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Abstract 
 

Mathematical modelling was developed for direct ethanol fuel cell (DEFC) by considering 

electrochemical reactions and mass transport. The model was validated against experimental data 

from previous research and showed good agreement with the data. The developed mathematical 

modelling for this research was based on the Butler-Volmer equation, Tafel equation and Fick’s law. 

The model was used to investigate parameters such as ethanol concentration and cell operating 

temperature. The developed mathematical model simulated the data from previous research. Ethanol 

concentration played a vital role to achieve high-performance DEFC. The higher the ethanol 

concentration, the higher current could be generated in DEFC. Nonetheless, the higher the usage of 

the ethanol concentration, the higher the ethanol crossover might occur. The highest current density 

produced from the fuel cell was at 21.48 mA cm-2, for 2M of ethanol concentration. Operating 

temperature also affected cell performance. The higher the operating temperature, the higher power 

density could be generated—the peak power density of 5.7 mWcm-2 at 75 oC with 2M of ethanol. As for 

ethanol crossover, the highest ethanol crossover was at 12.4 mol m-3 for 3M concentration of ethanol. 

It proved that higher ethanol concentration led to higher ethanol crossover.  

 

Keywords: Direct ethanol fuel cell, Ethanol crossover, Mass resistance, Mathematical modelling  

 

 

1. Introduction 
 

Energy is a vital source to achieve social, economic, environmental and human development. 

The world depends on coal, petroleum and natural gas to produce energy [1]. However, an energy 

such as fossil fuel may negatively impact the environment, such as global warming and acidic rain [2]. 

So, research on renewable energies has been intensified ever since then. Renewable energy such as 

fuel cell technology produces electrical energy from high-efficiency chemical energy. A direct ethanol 

fuel cell (DEFC) is one of the fuel cells that produce sustainable energy. Ethanol contains a high 

density of energy compared to methanol - which is commonly used, and methanol is toxic to humans 

[3-4]. However, DEFC faces some challenges, such as ethanol crossover [5]. Ethanol crossover is a 

movement of ethanol from anode to cathode through an electrolyte membrane. Ethanol crossover is 

wasting fuel throughout the operation. In order to solve ethanol crossover, factor like ethanol mass 

transfer has to be taken into account. 

This research aims to develop a mathematical model for DEFC based on electrochemical 

reaction and mass transport and simulate and analyse the effect of operating conditions on DEFC 
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performance. Ethanol crossover is a prevalent problem in DEFC. Generally, the rate of ethanol cross-

over increases with temperature, current density and ethanol concentration at the feed [6]. The higher 

the ethanol concentration, the higher the ethanol crossover is. A study has shown that ethanol 

crossover the Nafion membrane at 75 oC at a flow rate of 1.0 mL/min, at ethanol concentration of 

1.0M, ethanol crossover rate was at 5 x 10-8 mol/cm2.s. While at 2.0M and 4.0M, the rate were at 13 x 

10-8 mol/cm2.s and 38 x 10-8 mol/cm2.s, respectively [7]. The performance of the fuel cell increases 

when the operating temperature gets higher as ethanol conversion increases with cell current and 

operating temperature. A study showed that 1M of ethanol concentration, with temperatures of 60 oC, 

70 oC, 80 oC and 90 oC, the current density generated was 30 mA cm-2, 43 mA cm-2, 57 mA cm-2 and 

82 mA cm-2, respectively[8]. 

There are many experimental types of research done for ethanol crossover. Experimental research can 

be costly. The other alternative for this research is developing mathematical modelling based on the 

Butler-Volmer equation, Tafel equation and Fick’s law.  Model simulation can be done with one-

dimensional(1D), two-dimensional(2D) and three-dimensional(3D). 1D model is the X-axis through-

plane direction, it can be performed by using Microsoft Excel simulation. A study by An et al. [9] that 

used 1M, 2M and 3M of ethanol concentration increased the current density with ethanol 

concentration at 2 mA cm-2, 4.3 mA cm-2 and 6.5 mA cm-2, respectively. 2D model is where a code is 

developed, for example, in Fortran90 software using the finite element method to calculate the flow in 

different layers of the fuel cell. In a study by De Souza et al. [10], two operating temperatures used 

were 315K and 363K. The cell voltage increased with increasing temperature at 0.43 V and 0.45 V, 

respectively. 3D models can predict the flow on all layers of fuel cells and better analyse physical and 

chemical phenomena inside them. In a study by Gomes & Bortoli [11], at 1M, 2M and 3M of ethanol 

concentration, the cell voltage increased with ethanol concentration at 0.43 V, 0.45 V and 0.47 V, 

respectively.    

