012201 

)K(   3870.541711 3870.638385 3816.448184 3826.140637 
 

 

Table 4.5:  Average, standard deviation and bias limit for  temperature of the thermistors. 

 Thermistor temperature (K) 

YSI 44004RC TH-44004 

 Cathode  Anode H2 O2 

Average 273.150000 273.149303 273.150013 273.150444 

Standard deviation (  ) 0.000469 0.000535 0.021582 0.122989 

Bias (Bi) 0.000938 0.001069 0.0431614 0.245978 
 

 

The materials used for the measurement of temperature of the AMFC were all the same 

used in the previous experiments run to generate polarization the polarization curves for 30 and 
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45wt% KOH except the electrode. The electrode used for this experiment was the  Gas 

Diffusion Electrode (SGL 25BC) with 0.5 mg Pt/cm
2
, 120 mm x 120 mm, manufactured by 

IRD-Fuel Cell Technology. The Fig. 4.38 is a schematic of the cross section of the IRD 

electrode given by the manufacturer. The reactive side of the electrode is more darker than the 

diffusive side as can be seen in the Fig. 4.39. 

The AMFC internal structure was characterized through direct measurements of the 

length, width, and thickness of the internal parts.  L1 = L7 =2 mm, L2 = L6 = 0.235 mm, L3 = L5 

= 0.015 mm, L4 = 0.5 mm. 

The dimensionless parameters for this configuration were then calculated: 

4.0x7x1  , 047.0x6x2  , 003.0x5x3  , 1.0x4  , 1202.0x  , 

8845.2y   and  8845.2z  , 4.0t  , 2.0c  , with 
5

T 102.7V  m
3
.  

 

 

 

Figure 4.37: AMFC prototype with the thermistor passing through the bipolar plate. 

 

Thermistor 
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Figure 4.38: Cross section of the IRD electrode. 

 

To be sure that the reactant gases were at constant temperature when entering the fuel 

cell, we made the gases to pass through a serpentine inside of a container full of water. For 

safety reasons, we needed to run all the experiment in the fume hood, the container with water 

was left there for 36h  before the experiment, so it could reach thermal equilibrium with the 

ambient;  the Fig. 4.40 shows the apparatus. 

 

 

                              (a) 

 

(b) 

Figure 4.39: (a) Reactive side of the electrode; (b) Diffusive side of the electrode 
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Figure 4.40: Picture of the container with the gas line and the thermistor TH-44004. 

 

The Fig. 4.41 shows the temperature of the cathode, anode, reactants and the voltage of 

the fuel monitored for 210 s.  

 

 

Figure 4.41: Voltage, reactant gases and internal temperature of  fuel cell measured for the fuel 

running with electrolyte concentration of 10wt%KOH. 
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Since we did not use the same electrode used to validate the voltage and power output,  

a new set of input data with the appropriated physical properties of the new electrode is 

necessary to obtain numerical results. Most of the properties are the same used before, since we 

are still using the same membrane and reactant gases, the remaining values were determined by 

the solution of an inverse problem of parameters estimation; in this case such set is given by 

Table 4.6.   

The AMFC was assembled following the same procedure described previously for the 

experimental validation of voltage and power output, with the darker face of the electrode 

(reactive layer) facing the membrane.  

 

 

Table 4.6: Physical properties used in the experimental validation of the temperature for the 

single AMFC mathematical model. 

 

cp,f = 14.95 kJ kg
-1

 K
-1

 

cp,ox = 0.91875 kJ kg
-1

 K
-1

 

cv,f = 10.8 kJ kg
-1

 K
-1

 

cv,ox = 0.659375kJ kg
-1

 K
-1

 

Iref = 1 A  

(i0,a, i0,c) = (0.0085, 0.0075) A m
-2

  

kf = 0.18 W m
-1

 K
-1 

kox = 0.0266 W m
-1

 K
-1

 

kp = 0.12 W m
-1

 K
-1

  

5
ref 10.5m  kg s

-1 

pf = pox = 0.01 MPa = 1.5 psi 

 p = 0.1 MPa = 1 atm 

 q = 2.18 

Rf = 4.157 kJ kg
-1

 K
-1 

Rox = 0.2598 kJ kg
-1

 K
-1

 

Vref = 1 V 

VT = -510 x 2.7 m
3

 

cp,4=0.109 kJ kg
-1

K
-1

 

-3
4 kg.m 8.461   

4=0.442 

2, 6 = 0.8 

3, 5 = 0.53 

a, c = 0.5 

Pa.s 10 5
1

  

Pa.s 104.2 5
7


 

117
71 m106.1 

 

11
65432 m 90.36 

 
 

 

  Since the simulation model presents a steady state analysis, the numerical voltage and 

the dimensionless cathode and anode temperature for this condition were plotted and compared 
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to the average of the experimental values measured after the steady state was reached (see Fig. 

