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Abstract 

In this dissertation work, a mathematical, one-dimensional, steady-state model accounting for 

mass transfer, along with the electrochemical reactions taking place in the direct methanol fuel 

cell (DMFC), is developed. The model is based on some assumptions. We are interested in mass 

transfer because poor mass transfer leads to significant fuel cell performance loss, therefore to 

understand the mass transfer phenomenon in the direct methanol fuel cell deeply we have done 

the modelling of mass transfer in a DMFC. Methanol concentration goes on decreasing as we 

move from anode flow channel to membrane. This is because diffusion takes place in diffusion 

layer while in catalyst layer concentration decreases due to consumption. In AF region there is 

no loss in methanol concentration we have assumed that the anode flow region is to be treated as 

continuous stirred tank reactor (CSTR).  

The methanol concentration is supposed to be zero in the membrane region but in actual some 

methanol crosses the membrane region and reaches then cathode side where it reacts with 

oxygen in the cathode catalyst region. This phenomenon is known as methanol crossover. 

 The model input is the model governing equations and the model output is the methanol and 

water concentrations in the anode flow (AF), anode diffusion (AD) and in anode catalyst (AC) 

regions. The model determines the net water transfer coefficient (α), which is an important 

parameter to describe the water management through the membrane in the direct methanol fuel 

cell. It describes the behavior of the net water transfer coefficient (α) with the current density of 

the cell. The model is implemented rapidly and suitable for real-time system direct methanol fuel 

cell calculations. 
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Introduction                                                                                                                 Chapter -  1 

  

 

1.1 Fuel cell 

 Fuel cell is a direct electrochemical energy conversion device. It directly converts energy from 

one form (chemical energy) into another form (electrical energy). Unlike a battery a fuel cell 

cannot be depleted. It will continue to generate electricity as long as fuel is supplied (Fig. 1.) 

 

 

 

 

 

 

 

 

 

 

 

 

                

 

Fig.1. Schematic diagram of a fuel cell 
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1.2 Types of fuel cell 

 

Fuel cells are classified based on electrolyte, chemical reactions taking place in the cell, the 

range of operating temperature, type of catalysts used and fuel required. The classification of 

different types of fuel cell is shown in the following table 

 

Table 1   

Classification of different types of fuel cell 

 

 

 

 

Fuel cell  

  type 

Electrolyte  Charge  

carrier 

Operating  

Temperature 

(oC) 

Fuel compatibility 

(PEMFC) Polymer membrane H+ 20− 800C Hydrogen  

Direct 

methanol 

fuel cell 

(DMFC) 

Polymer membrane H+ 20− 800C Methanol 

(AFC) Liquid KOH OH− 60− 2200C Hydrogen 

(PAFC) Liquid H3PO4 H+ 2000C Hydrogen 

(SOFC) Ceramic O2− 600− 10000C Hydrogen, 

Methane and 

carbon monoxide 

MCFC Molten carbonate CO3
2− 6500C Hydrogen and 

Methane 
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1.2.1. Polymer Electrolyte Membrane Fuel Cell (PEMFC) 

PEMFC uses a polymer membrane as an electrolyte. This polymer membrane is permeable to 

protons which are charge carriers in PEMFC. Hydrogen is used as a fuel and the pure oxygen is 

used as an oxidant. The hydrogen molecule breaks into protons and electrons at the anode. The 

hydrogen ions (protons) pass to the cathode through the electrolyte while the electrons produce 

electric power flowing through an external circuit Oxygen is supplied at the cathode and 

combines with the protons and the electrons to produce water.  

 

 

1.2.2. Direct Methanol Fuel Cell (DMFC) 

DMFC is similar to the PEMFC because the charge carrier is the hydrogen ion i.e. proton and the 

electrolyte is the polymer. As the DMFC withdraws the hydrogen from aqueous methanol so 

there is no need of a reformer. More details about DMFC is given later in this dissertation. 

 

 

 1.2.3. Alkaline Fuel Cell (AFC) 

AFCs use an electrolyte which is an aqueous solution of (KOH) held in a porous stabilized 

matrix. The concentration of the solution can be varied with the operating temperature of the fuel 

cell which ranges from 65ºC to 220ºC.  

The charge carrier for the AFCs is the hydroxyl ion (OH−) which passes through the electrolyte 

from cathode to anode where it reacts with the hydrogen to generate electrons and water. Water 

formed at anode goes back to the cathode to regenerate hydroxyl ions (OH−). The reactions in 

this type of fuel cell generate electricity and heat.  
 

 

1.2.4. Phosphoric Acid Fuel Cell (PAFC) 

The Phosphoric Acid Fuel Cells (PAFCs) use the phosphoric acid (which can approach high 

concentrations) as an electrolyte. The ionic conductivity of the phosphoric acid is low at low 

temperature, so the Phosphoric Acid Fuel Cells are operated at higher temperature ranges.  



11 
 

The charge carriers in this type of fuel cell are the hydrogen ions (protons). Similar to the 

PEMFC, the hydrogen produced at the anode is split into its electrons and protons. The protons 

move through the electrolyte and combine with oxygen, usually from air, at the cathode to form 

the water. The electrons are sent through an external circuit where they can perform the useful 

work. These reactions generate electricity and heat as by products.  

 

1.2.5. Solid Oxide Fuel Cell (SOFC) 

The Solid Oxide Fuel Cells (SOFCs) are the highest temperature fuel cells in development. To 

operate at the high temperature, the electrolyte is a thin, solid ceramic material (solid-oxide) 

which is conductive to the oxygen ions (𝑂2−), the charge carriers in the solid oxide fuel cell.  

At   cathode, oxygen molecules from air split into oxygen ions with the addition of four 

electrons. The oxygen ions are migrated through the electrolyte and combine with hydrogen at 

anode, releasing the four electrons. The electrons are routed through an external circuit 

generating electric power and heat.  

 

 

1.2.6. Molten Carbonate Fuel Cell (MCFC) 

MCFCs   work rather differently from other fuel cells because they use the electrolyte which is 

composed of a molten mixture of carbonate salts. Two mixtures that can be used are potassium 

carbonate and lithium carbonate. 

 To melt the carbonate salt and to achieve the high ion mobility through electrolyte, the molten 

carbonate fuel cells operate at high temperature. On heating these salts melt and become 

conductive to the carbonate ions (CO3
2−). These ions flow from cathode to the anode. At anode 

they combine with hydrogen to produce water, carbon dioxide and electrons. These electrons are 

routed through an external circuit back to the cathode, producing the electricity and heat.  
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1.3 Why DMFC – advantages and disadvantages 

1.3.1. Advantages 

• Methanol has much higher energy density than hydrogen stored in cylinders.  

• Methanol is easier to handle and transport than pressurized hydrogen cylinders. 

• Methanol is easy to refill. 

• Being operated in an aqueous environment it has longer membrane life. 

• There is no requirement for reactant humidification.  

• DMFC system has quick start-up and load following 

• DMFC system has lower weight and volume therefore it is simpler. 

 

 

 

 

1.3.2 Disadvantages 

• It operates at lower current density and lower cell voltage. 

• DMFC fuel efficiency is lower (Approx. 17% at present). 