Mathematical modelling is an alternative way to measure and verify the performance of the fuel 

cell and mass transfer in the fuel cell. The developed mathematical modelling is to study the current 

density, cell voltage, power density, and molar concentration at each layer of the DEFC. This research 

was based on a one-dimensional model that studied electrochemical reaction and mass transfer by 

calculating them using Microsoft Excel. The cell performance could be determined by considering the 

concentration loss, ohmic loss, and activation loss. A two-dimensional model is more complicated 

with multiple reaction steps, and a three-dimensional model needs to use software such as 

computational fluid dynamics methods (CFD). CFD can perform analyses of Reynolds number, which 

is unnecessary in this research. The parameters used are ethanol concentration and operating 

temperature.  

 

2. Methods 
 
This study was based on Azam et al. [12] Single-cell DEFC was used in this study, with the membrane 

electrode assembly (MEA) with 2.5 cm2 active area and Nafion membrane 117. First, 0.5 M of 

ethanol solution was fed to the anode chamber, and the air was flown continuously using a pump at a 

flow rate of 200mL min-1. Next, different ethanol concentrations (0.5 – 3.0 M) were used at room 

temperature conditions. Then, the effect of operating temperature was carried out in a humidity 

chamber, with different operating temperatures (28 oC, 50 oC & 75 oC) used at 2M of ethanol 

concentration. Ethanol crossover was analysed by using a CO2 analyser on the cathode side. Ethanol 

diffused from the anode through the membrane to the cathode side. The crossed over ethanol was 

oxidised and formed carbon dioxide [13]. The CO2 was analysed using a CO2 analyser. DEFC 

operated for 2 hours in semi-passive mode. 
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Figure 1. Schematic diagram of DEFC 

 

Figure 1 shows the schematic diagram of DEFC. The change of ethanol concentration at each 

layer at the anode can be studied through the derived mathematical modelling. The mathematical 

modelling is derived from the mass balance equation. The equation that relates gas concentration and 

diffusion coefficient is given by: 

 

𝑣
𝑑𝑐

𝑑𝑥
− 𝐷

𝑑2𝐶

𝑑𝑥2 − 𝑟 = 0          (1) 

 
The reaction that occurs is: 

 

𝑟 = −
𝑧𝑆𝑖(𝑥)

𝑛𝐹𝑤
           (2) 

 
Where S is stoichiometry value, i(x) is the current density (Am-2), n is the number of electrons, 

F is Faraday number, w is the width of the pathway (m), and z is the number of channels. The negative 

symbol -ve shows a reduction of reaction materials for the reaction.  

Butler-Volmer equation is used to derive mathematical modelling for current density 

generation.  
 

𝑖 = 𝑖𝑜 [𝑒𝑥𝑝 (
−𝑛𝛼𝐹𝜂

𝑅𝑇
) − 𝑒𝑥𝑝 (

𝑛[1−𝛼]𝐹𝜂

𝑅𝑇
)]        (3) 

        

 

Where 𝑖0 is the current density on the surface area per volume of the electrode (Am-3), n number 

of electrons, 𝑎  charge transfer coefficient, 𝑅  gas constant (kPam3kg-1mol-1K-1), 𝑇  operating 

temperature (K), F Faraday constant, dan 𝜂 cell overpotential (V). 

The current density at the anode and cathode of the DEFC is calculated by using the following 

equation 1 & 2, respectively: 

 

𝑖𝑎 = 𝑙(𝑎𝑖
0,𝑎

𝑟𝑒𝑓
[

𝐶𝑎𝑓

𝐶𝑎𝑓,𝑟𝑒𝑓
]

1

2
[𝑒𝑥𝑝 (

𝛼𝑎𝐹

𝑅𝑇
𝜂)])                         (4) 
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𝑖𝑐 = 𝑙(𝑎𝑖
0,𝑐

𝑟𝑒𝑓
[

𝐶𝑂2

𝐶𝑂2,𝑟𝑒𝑓

] [𝑒𝑥𝑝 (
𝛼𝑎𝐹

𝑅𝑇
𝜂)])                             (5) 

 

Where 𝑎𝑖0,𝑐
𝑟𝑒𝑓

 is the reference current density at the surface area per volume of anode electrode 

(Am-3), 𝑎𝑖0,𝑐
𝑟𝑒𝑓

 is the reference current density at the surface per volume of cathode electrode (Am-3), 

and 𝐶𝑟𝑒𝑓 is the reference molar concentration (mol.m-3).  