4.40).     

The Table 4.7 shows the average, standard deviation    and limit error  3  of 

experimental measurements of temperature and voltage after the steady state was reached. The 

experimental measurements were taken while the fuel cell was running at open circuit ( 0I
~
 ) 

and even under that condition the thermistors were capable of reading a small temperature 

difference between the electrodes, due to the electrochemical reactions that are taking place to 

generate the open circuit voltage.  

To simulate the open circuit condition we run the computational code considering a 

very small current ( A 1.0I  ) and performed the solution of an inverse problem of parameters 

estimation to determine the values of physical properties that were not measured ( exchange 

current density, tortuosity and porosity). 

 

Table 4.7:  Numerical results and error analysis for voltage and dimensionless cathode and 

anode temperature for 10wt% KOH. 
 

 V
~

 cathode  anode  

Average 0.971111 1.002789 1.001619 

  0.005856 0.000254 0.000281 

3   0.017570  0.000076  0.000840 

Upper Limit 0.988978 1.003551 1.002460 

Lower Limit 0.953543 1.002026 1.000779 

Numerical Result 0.974847 1.002417 1.002365 

 

 

Comparing the experimental measurements with the numerical results, we can see that 

the numerical results are within the error limits, showing a good quantitative agreement.  
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CHAPTER FIVE 

 

CONCLUSIONS AND SUGGESTIONS 
 

 In this study, a mathematical model and simulation for PEMFC with temperature 

dependence on space and current was proposed and experimentally validated by direct 

comparison with output voltage and power measurements performed in PEMFC’s in the 

laboratory. A set of 10 single commercial PEMFC’s were used to obtain experimentally the 

voltage and power output; the simulation model was able to generate voltage and power output 

results that demonstrate good qualitative and quantitative agreement with the measured 

experimental data.  

  The validated mathematical model for PEMFC was modified to generate a mathematical 

model for AMFC respecting the conceptual differences between both fuel cells. Experimental 

validation was also conducted for the last model, at this time using an AMFC prototype built in 

laboratory. The goal was to obtain a reliable model able to capture the influence of the 

concentration of the electrolyte in the fuel cell voltage and power output. The comparison 

between the experimental and numerical results demonstrated that the model was able to 

represent the experimental trends with good qualitative and quantitative agreement for points of 

maximum power.  

  Based on the results we can verify that: 

1.   Temperature and pressure spatial gradients in the flow direction are important and must 

be accounted for  fuel cell design, modeling and simulation; 

2.  Gas supply causes pressure drops that induce considerable power consumption that need 

to be taken into account in fuel cell design, becoming increasingly important as 

operating current increases;  

3.   Conceptually, the model allows for the investigation of trade-offs that determine the 

internal structure - the relative sizes and spacings - in fuel cell flow systems for 

minimum thermodynamic losses; 

4.   The control volumes approach eliminated the spatial dependency in the mathematical 

equations, therefore spatial dependence was obtained through the known position of the 

fuel cell internal components. Hence, solutions were obtained with a system of 

algebraic equations with low computational time, instead of a computational time 

demanding partial differential equations system with respect to space; 
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5.   It is reasonable to state that the combination of accuracy and low computational time 

allow for future utilization of the  models as reliable tool for PEMFC and AMFC 

simulation, control, design and optimization purposes.  

 

The model was able to capture the temperature difference between the electrodes and the 

reactant gases even for low concentration of electrolyte and low current. The temperature 

measured using high performance thermistors showed good agreement with the numerical 

result demonstrating that the temperature is not uniform in an operating AMFC even in small 

current level and low electrolyte concentration.  

 Both models presented in this research account for temperature gradients in the flow 

direction and dependence on operating current. The combination of accuracy and low 

computational time allow for future utilization of the models as a reliable tool for PEMFC and 

AMFC simulation, control, design and optimization purposes. 

  The following research topics were not addressed by this author in this dissertation but 

would be important and interesting for future work: 

 

1. Adapt the model for transient analysis of  PEMFC and AMFC. The transient time 

would be important for transport application  for example, where the external load is 

changing in time. 

 

2. Improve the robustness of the numerical model considering changes in the operating 

parameters as pressure and temperature of the hydrogen and oxygen. 

 

3.  Use the developed mathematical model to optimizations of internal and external 

structure of fuel cells. 

 

4. Adapt the developed mathematical model for fuel cell stacks. 
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