•  It requires a platinum catalyst to promote the power generation and platinum is an expensive 

metal. 
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1.4 Direct Methanol Fuel Cells (DMFC) 

Direct Methanol Fuel Cell (DMFC) is the fuel cell in which aqueous methanol is used as a fuel. 

It contains two electrodes which are separated by a proton exchange membrane (PEM) and 

connected by an external circuit which allows the conversion of free energy into electrical energy 

from the chemical reaction of methanol with oxygen or air. DMFC operates at cold temperature, 

generating little heat with some machines operating around 70°C or 158°C. 

 Hydrogen fuel cells which operate on methanol use a separate reformer to release the hydrogen 

from the aqueous methanol and then the hydrogen is fed into the fuel cell 

A schematic diagram of a DMFC is shown below in the figure. 

 

  

 

 

 

                                                                                       

                                                  

 

                                                                     

  

                                                                                                         

                                                                                                          

                                                               

                     

                                                      

 

Fig. 2. Diagram of a direct methanol fuel cell. 

 

 

 

 

 

Electricity 

H+ 

H+ 

H+ MeOH + 
water 

 

 

CO2 A
N
O
D
E 

C
A
T
H
O
D
E 

O2 

H2O 

http://www1.eere.energy.gov/hydrogenandfuelcells/fuelcells/fc_types.html#methanol�


14 
 

1.5 Working Principle of  DMFC 

Basically, DMFC is a PEM fuel cell which is fed with a solution of methanol and water. The two 

catalytic electrodes anode (where the methanol oxidation takes place) and the cathode (where the 

oxygen reduction takes place) are separated by a membrane in which protons are conducted from 

anode to cathode. The combination of membranes and electrodes is called membrane electrode 

assembly (MEA). Each electrode is made of a gas diffusion layer (GDL) and a catalytic layer 

Fig. 3. 

 

 

                                                                                                  

                                                     

 

 

                                                                                  

 

                                                                

                                                                                                                                                           

 

                                                                                                                       

 

 

                                                          

                                                          

                                                   

                   

 

Fig. 3. working structure of a direct methanol fuel cell 
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1.6 Mass Transfer and its Significance in DMFC 

As discussed earlier, to produce electricity, a fuel cell must be continuously supplied with fuel 

and oxidant. At the same time products must be continuously removed to avoid “strangling” the 

cell. This process of supplying reactants and removing products is known as fuel cell mass 

transfer. 

We are interested in mass transfer because poor mass transfer leads to significant fuel cell 

performance loss. To understand why poor mass transport can lead to a performance loss, we 

have to remember that fuel cell performance is determined by the reactant and product 

concentrations within the catalyst layers, not at the fuel cell inlet. 

Methanol concentration goes on decreasing as we move from anode flow channel to membrane. 

This is because diffusion takes place in diffusion layer while in catalyst layer concentration 

decreases due to consumption. In AF region there is no loss in methanol concentration we have 

assumed that the anode flow region is to be treated as continuous stirred tank reactor (CSTR).  

The methanol concentration is supposed to be zero in the membrane region but in actual some 

methanol crosses the membrane region and reaches then cathode side where it reacts with 

oxygen in the cathode catalyst region. This phenomenon is known as methanol crossover. 

 

 

1.7  Methanol Crossover 

Methanol crossover is an unwanted issue in the DMFC. As discussed earlier when methanol 

crosses the membrane it reacts with the oxygen at cathode side. This reaction creates short circuit 

which lowers the fuel cell efficiency. So for better efficiency methanol concentration should be 

minimum. It can be minimized by the following ways  

 

•   By using the low concentration of methanol 

•   By using the high current density 
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1.8 Applications of DMFC  

DMFCs are one of the possible solutions to supply clean energy production in this time of 

limiting petroleum resources. As DMFCs can be stacked according to the demand to increase the 

energy output, these have wide ranges of uses.  

 

 

1.8.1. Stationary power 

DMFCs can potentially generate electricity for commercial, homes, institutions and for industries 

through stationary power plants. The range of electricity produced is from 1KW to several MW 

which is enough for industries and institutions. Small fuel cell power plants can be installed for 

residential applications for generation of electricity and heat. 

 

 

1.8.2.Transportation power 

An important commercial application of DMFCs is to replace the IC engine in transportation. 

Today, all the major automobile companies are trying to develop prototype fuel cell vehicles. 

There are many vehicles in the different stages of demonstration. 

 

 

1.8.3.Portable power 

DMFCs have the applications in the area of portable power viz. powering laptops, cellular 

phones, and palm pilots hours longer than batteries. Some major Companies have already 

demonstrated them for powering cell phones for 30 days without recharging and laptops for 20 

hours. Other applications include pagers, portable power, and video recorders. 
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Literature review                                                                                                         Chapter -  2 

 

 

Hikita et al. [18] found out the methanol crossover rates by measuring the methanol 

concentration continuously. A common method to determine the methanol crossover in a direct 

methanol fuel cell is the analysis of carbon dioxide content in the cathode exhaust. However it is 

important to mention that during the operation of a direct methanol fuel cell, carbon dioxide is 

produced in a large amount at anode oxidation and a part of it can diffuse partially at cathode 

side. In that case the amount of carbon dioxide present in the exhaust is a reason of the carbon 

dioxide coming from methanol crossover oxidation at the cathode side. 

 

 

Fig. 4.  Influence of the membrane thickness on methanol crossover 

Rate [18] 
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In the above work Dohle et al. [24] reported a method to differentiate the two reasons under real 

direct methanol fuel cell operating conditions and clearly determine the amount of carbon 

dioxide resulting from methanol crossover at cathode side. 

 

Ramya and Dhathathreyan [35] measured the methanol flux rates across the Nafion membrane 

straight away by an electrochemical method, like chronoamperometry. This technique measured 

the membrane permeability for different methanol concentrations. They found that the methanol 

permeability is dependent on the methanol concentration, permeability increases with the 

increase in the methanol concentration. The need of calculating methanol crossover by a faster 

and a simple method than conventional method of carbon analysis has become significant. 

 

Munichandraiah et al. [37] has reported a potentiometric method. According to it, the slope 

(dE/dt) of the curve Ecell versus (t) is directly proportional to the methanol crossover rate. 

Methanol crossover rate has been evaluated by the time required to reach the methanol 

concentration (equilibrium) at both side of the membrane. 

 

 

Fig. 5.  variation of (dE/dt) during methanol crossover [37] 
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Jiang and Chu [56] approximated the amount of the methanol crossover with more accuracy by a 

method of gravimetric determination of barium carbonate to examine the amount of carbon 

dioxide. The equivalent methanol crossover current was calculated from the sum of dry barium 

carbonate precipitate at anode and cathode exhaust and the discharge current of the fuel cell. 

With the help of this method the experimental deviation for measuring the methanol crossover by 

carbon dioxide permeation through PEM can be corrected. 

 

 

Park et al. [39] represented a practical method of characterizing mass transfer phenomenon in 

membrane electrode assemblies through mass balance research in direct methanol fuel cell 

systems. This method could be used to determine methanol utilization efficiency, net water 

transport coefficient and the conversion rate of methanol to electricity of a membrane electrode 

assembly in DMFCs. 

The research on DMFC was performed to minimize the methanol and water crossover keeping 

high power characteristics. By changing the material properties, the critical design parameters 

were described for high methanol utilization. 