 

Figure 2. Ethanol crosses the pathway along the MEA 

 

The mass balance equation for molar concentration is derived from: 

 

𝑣
𝑑𝐶𝑒

𝑑𝑥
= −

𝑧𝑆𝑖𝑎(𝑥)

𝑛𝐹𝑤
          (6) 

 
Figure 2 shows the ethanol crossing the pathway along with the MEA. It is affected by the 

current density at the specific distance, reaction stoichiometry, number of electrons, rate of reactant 

reaction and width of the reactant reaction pathway. Equation 6 at the anode is done by combining the 

derived Butler-Volmer equation for current density and rearranging to relate ethanol concentration 

change at a certain distance and produce equation 7: 

 

𝑑𝐶𝑒

𝑑𝑥
= −

𝑧𝑆𝑙𝑎𝑖
0,𝑎

𝑟𝑒𝑓
[𝑒𝑥𝑝(

𝛼𝑎𝐹

𝑅𝑇
𝜂)][

𝐶𝑒
𝐶𝑒,𝑟𝑒𝑓

]

0.5

𝑛𝑣𝐹𝑤
        (7) 

 
and also taking into account constant value k0: 

 

𝑘0 =
𝑛𝑣𝐹𝑤 [𝑒𝑥𝑝 (−

𝛼𝑎𝐹
𝑅𝑇

𝜂)]

𝑧𝐿𝑆𝑙𝑎𝑖
0,𝑎

𝑟𝑒𝑓
 

 

Thus, the molar concentration of x-direction of diffusion on the anode and cathode is shown in 

equations 8 and 9, respectively:                          

 



Journal of Applied Science & Process Engineering 

Vol. 9, No. 1, 2022 

 

 

 
e-ISSN: 2289-7771 

 

 

 1132  

𝐶𝑒 = 𝐶𝑒,0 [1 −
0.5

𝑘
0
∗ (

𝑥

𝐿
)]

2

                                              (8) 

 

𝐶𝑂2 = 𝐶𝑂2,0 𝑒𝑥𝑝 (−
1

𝑘2

(
𝑥

𝐿
))                                         (9) 

 
Cell potential or cell voltage can be calculated by using the equation 10: 

 

𝐸𝑐𝑒𝑙𝑙 = 𝐸𝑜𝑐 − 𝜂𝑎𝑐𝑡
𝑎 − 𝜂𝑎𝑐𝑡

𝑐 − 𝜂𝑜ℎ𝑚𝑖𝑐 − 𝜂𝐶𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛        (10) 

 

𝜂𝑎𝑐𝑡 =
𝑅𝑇

2𝛼𝐹
𝑙𝑛 (

𝑖

𝑖𝑜
) 

 
𝜂𝑜ℎ𝑚𝑖𝑐 = 𝑖𝑟 

𝜂𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 =  −
𝑅𝑇

2𝐹
𝑙𝑛 (1 −

𝑖

𝑖𝑙
) 

 

3. Results and discussion 
 

The data for the mathematical modelling was collected from Azam et al. [12], and the collected 

data (experimental data) was compared with the one from the simulation model. Model validation 

based on research data was essential to prove the validity of the derived mathematical model. 

Validation was done on the operating parameters of the fuel cell - the concentration of the ethanol 

used and the operating temperature. 

 

 

Figure 3. Influence of ethanol concentration on fuel cell performance based on mathematical 

modelling 

 The validation of the model simulation was done for the ethanol concentration and operating 

temperature. Overall, the collected data and values from the model simulation matched and thus 

The data for the mathematical modelling is collected from Azam et al. , the collected data 

(experimental data) will be compared with the one from simulation model. Model validation 

based on research data is essential to prove the validity of the derived mathematical model. 

Validation is done on the operating parameters of the fuel cell - the concentration of the 

ethanol used and the operating temperature. 