The effects of methanol crossover on the DMFC performance have been studied in the literature 

under operating conditions, such as, cathode air pressure, methanol concentration, temperature, 

membrane thickness, fuel flow rate and catalyst morphology. 
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                     Fig. 6.  The methanol utilization efficiency and the FECR as a function of 

membrane thickness [39] 

 

 

Gogel et al. [42] represented the investigations to evaluate the dependence of the performance of 

the DMFC and the methanol crossover rate on operating conditions, on the noble metal loading 

and on the structure of the electrodes. It was observed that the performance and the methanol 

permeation strongly depend on cathode air flow and cell temperature.  

Also, methanol permeation can be minimized significantly by changing the anode structure, but 

the changed structure also causes of marginally lower power densities. At anode and cathode the 

metal loading was varied, affecting the cell performance. Further the differences between 

unsupported and supported catalysts were compared. They also described the optimum 

conditions for the DMFC operation taking in consideration the various important factors.  
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Du et al. [55] developed a half cell containing a normal DMFC cathode and a membrane 

consisting of an electrolyte solution to observe the effect of methanol crossover. Cyclic 

volummetry profiles, open circuit potentials, chemical science electrical resistance, spectroscopic 

analysis and polarization curves, resulting from oxygen reduction with or without the effect of 

methanol oxidation were measured. 

The steady state results verified that the methanol presence at cathode side led to a significant 

poisoning effect on oxygen reduction particularly when direct methanol fuel cell discharge at 

lower potentials and operate at higher methanol concentrations.  
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Model  Development                                                                                                    Chapter -  3 

 

A mathematical model has been developed based on some assumptions to deeply understand the 

mass transfer phenomenon in a direct methanol fuel cell. 

 

3.1 model structure 

The schematic diagram of a direct methanol fuel cell consisting of all layers is shown in the Fig. 

4. 

 

 

 

                                         

  

 

 

 

 

 

                                       

                                   

 

 

 

 

                  Fig. 7.  Model structure of a direct methanol fuel cell.   
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A  DMFC consists of the following parts 

A copper plate (CP), a rubber plate (RP) and an aluminum plate (AP) at both anode and cathode 

side. At anode side these plates are known as (ACP), (ARP) and (AAP) while at cathode side 

they are known as (CCP), (CRP) and (CAP). 

A flow channel (F), a diffusion layer (D) and a catalyst layer (C) at both anode and cathode side. 

At anode side these are termed as (AF), (AD) and (AC) while at cathode side these are known as 

(CF), (CD) and (CC). 

 

 

 

 

An aqueous solution of methanol is supplied in the anode flow channel with the help of a liquid 

pump and air is supplied to cathode side with the help of a mass flow controller. From diffusion 

layer to catalyst layer and from catalyst layer to the membrane the transfer of methanol is due to 

the diffusion.  

Reactions take place in the catalyst layers. In AC, reaction of methanol oxidation takes place 

with the releasing of carbon dioxide while in CC oxygen reacts with electrons and protons to 

generate water. 
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3.2 Assumptions   

DMFC is a multiphase system which involves coincident mass, charge and energy transfer. To 

make this system simpler it is here described as a one-dimensional transport (along the x 

direction) with the following and assumptions: 

 

 It is assumed to operate under steady-state condition. 

 Mass transfer in diffusion layer and the membrane is described using Fick’s model. 

 Mass transfer in gas diffusion layer (GDL) and in catalyst layer is assumed to be a  

diffusion-predominated process 

 Effect of the convection is neglected. 

 Pressure gradient is neglected across the layers. 

 At anode side only liquid phase is considered therefore carbon dioxide remains dissolved 

in the solution. 

 At cathode side gaseous methanol and water are considered. 

 Solutions are assumed to be idle and dilute. 

 Partition functions represent local equilibrium at interfaces. 

 Water and methanol transfer through membrane is assumed due the combined effect of 

conc. gradient between cathode and anode and electro-osmosis force. 

 The anode and the cathode flow channels are considered as CSTR. Therefore 

composition inside these flow channels is uniform. 
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3.3 Governing equations and Boundary conditions 

 

 

Anode side 

Methanol oxidation:      CH3OH + H2O → CO2 + 6H+   +6e−                                                       (1) 

 

Cathode side 

Oxygen reduction:        32 O2 + 6H+   + 6e− →   3H2O                                                                 (2) 

 

Overall reaction:           CH3OH + 32 O2 →  2H2O                                                                        (3) 

 

 

The anode flow channels are considered as a continuous stirred tank reactor (CSTR), so the 

water and methanol fluxes are given by 

 

𝑁𝑗  =  𝑞
𝐴𝐹

𝐴𝑆
(𝐶𝑗−0 𝐶𝑗𝐴𝐹)                                                                                                                       (4) 

 

Where j represents water or methanol  

 

As  =  ηchannels × e × w                                                                                                               (5) 

where  ηchannels   is the channel number and w and e are the length and width of the channels,    

respectively. 
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In the anode diffusion layer and catalyst layer, the water and methanol flux are related to the 

concentration gradient with an effective diffusivity -𝐷𝑗
𝑒𝑓𝑓,𝐴𝐷  in the AD and -𝐷𝑗

𝑒𝑓𝑓,𝐴𝐶  in the AC. 

The methanol and water flux can be obtained from: 

 

 

𝑁𝑗  =   -𝐷𝑗
𝑒𝑓𝑓,𝐴𝐷 𝑑𝐶𝑗

𝐴𝐷

𝑑𝑥
                                                                                                                      (6) 

 
and 

  

𝑁𝑗  =   -𝐷𝑗
𝑒𝑓𝑓,𝐴𝐶 𝑑𝐶𝑗

𝐴𝐶

𝑑𝑥
                                                                                                                      (7) 

 

 

Where j represents water or methanol 

 

 

The concentration at the AF/AD and AD/AC interfaces is determined by assuming local 

equilibrium with a partition coefficient K4 and K5, respectively. The B.C. for Eq. (6) and (7) are  

 

At   x = 𝑥4  ;   𝐶𝑗𝐴𝐷= 𝐾4𝐶𝑗𝐴𝐹                                                                                                            (8) 

 

At   x = 𝑥5  ;   𝐶𝑗𝐴𝐶= 𝐾5𝐶𝑗𝐴𝐷                                                                                                           (9) 

 

At   x = 𝑥6  ;   𝐶𝑗𝐴𝐶= 𝐾6𝐶𝑗𝐴𝐶                                                                                                          (10) 

 

In DMFC, the methanol flux is related to the current density and the permeation flux of methanol 

through the membrane, ( NC𝐻3OH
M ) by 

 

N
CH3OH  = 

 Icell
6F  + NCH3OH

M         
                             

                                                                                                           (11) 
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Water flux is related with the current density  and to the net water transport coefficient(α) at 

anode side by: 

 

N
H2O =     

 Icell
6F   (1+α)                            

                                                                                                      (12) 

 

The mass transfer of methanol and water through the membrane is assumed to be due to the 

combined effect of the concentration gradient and the electro-osmosis force. The fluxes can be 

obtained from: 

 

𝑁𝐶𝐻3𝑂𝐻
𝑀  =  − 𝐷𝐶𝐻3𝑂𝐻

𝑒𝑓𝑓,𝑀  
𝑑𝐶𝐶𝐻3𝑂𝐻

𝑀

𝑑𝑥
+ 𝜉𝐶𝐻3𝑂𝐻

 𝐼𝑐𝑒𝑙𝑙
𝐹

                                                                             (13) 

 

 

𝑁𝐻2𝑂
𝑀    =  − 𝐷𝐻2𝑂

𝑒𝑓𝑓,𝑀  
𝑑𝐶𝐻2𝑂

𝑀

𝑑𝑥
  +  𝜂𝑑  𝐼𝑐𝑒𝑙𝑙

𝐹
   =  𝛼  𝐼𝑐𝑒𝑙𝑙

6𝐹
                                                                        (14) 

 

 

 

The net water transport coefficient, (α), can be determined by solving the equation (14). 

 

The concentration at the AC/membrane interface is given by assuming the local equilibrium with 

a partition coefficient K6. The boundary conditions for the integration of equations (13) and (14) 

is given by  

 

At   x = 𝑥6  ;   𝐶𝑗𝑀= 𝐾6𝐶6,𝑗
𝐴𝐶                                                                                                          (15) 

 

 

 

Where j represents water or methanol 

In the cathode catalyst region, the water, oxygen and methanol flux are related to the 

concentration gradient with an effective diffusivity -𝐷𝑗
𝑒𝑓𝑓,𝐶𝐶  The flux can be obtained from: 
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  𝑁𝑗  =   -𝐷𝑗
𝑒𝑓𝑓,𝐶𝐶 𝑑𝐶𝑗

𝐶𝐶

𝑑𝑥
                                                                                                                   (16) 

 

 

 

 Here it is assumed that the whole methanol crossing the membrane reacts in the cathode catalyst 

region therefore the concentration at the CC/CD interface is zero. It is also considered that there 

is no oxygen crossover, therefore the oxygen concentration in CC/M interface is zero. The 

concentration of water and methanol at the membrane/CC interface and the concentration of 

water and oxygen at the CC/CD interface are given by assuming local equilibrium with a 

partition coefficient K7 and K8, respectively. The boundary conditions for equation (16) are: 

 

 

At   x = 𝑥7  ;   𝐶𝑗𝐶𝐶= 𝐶7,𝑗
𝐶𝐶  =  𝐾7𝐶7,𝑗

𝑀  , j represents methanol or water and 𝐶7,𝑂2
𝑐𝑐  = 0                    (17) 

 

At   x = 𝑥8  ;  𝑐C𝐻3OH
𝑐𝑐  =�  0, 𝑐𝐻2O

𝑐𝑐  = 𝑐8,𝐻2O
𝑐𝑐  and 𝑐𝑂2

𝑐𝑐  = 𝑐8,𝑂2
𝑐𝑐                                                            (18) 

 

In the the cathode catalyst layer, oxygen reacts with the protons and electrons to generate water. 

However some part of oxygen fed is consumed due to methanol crossover to form an internal 

current. So the oxygen flux is related to the current density of the fuel cell and the permeation 

flux of methanol through the membrane by 

 

 

𝑁𝑜2  =   𝜐𝑜2
 Icell
4F

  +  𝜐𝑐𝑟𝑜𝑠𝑠,𝑜2NC𝐻3OH
M                                                                                            (19) 

 

Where  𝜐𝑜2 = 1 and 𝜐𝑐𝑟𝑜𝑠𝑠,𝑜2 = 3/2 
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At the cathode side, the water flux is related with the water produced from the oxygen reduction 

reaction, methanol crossover oxidation and to the net water flux transferred from the anode to the 

cathode by: 

 

𝑁𝐻2O  =  𝜐𝐻2O
 Icell
4F

  +  𝜐𝑐𝑟𝑜𝑠𝑠,𝐻2O  NC𝐻3OH
M   +   N𝐻2O

M                                                                   (20) 

 

In the cathode diffusion layer the oxygen and water flux are related to the concentration gradient 

by 

 

𝑁𝑖  =   -𝐷𝑖
𝑒𝑓𝑓,𝐶𝐷 𝑑𝐶𝐼

𝐶𝐷

𝑑𝑥
 ,  i represents oxygen or water vapor                                                        (21) 

 

 

Where 𝐷𝑖
𝑒𝑓𝑓,𝐶𝐷   is the effective diffusion coefficient of oxygen and water in the CD. 

 

The concentration at the CF/CD and CD/CC interfaces is given by considering local equilibrium 

with a partition coefficient K9 and K8. The boundary conditions for Eq. (21) are 

 

At   x = 𝑥8  ;   𝐶𝑖𝐶𝐷= 𝐾8,𝑖𝐶8,𝑖
𝐶𝐶                                                                                                        (22) 

 

At   x = 𝑥9  ;   𝐶𝑖𝐶𝐹= 𝐾9,𝑖𝐶𝑖𝐶𝐷                                                                                                        (23) 

  

 

Like at the anode side, the cathode flow channels are also treated as a continuous stirred tank 

reactor  

(CSTR), so the oxygen and water vapor flux are described by 

 

 

𝑁𝑖  =  𝑞
𝐶𝐹

𝐴𝑆
(𝐶𝑖−0 𝐶𝑖𝐶𝐹)                                                                                                                      (24) 
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where i represents water or oxygen vapor and 

 

𝐴𝑠  =  𝜂𝑐ℎ𝑎𝑛𝑛𝑒𝑙𝑠 × 𝑒 × 𝑤                                                                                                            (25) 

 

At cathode if dry air is fed, the water vapor feed concentration (𝑐𝐻2O
0  ) is zero. 

 

To understand the effect of methanol crossover on the cathode over potential it is considered that 

the methanol crossing the membrane completely reacts electrochemically at the cathode. So the 

internal current (IC𝐻3OH) due to methanol oxidation will be 

 

IC𝐻3OH = 6F NC𝐻3OH
M                                                                                                                     (26) 
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3.4  Solutions 

 

The water and methanol concentration profile in AF can be get by combining Equations (4) and 

(12) or (4) and (11): 

 

𝐶C𝐻3OH
𝐴𝐹  =   𝐶C𝐻3OH

0 −  𝐴
𝑆

𝑞𝐴𝐹
( Icell
6F

+ NC𝐻3OH
M )                                                                                 (27) 

 

𝐶𝐻2O 
𝐴𝐹 =  𝐶𝐻2O

0,𝐴𝐹 −  𝐴
𝑆

𝑞𝐴𝐹
 Icell
6F

(α + 1)                                                                                                (28) 

 

Combining equations (6), (8) and (11) or (12) gives  the concentration profile in AD. To get the 

concentration profile in AC we combine Equations (7), (9) and (11) or (12). The solutions are  

 

𝐶C𝐻3OH
𝐴𝐷   =    𝐾4𝐶C𝐻3OH

𝐴𝐹   +  Icell
6F𝐷C𝐻3OH

𝑒𝑓𝑓,𝐴𝐷(𝑥4-x) + 
  NC𝐻3OH

M   

 𝐷C𝐻3OH
𝑒𝑓𝑓,𝐴𝐷 (𝑥4-x)                                                        (29) 

 

𝐶𝐻2O
𝐴𝐷   =    𝐾4𝐶𝐻2O

𝐴𝐹   +  Icell (α+1)

6F𝐷𝐻2O
𝑒𝑓𝑓,𝐴𝐷 (𝑥4-x)                                                                                           (30) 

 