 

  The validation of the model simulation is done for the ethanol concentration and operating 

temperature. Overall, the collected data and values from model simulation match and thus 

verified the derived mathematical modelling. Figure 3 shows the graph of polarity curves 

generated from mathematical modelling for 0.5M, 1M, 1.5M, 2M, 2.5M and 3M of ethanol 

concentration at room temperature. Based on this figure, the performance of the fuel cell 

increases with ethanol concentration. The cell voltage increased with increasing ethanol 

concentration and decreased when ethanol concentration reached more than 2M. The 

increasing cell voltage with concentration of ethanol is due to increase in anode reactions 

rate. Higher ethanol concentration increases the diffusion and concentration of ethanol in the 

catalyst layer. Hence, the oxidation of ethanol is improved. 

 

 
Figure 3. Influence of ethanol concentration on fuel cell performance based on 

mathematical modelling 

 

   The reduction of cell voltage with increasing ethanol concentration for more than 2M of 

ethanol concentration is due to mixed potential resulting from ethanol crossover. Ethanol 

crossover may cause water transport in the cell as ethanol oxidises to produce water at the 

cathode side. Ethanol crossover may also reduce the cathode potential and the overall 

efficiency. It may also poison the catalyst at the cathode and fuel wastage.  

 

 
Figure 4. Comparison of experimental and modelling data for 2.5M ethanol concentration at 

room temperature 
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verified the derived mathematical modelling. Figure 3 shows the graph of polarity curves generated 

from mathematical modelling for 0.5M, 1M, 1.5M, 2M, 2.5M and 3M of ethanol concentration at 

room temperature. Based on this figure, the performance of the fuel cell increases with ethanol 

concentration. The cell voltage increased with increasing ethanol concentration and decreased when 

ethanol concentration reached more than 2M. The increasing cell voltage with the concentration of 

ethanol was due to an increase in anode reaction rate. Higher ethanol concentration increased the 

diffusion and concentration of ethanol in the catalyst layer. Hence, the oxidation of ethanol was 

improved [12]. 

The reduction of cell voltage with increasing ethanol concentration for more than 2M of ethanol 

concentration was due to mixed potential resulting from ethanol crossover. Ethanol crossover might 

cause water transport in the cell as ethanol oxidised to produce water at the cathode side [12]. Ethanol 

crossover might also reduce the cathode potential and the overall efficiency. It might also poison the 

catalyst at the cathode and fuel wastage [14].  

 

Figure 4. Comparison of experimental and modelling data for 2.5M of ethanol concentration at 

room temperature 

 

The experimental data were compared with the data generated from mathematical modelling. 

The data from 2.5M of ethanol concentration were used to compare the cell voltage and power density 

generated. 2.5M of ethanol concentration was chosen as it produced the highest power density 

generated among all concentrations used. Polarity curves and power density for comparison between 

experimental and modelling data at 2.5M of ethanol concentration at room temperature are shown in 

Figure 4. The voltage and power density values were parallel for experimental and modelling. It 

showed that mathematical modelling could predict and produce accurate results compared with the 

experimental data. The error percentage for voltage was 2% and power density at 2.8%, which was 

low compared to Ismail et al. at 17.5% [15].  

The validation of the model simulation was also done for the various operating temperature of 

the cell. 2M of ethanol concentration was used for the simulation due to the highest cell voltage 

attained with this concentration, as discussed previously. Figure 5 shows the graph of polarity curves 

generated from mathematical modelling for 2M of ethanol concentration at 28 oC (room temperature), 

50 oC and 75 oC. Based on this figure, the performance of the fuel cell increases with operating 

temperature. Due to the anode and cathode electrode kinetics, PEM conductivity and mass transfer 

properties increased with increasing temperature [16]. The temperature increase increased the 
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hydrogen ions passage through the membrane, which improved the DEFC performance [17]. This 

modelling showed DEFC giving a peak power density of 5.7 mWcm-2 at 75 oC with 2M of ethanol 

concentration. 

 

 

Figure 5. Influence of operating temperature on fuel cell performance based on mathematical 

modelling 

Ethanol travelled from the ethanol tank to the membrane. The reduction of concentration 

depended on the travel distance at each part of the MEA. MEA consisted of the current collector, gas 

diffusion layer, catalyst layer and membrane. Figure 6 shows the ethanol concentration profiles of 

0.5M, 1M, 1.5M, 2M, 2.5M and 3M at the anode gas diffusion layer (AGDL). From the graph, the 

change in ethanol concentration is minimal and appears to be constant. It was due to no chemical 

reaction occurring at this layer. Ethanol from the ethanol tank diffused through the anode gas diffusion 

layer pores went through with natural convection process [18]. 