𝐶C𝐻3OH
𝐴𝐶   =    𝐾5𝐶C𝐻3OH

𝐴𝐷   +  Icell
6F𝐷C𝐻3OH

𝑒𝑓𝑓,𝐴𝐶 (𝑥5-x)  + 
  NC𝐻3OH

M   

 𝐷C𝐻3OH
𝑒𝑓𝑓,𝐴𝐶 (𝑥5-x)                                                       (31) 

 

 

𝐶𝐻2O
𝐴𝐶   = 𝐶5,𝐻2O

𝐴𝐶   +  Icell (α+1)

6F𝐷𝐻2O
𝑒𝑓𝑓,𝐴𝐶 (𝑥5-x)                                                                                                (32) 
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The concentration of methanol and water through the membrane can be obtained by using 

Equations (13) and (14): 

 

 

𝐶C𝐻3OH
𝑀   =    𝐾6𝐶C𝐻3OH

𝐴𝐶   + 
  NC𝐻3OH

M  −  
 𝜉C𝐻3OH  Icell

F  

𝐷C𝐻3OH
𝑒𝑓𝑓,𝑀 (𝑥6-x)                                                                (33) 

 

𝐶𝐻2O
𝑀   =    𝐾6𝐶𝐻2O

𝐴𝐶   + α Icell 

6F𝐷𝐻2O
𝑒𝑓𝑓,𝑀(𝑥6-x) -   𝜂𝑑Icell 

 F𝐷𝐻2O
𝑒𝑓𝑓,𝑀(𝑥6-x)                                                                    (34)     

 

Combining equations. (13), (15) and (17) we obtained an expression to calculate the methanol 

flux through the membrane: 

 

 NC𝐻3OH
M  = 

𝐷C𝐻3OH
𝑒𝑓𝑓,𝑀

𝛿𝑀
 (𝐾6𝐶6,C𝐻3OH

𝐴𝐶  -  𝐶7,C𝐻3OH
𝑀 )  +   

 𝜉C𝐻3OH  Icell
F

                                                      (35) 

 

The concentration of methanol, water and oxygen through the CC can be obtained combining 

Equations (16), (17) and (18): 

 

𝐶C𝐻3OH
𝐶𝐶   = 𝐶7,C𝐻3OH

𝐶𝐶  -   Icell
6F𝐷C𝐻3OH

𝑒𝑓𝑓,𝐶𝐶 (𝑥7-x)  + 
  NC𝐻3OH

M   

 𝐷C𝐻3OH
𝑒𝑓𝑓,𝐶𝐶 (𝑥7-x)                                                           (36) 

 

𝐶𝐻2O 
𝐶𝐶 = 𝐶7,𝐻2O 

𝐶𝐶 + (𝑥7−x)

𝐷𝐻2O
𝑒𝑓𝑓,𝐶𝐶 (αIcell

6𝐹
 + .5Icell

𝐹
+ IC𝐻3OH

3𝐹
 )                                                                          (37) 

𝐶𝑂2
𝐶𝐶   = 𝐶8,𝑂2

𝐶𝐶   +  Icell
6F𝐷𝑂2

𝑒𝑓𝑓,𝐶𝐶(𝑥8-x) +  
  3NC𝐻3OH

M   

2 𝐷𝑂2
𝑒𝑓𝑓,𝐶𝐶 (𝑥8-x)                                                                       (38) 
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Combining equations (19), (21) and (22) or (20), (21), and (22) we obtained the concentration 

profile in CD: 

 

𝐶𝑂2
𝐶𝐷   = 𝐾8,𝑂2𝐶8,𝑂2

𝐶𝐶   +  Icell
6F𝐷𝑂2

𝑒𝑓𝑓,𝐶𝐷(𝑥8-x) +  
  3NC𝐻3OH

M   

2 𝐷𝑂2
𝑒𝑓𝑓,𝐶𝐷 (𝑥8-x)                                                              (39) 

 

𝐶𝐻2O 
𝐶𝐷 = 𝐾8,𝐻2O𝐶8,𝐻2O

𝐶𝐶    + (𝑥8−x)

𝐷𝐻2O
𝑒𝑓𝑓,𝐶𝐷 (αIcell

6𝐹
 +.5Icell

𝐹
+ IC𝐻3OH

3𝐹
 )                                                              (40) 

 

The concentration of oxygen and water through the CF can be obtained using Equations (19) and 

(24) or (20) and (24): 

 

 

𝐶𝑂2   
𝐶𝐹 = 𝐶𝑂2

0  - 𝐴
𝑆

𝑞𝐶𝐹
 (Icell
6𝐹

 + 
  3NC𝐻3OH

M   

2 
 )                                                                                               (41) 

 

𝐶𝐻2O 
𝐶𝐹 =  𝐶𝐻2O 

0,𝐶𝐹 + 𝐴
𝑆

𝑞𝐶𝐹
 ( αIcell

6𝐹
 +.5Icell

𝐹
+ IC𝐻3OH

3𝐹
 )                                                                                (42) 

 

 

 

From the solutions above we get an expression to calculate the 𝐶6,C𝐻3OH
𝐴𝐶 ,𝐶7,C𝐻3OH

𝑀 ,𝐶8,𝑂2
𝐶𝐶  and α 
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𝐶6,C𝐻3OH
𝐴𝐶  = ( 𝐾5𝐾4𝐶C𝐻3OH

0   - Icell 
6𝐹

𝐶1  -  
 𝜉C𝐻3OH Icell

F
𝐶1  +  

𝐷C𝐻3OH
𝑒𝑓𝑓,𝑀 𝐶7,C𝐻3OH

𝑀

𝛿𝑀
𝐶1)/(1 +   

𝐷𝐶𝐻3𝑂𝐻
𝑒𝑓𝑓,𝑀

𝛿𝑀
 𝐾6𝐶1)  

                                                                                                                                                     (43)  

 

Where 

 𝐶1= 𝛿𝑀

𝐷𝐶𝐻3𝑂𝐻
𝑒𝑓𝑓,𝐴𝐷  𝐾5 + 𝛿𝐴𝐶

𝐷𝐶𝐻3𝑂𝐻
𝑒𝑓𝑓,𝐴𝐷  -  𝐴

𝑆

𝑞𝐴𝐹
 𝐾4 𝐾5                                                                                        (44) 

𝐶7,C𝐻3OH
𝑀  =  ( - Icell  𝛿𝐶𝐶

6𝐹𝐷𝐶𝐻3𝑂𝐻
𝑒𝑓𝑓,𝐶𝐶   𝐾7

  +  
 𝜉C𝐻3OH𝛿

𝐶𝐶  Icell
𝐹𝐷𝐶𝐻3𝑂𝐻

𝑒𝑓𝑓,𝐶𝐶   𝐾7
  +  

𝐷C𝐻3OH
𝑒𝑓𝑓,𝐶𝐶 𝛿𝐶𝐶  𝐾6𝐶6,C𝐻3OH

𝐴𝐶

𝛿𝑀𝐷𝐶𝐻3𝑂𝐻
𝑒𝑓𝑓,𝐶𝐶   𝐾7

 )/(1 +  
𝐷𝐶𝐻3𝑂𝐻
𝑒𝑓𝑓,𝑀  𝛿𝐶𝐶

𝛿𝑀𝐷𝐶𝐻3𝑂𝐻
𝑒𝑓𝑓,𝐶𝐶   𝐾7

  ) 