 

Figure 6. Ethanol concentration profiles at the gas diffusion layer for 0.5M, 1M, 1.5M, 2M, 2.5M and 

3M concentration 
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When ethanol diffused from the ethanol tank to the gas diffusion layer, then it moved to the 

anode catalyst later. Figure 7 shows ethanol concentration profiles of 0.5M, 1 M, 1.5M, 2M, 2.5M and 

3M at the anode catalyst layer. The ethanol concentration for all profiles significantly decreased along 

with the anode catalyst layer due to the electrochemical reaction between ethanol and oxygen. The 

generated protons at the anode travelled through the membrane electrolyte. In contrast, electrons 

travelled through the outer circuit, where protons and electrons combined with oxygen at the cathode 

to produce water [17]. 

 

 

Figure 7. Ethanol concentration profiles at the anode catalyst layer for 0.5M, 1 M, 1.5M, 2M, 

2.5M and 3M concentration 

 

Figure 8 shows profiles of ethanol concentration being consumed and current density generated 

through the anode catalyst layer at 2M of ethanol concentration. From the graph, ethanol 

concentration is decreasing while current density is increasing. The current density was generated 

when ethanol reacted with catalyst Pd to produce a high current [16]. 

 

Figure 8. Ethanol concentration and current density profiles through anode catalyst layer at 2M 

ethanol concentration 
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When ethanol travelled and reacted at the anode catalyst layer, most of them had been used up. 

A small amount of unreacted ethanol travelled to the cathode side through the membrane. This 

phenomenon is called ethanol crossover. Figure 9 shows ethanol concentration profiles of 0.5M, 1M, 

1.5M, 2M, 2.5M and 3 M at the membrane. This figure shows ethanol crossover where ethanol 

concentration is slightly reduced when travelling through the membrane and eventually moved to the 

cathode side. The amount of ethanol travelled through the membrane was the amount of ethanol 

crossover [18].  

 

 

Figure 9 Ethanol concentration profiles at the membrane for 0.5M, 1M, 1.5M, 2M, 2.5M and 3 M 

concentration 

 

Figure 10 Ethanol cross-over profiles for 0.5M, 1M, 1.5M, 2M, 2.5M and 3M concentration 

 

The remaining ethanol that travelled through the membrane crossed over to the cathode side. 

This phenomenon is called ethanol crossover. Figure 4.11 shows the amount of ethanol cross-over for 

0.5M, 1 M, 1.5M, 2M, 2.5M and 3M concentrations. The higher the concentration of the ethanol, the 

higher the ethanol crossover. Ethanol crossover might cause problems such as mixed potential at the 

cathode when ethanol was oxidised to form the parasitic current. Water flooding might also occur as 

ethanol was directly oxidised to generate water at the cathode side [19]. Higher ethanol concentration 

caused higher parasitic current at the cathode side, which led to the poorer overall performance of fuel 

cells [20].  
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4. Conclusions 
 

The mathematical model was developed for DEFC. Operating conditions such as ethanol 

concentrations and operating temperatures were used to simulate the mathematical model, and the 

results were analysed. Ethanol concentration played a vital role to achieve high-performance DEFC. 

Increasing the ethanol concentration led to a higher current generation in DEFC. Nonetheless, higher 

ethanol crossover occurred when a higher ethanol concentration was used. Thus, the modelling was 

unable to accurately predict the power density when ethanol concentration surpassed 2.5 M. More 

researches on ethanol concentration of 2.5 M and above need to be done. The highest current density 

produced from the fuel cell was at 21.48 mA cm-2, with 2M of ethanol concentration. Operating 

temperature also affected cell performance; increasing the operating temperature increased the power 

density produced—the peak power density of 5.7 mWcm-2 at 75 oC with 2M of ethanol. The ethanol 

mass transferred from the membrane travelled to the cathode side, which was considered ethanol 

crossover. The highest ethanol crossover was at 12.4 mol m-3 for a 3M concentration of ethanol. It 

proved that higher ethanol concentration led to higher ethanol crossover. The voltage and power 

density values were parallel for experimental and modelling, which meant mathematical modelling 

was successfully derived and validated the research data. 
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