                                                        (45) 

𝐶6,𝐻2O
𝑀   = 𝐾4𝐾5𝐾6𝐶𝐻2O 

0 −  C3Icell
6F

  (1 + α)                                                                                 (46) 

 

𝐶3 = 𝛿𝐴𝐶

𝐷𝐻2O
𝑒𝑓𝑓,𝐴𝐷  𝐾5  + 𝛿𝐴𝐷 𝐾5 𝐾6

𝐷𝐻2O
𝑒𝑓𝑓,𝐴𝐷 + 𝐴𝑆

𝑞𝐴𝐹  𝐾4 𝐾5 𝐾6                                                                              (47) 

 

𝐶7,𝐻2O =
𝑀 𝐶𝐻2O 

0

𝐾7,𝐻2O𝐾8,𝐻2O𝐾9,𝐻2O
+  � αIcell

6𝐹
 + Icell

2𝐹
+

IC𝐻3OH

3𝐹
 � 𝐶4                                              (48) 

 

𝐶4 = 𝛿𝐶𝐷

𝐾7,𝐻2O𝐾8,𝐻2O 𝐷𝐻2O
𝑒𝑓𝑓,𝐶𝐷  + 𝛿𝐶𝐶

𝐾7,𝐻2O 𝐷𝐶𝐻3𝑂𝐻
𝑒𝑓𝑓,𝐶𝐶 + 𝐴𝑆

𝑞𝐴𝐹𝐾7,𝐻2O𝐾8,𝐻2O𝐾9,𝐻2O
                                         (49) 

 

α =
−6F𝐷𝐻2O

𝑒𝑓𝑓,𝑀

Icell
(
𝐶7,𝐻2O−
𝑀 𝐶6,𝐻2O 

𝑀

𝛿𝑀
) +   6𝜂𝑑                                                                                  (50 
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Now to calculate methanol conc. in AF, AD, AC region we need the value of  NC𝐻3OH
M   which can 

be calculate from equation (35). For that we need to solve the equations (43) and (45) to get the 

values of  𝐶6,C𝐻3OH
𝐴𝐶  and 𝐶7,𝐻2O 

𝑀  respectively. Here we are using the following values of different 

parameters. 

 

 

Table 2 (Temperature = 343K, Pressure = 1 atm.) 

                                                                                   

 

 

 

 

 

 

From equation (44) 

𝐶1 = - 45.42648 

 

And  

𝐶6,C𝐻3OH 
𝐴𝐶 = (3.165139E-03 + 1.56607E-04 Icell)                                                                         (51) 

 

 NC𝐻3OH 
M = (4.26220245E-10 + 1.758756E-06 Icell)                                                                    (52) 

 

Parameter Value Reference 

𝐷C𝐻3OH
𝑒𝑓𝑓,𝐴𝐷  4.827E-03 (c𝑚2/s) 31 

𝐷C𝐻3OH
𝑒𝑓𝑓,𝐴𝐶  4.015E-03  (c𝑚2/s) 31 

𝐷C𝐻3OH
𝑒𝑓𝑓,𝐶𝐶  3.165E-07   (c𝑚2/s) 31 

𝐷C𝐻3OH
𝑒𝑓𝑓,𝑀  6.0648E-06  (c𝑚2/s) 30 

𝜉C𝐻3OH 7.5 32 
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𝐶 C𝐻3OH
𝐴𝐹  = (4.99677E-04 – 2.6408E-04 Icell)                                                                              (53) 

 

𝐶 C𝐻3OH 
𝐴𝐷 = (3.999742E-04 – 2.11264E-04 Icell) + (8.828274E-08 +7.2202649E-04Icell) ( 𝑥4-x)   

                                                                                                                                                     (54) 

 

𝐶 C𝐻3OH 
𝐴𝐶 = 𝐾5𝐶 C𝐻3OH 

𝐴𝐷 + (1.06156973E-07 + 8.67998273E-04Icell) (𝑥5-x)                                  (55) 

 

Now when we use the Table 3  parameters. 

 

Table 3. (Temperature = 298K, Pressure = 1 atm.) 

            Parameter  value Reference  

𝐷C𝐻3OH
𝑒𝑓𝑓,𝐴𝐷  1.38E-05 (c𝑚2/s) 57 

𝐷C𝐻3OH
𝑒𝑓𝑓,𝐴𝐶  5.2E-06  (c𝑚2/s) 57 

𝐷C𝐻3OH
𝑒𝑓𝑓,𝐶𝐶  2.42E-07   (c𝑚2/s) 31 

𝐷C𝐻3OH
𝑒𝑓𝑓,𝑀  1.89E-06  (c𝑚2/s) 30 

𝜉C𝐻3OH 1.99 Reference value 

 

𝐶6,C𝐻3OH 
𝐴𝐶 = (3.19967E-04 - 3.9647E-01 Icell)                                                                              (56) 

 

𝐶7,C𝐻3OH
𝑀 = (2.556638E-04 – 1.707688E-01 Icell)                                                                       (57) 

 



37 
 

NC𝐻3OH 
M = 3.2613E-11 + 1.7085E-06 Icell                                                                                    (58) 

 

𝐶 C𝐻3OH
𝐴𝐹 = 4.999985E-04 – 8.6232E-04 Icell                                                                                (59) 

 

𝐶 C𝐻3OH 
𝐴𝐷 = 3.999828E-04 – 1.14976E-03 Icell + (2.3626 +2.488956E-01Icell) ( 𝑥4-x)               (60) 

 

 

 

Now to know the behavior of net water transport coefficient α with respect to current density we 

need to solve the equation (50). Which is  

α =
−6F𝐷𝐻2O

𝑒𝑓𝑓,𝑀

Icell
(
𝐶7,𝐻2O−
𝑀 𝐶6,𝐻2O 

𝑀

𝛿𝑀 ) +   6𝜂𝑑 

for this equation to be solved first we have to solve the equations (46) and(48) to get the values of 

𝐶6,𝐻2O 
𝑀  and 𝐶7,𝐻2O

𝑀   respectively. 

 

𝐶6,𝐻2O 
𝑀 =   4.5568E-03 – Icell.6.9371E-05 (α + 1)                                                                       (61) 

 

𝐶7,𝐻2O 
𝑀 = 1.390625E+01 + α. Icell 82.1422 + 2.4642833E+02Icell                                               (62) 

 

By putting the equations (61) and (62) in equation (50) we can obtain the value of α 
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α =   - ( .169165
Icell

 + 2.9971)                                                                                                             (63) 

 

negative sign shows that flow is in opposite direction. 

 

 

 

Now to obtain water concentration in AF,AD,AC,M  region we have to solve the equations (28), 

(30),(32) and (34) by putting the value of α. 

 

𝐶𝐻2O 
𝐴𝐹 = 5.9E-02 - 5.22729E-04Icell                                                                                             (64) 

 

𝐶𝐻2O 
𝐴𝐷  = (4.72E-02 – 4.18183E-04Icell) + (3.08993E-05 + 7.30102E-04Icell)( 𝑥4-x)                   65) 

 

𝐶𝐻2O 
𝐴𝐶  = 𝐾5𝐶𝐻2O 

𝐴𝐷  + (4.1551263E-05 + 9.8179028E-04Icell)( 𝑥5 − x)                                        (66) 

 

 

𝐶𝐻2O 
𝑀  = (𝐾6𝐶𝐻2O 

𝐴𝐶  - 5.279871E+05Icell) ( 𝑥6 − x)                                                                       (67) 
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Result and Discussion                                                                                                   Chapter - 4   

 

 

Model equation (53) is solved for methanol concentration in anode flow region. This equation is 

independent of the thickness of the anode flow region and dependent to the current density only. 

So we varied the values of current density from 0.05 to 0.15 A/c𝑚2 in equation (53) to get the 

methanol concentration at different current densities. The methanol concentration for different 

values of current densities is shown in the Table 4. 

 

 

Table 4 

Methanol concentration for different current density in anode flow region (operating conditions 

temperature = 343K, pressure = 1 atm.) 

Current density 

 (A/c𝑚2) 

Methanol concentration 

  (M) 

0.05 4.86764E-04 

0.1 4.7356E-04 

0.15 4.60356E-04 

 

 

As it has been discussed above that the methanol concentration in anode flow region is 

independent of the thickness (x) of the layer, therefore the graph of methanol concentration with 

respect to thickness (x) will be constant as shown in the Fig. 8. 
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  Fig. 8. Methanol concentration profiles in anode flow region (operating conditions: temperature 
= 343K, pressure = 1 atm.). 

 

 

 

Methanol concentration is constant in the anode flow region because we have assumed that the 

anode flow region will be treated as a CSTR.  For low current density methanol concentration is 

high while foe higher current density methanol concentration is lower. 

 

 

 

Similarly model equation (54) is solved for methanol concentration in anode diffusion region is 
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density. So we varied the values of the thickness from 0.2 cm to 0.215 cm and current density 

from 0.05 to 0.15 A/c𝑚2 in equation (54) to get the methanol concentration at different current 

densities. The methanol concentration for different values of current densities is shown in the 

following Table 5. 

 

 

Table 5 

Methanol concentration for different current density in anode diffusion region (operating 

conditions: temperature = 343K, pressure = 1 atm.) 

Thickness (x)   

cm 

Methanol 

concentration (M) for 

Icell = 0.05 A/cm2 

Methanol 

concentration (M) for 

Icell = 0.1 A/cm2 

Methanol 

concentration (M) for 

Icell = 0.15 A/cm2 

0.2 3.89411E-04 3.78848E-04 3.68285E-04 

0.205 3.8923E-04 3.78486E-04 3.67743E-04 

0.21 3.89049E-04 3.78125E-04 3.67201E-04 

0.215 3.88868E-04 3.77763E-04 3.66659E-04 

 

 

In anode diffusion region methanol concentration decreases with respect to the value of thickness 

(x) and this decreasing rate is minimum for low current density and maximum for higher current 

density. This is because diffusion takes place in the anode diffusion layer which decreases the 

methanol concentration. 

The methanol concentration in anode diffusion region is shown in the Fig. 9. 
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    Fig. 9. Methanol concentration profiles in anode diffusion region (operating conditions: 
temperature = 343K, pressure = 1 atm.). 

 

 

 

 

Similarly model equation (55) is solved for methanol concentration in anode catalyst region. This 

equation also is dependent on both thickness of the anode catalyst region and the current density. 

So we varied the values of the thickness from 0.215 cm to 0.218 cm and current density from 

0.05 to 0.15 A/c𝑚2 in equation (55) to get the methanol concentration at different current 

densities. The methanol concentration for different values of current densities is shown in the  

Table 6. 
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Table 6 

Methanol concentration for different current density in anode catalyst region (operating 

conditions temperature = 343K, pressure = 1 atm.) 

Thickness (x)  

cm 

Methanol 

concentration (M) 

for Icell = 0.05 

A/cm2 

Methanol 

concentration (M) 

for Icell = 0.1 A/cm2 

Methanol 

concentration (M) 

for Icell = 0.15 

A/cm2 

0.215 3.11094E-04 3.02211E-04 2.93327E-04 

0.216 3.11022E-04 3.02066E-04 2.9311E-04 

0.218 3.10877E-04 3.01777E-04 2.9676E-04 

 

 

 

 

In anode catalyst region also methanol concentration decreases with respect to the value of 

thickness (x) and this decreasing rate is minimum for low current density and maximum for 

higher current density. This is because of consumption of methanol in anode catalyst region 

during the methanol oxidation reaction methanol is consumed. 

The methanol concentration in anode catalyst region is shown in the Fig. 10. 
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          Fig. 10. Methanol concentration profiles in anode catalyst region (operating conditions: 

temperature = 343K, pressure = 1 atm.) 

 

 

The model equations (53), (54) and (55) are solved using the parameters of Table 2. But when 

we use the Table 3 parameters we get the different equations for methanol concentration in 

anode flow and anode diffusion regions. 

The solved model equation for methanol concentration in anode flow region using Table 2 

parameters is (59). This equation also is independent of the thickness of the anode flow region 

and dependent to the current density only. So we varied the values of current density from 0.05 

to 0.15 A/c𝑚2 in equation (59) to get the methanol concentration at different current densities. 

The methanol concentration for different values of current densities is shown in the Table 7. 
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Table 7 

Methanol concentration for different current density in anode flow region (operating conditions 

temperature = 298K, pressure = 1 atm.) 

Current density 

 ( A/c𝑚2) 

Methanol concentration 

  (M) 

0.05 4.2811E-04 

0.1 3.56E-04 

0.15 2.8439E-04 

 

 

 

 

 

As it has been discussed above that the methanol concentration in anode flow region is 

independent of the thickness (x) of the layer, therefore the graph of methanol concentration with 

respect to the thickness (x) will be constant as shown in the Fig. 11. 
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Fig. 11. Methanol concentration profiles in anode flow region (operating conditions: temperature 

298K, pressure 1 atm.) 

 

 

 

Methanol concentration is constant in the anode flow region because we have assumed that the 

anode flow region will be treated as a CSTR.  For low current density methanol concentration is 

high while foe higher current density methanol concentration is lower. 
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Similarly model equations solved for methanol concentration in anode diffusion region using 

table 2 parameters is (60). This equation also is dependent on both thickness of the anode 

diffusion region and the current density. So we varied the values of the thickness from 0.2 cm to 

0.21 cm and current density from 0.05 to 0.15 A/c𝑚2 in equation (60) to get the methanol 

concentration at different current densities. The methanol concentration for different values of 

current densities is shown in the following Table 8. 

 

 

Table 8 

Methanol concentration for different current density in anode diffusion region (operating 

conditions: temperature = 298K, pressure = 1 atm.) 

Thickness (x)  

cm 

Methanol  

concentration (M) for 

Icell = 0.05 A/cm2 

Methanol 

concentration (M) for 

Icell = 0.1 A/cm2 

Methanol  

concentration (M) for 

Icell = 0.15 A/cm2 

 0.2 3.42498E-04 2.85083E-04 2.27633E-04 

0.205 2.80262E-04 1.60623E-04 4.09491E-05 

0.21 2.18027E-04 3.61636E-05  

 

 

 

In anode diffusion region methanol concentration decreases with respect to the value of thickness 

(x) and this decreasing rate is minimum for low current density and maximum for higher current 

density. This is because diffusion takes place in the anode diffusion layer which decreases the 

methanol concentration. 

The methanol concentration in anode diffusion region is shown in the Fig. 12. 
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Fig. 12.  Methanol concentration profiles in anode diffusion region (operating conditions: 

temperature = 298K, pressure = 1 atm.) 

 

 

 

Oliveira et al. [58] also reported the similar results for methanol concentration profile in anode 

flow region. But in diffusion and catalyst regions authors reported the methanol concentration 

decreasing at a faster rate than the Fig. 9. and Fig. 10. This may be because of the different 

values of some parameters we are using like electro-osmotic drag coefficient of methanol 

(𝜉C𝐻3OH). The value of this parameter we are using is 7.5 [32]  
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But when we use the value of electro-osmotic drag coefficient of methanol (𝜉C𝐻3OH) as 1.99 

(reference value) and Table 3 parameters the results for methanol concentration in anode flow 

and in anode diffusion are shown in the Fig. 11. and Fig. 12.  respectively. 

In the Fig. 11. and Fig. 12. also the nature of profile of methanol concentration is similar to that 

of Fig. 8. and Fig. 9. but in the anode diffusion region rate of decreasing is more which is more 

similar to Oliveira et al. [58]. 

 

 

 

Model equations solved for behavior of net water transport coefficient (α) with respect to the 

current density is (63). This equation is derived for 0.5M methanol concentration. This equation 

is dependent on current density. So we varied the value of current density from .05 to 0.15 

A/c𝑚2 in equation (63) to get the behavior of net water transport coefficient (α). The net water 

transport coefficient (α)  for different values of current densities is shown in the Table 9. 

 

Table 9 

Net water transport coefficient (α) for different values of current densities (operating conditions: 

temperature = 343K, pressure = 1 atm.) 

Current 

density 

 (A/c𝑚2) 

Net water transport 

coefficient (α) 

0.05 6.3804 

0.1 4.68875 

0.15 4.1177 
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Behavior of net water transport coefficient (α) with respect to the current density is shown in the 

Fig. 13. Here the net water transport coefficient is inversely proportional to the current density. 

In starting the net water transport coefficient is decreasing at a faster rate bur after a certain value 

of current density it becomes almost constant. 

 

 

 

 

Fig. 13.  Behavior of net water transport coefficient with respect to current density 

 

 

Rangel et al.[59] also reported the similar curve for the behavior of net water transport 
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Model equation (64) is solved for water concentration in anode flow region. This equation is 

independent of the thickness of the anode flow region and dependent to the current density only. 

So we varied the values of current density from 0.05 to 0.15 A/c𝑚2 in equation (64) to get the 

water concentration at different current densities. The water concentration for different values of 

current densities is shown in the Table 10. 

 

 

Table 10 

Water concentration for different current density in anode flow region (operating conditions: 

temperature = 343K, pressure = 1 atm.) 

Current density 

 (A/c𝑚2) 

water concentration 

  (M) 

0.05 5.897386E-02 

0.1 5.8947727E-02 

0.15 5.8921591E-02 

 

 

 

As it has been discussed above that the water concentration in anode flow region is independent 

of the thickness (x) of the layer, therefore the graph of water concentration with respect to the 

thickness (x) will be constant as shown in the Fig. 14. 
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Fig. 14. Water concentration profiles in anode flow region (operating conditions: temperature = 

343K, pressure = 1 atm.) 

 

 

Water concentration is constant in the anode flow region because we have assumed that the 

anode flow region will be treated as a CSTR.  For low current density water concentration is high 

while for higher current density water concentration is lower. 

 

Similarly model equation (65) is solved for water concentration in anode diffusion region. This 

equation is dependent on both thickness of the anode diffusion region and the current density. So 

we varied the values of the thickness from 0.2 to 0.21 cm and current density from 0.05 to 0.15 

A/c𝑚2 in equation (65) to get the water concentration at different current densities. The water 

concentration for different values of current densities is shown in the following Table 11. 
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Table 11 

Water concentration for different current density in anode diffusion region (operating conditions 

temperature = 343K, pressure = 1 atm.) 

Thickness (x) 

in cm 

water concentration 

(M) for Icell = 0.05 

A/cm2 

water concentration 

(M) for Icell = 0.1 

A/cm2 

water concentration 

(M) for Icell = 0.15 

A/cm2 

0.2 4.71791E-02 4.715818E-02 4.713727E-02 

0.205 4.717876E-02 4.71577E-02 4.71366E-02 

0.21 4.717842E-02 4.715714E-02 4.713586E-02 

 

 

 

Though the water diffusion takes place in AD and water consumption occur in AC, the 

concentration profile across these layers seems to be nearly constant. This can be understood by 

the fact that these layers are full of water, so the loss of water by diffusion and consumption is 

irrelevant when compared with the total amount of water present. 

The water concentration in anode diffusion region is shown in the Fig. 15. 

 

 

 

 



54 
 

 

           Fig. 15. Water concentration profiles in anode diffusion region (operating conditions: 

temperature = 343K, pressure = 1 atm.) 

 

 

Similarly model equation (66) is solved for water concentration in anode catalyst region. This 

equation also is dependent on both thickness of the anode diffusion region and the current 

density. So we varied the values of the thickness from 0.2 to 0.21 cm and current density from 

0.05 to 0.15 A/c𝑚2 in equation (66) to get the water concentration at different current densities. 

The water concentration for different values of current densities is shown in the following Table 

12. 
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Table 12 

Water concentration for different current density in anode diffusion region (operating conditions 

temperature = 343K, pressure = 1 atm.) 

Thickness (x)  

cm 

water concentration 

(M) for Icell = 0.05 

A/cm2 

water concentration 

(M) for Icell = 0.1 

A/cm2 

water concentration 

(M) for Icell = 0.15 

A/cm2 

0.2 3.77425E-02 3.7725298E-02 3.7708113E-02 

0.205 3.774233E-02 3.7725075E-02 3.770783E-02 

0.21 3.774203E-02 3.772463E-02 3.7707228E-02 

 

The water concentration in anode catalyst region is shown in the Fig. 16. 

 

 

Fig. 16.  Water concentration profiles in anode catalyst region (operating conditions: temperature 

= 343K, pressure = 1 atm.) 
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Conclusion 

The model allows the determination of the effect of the operating parameters (such as oxygen 

and methanol feed concentrations, current densities of the direct methanol fuel cell) and the 

design parameters (such as active area, geometry, material properties) on the concentration 

profiles. An attention is given to the effects of various parameters such as current density and the 

methanol feed concentration on the water balance between cathode and anode in the direct 

methanol fuel cell (DMFC). In anode flow region the methanol concentration decreases with 

increasing current density of the direct methanol fuel cell and remains constant with respect to 

the thickness of the anode flow region. In anode diffusion layer the methanol concentration 

decreases with both current density of the direct methanol fuel cell and with the thickness of the 

anode diffusion layer. The decreasing rate of the methanol concentration in the anode diffusion 

region is more for higher current density and is less for lower current density of the direct 

methanol fuel cell. Similarly in anode catalyst layer the methanol concentration decreases with 

both current density of the direct methanol fuel cell and with the thickness of the anode catalyst 

layer. The model presented in thesis work can be a useful tool to enhance the direct methanol 

fuel cell understanding and for the optimization of fuel cell design. 
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