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A three-dimensional mathematical model is developed and then employed to examine the effect of 

stoichiometric ratio on fuel utilization of high temperature proton exchange membrane fuel cells. The 

effect of stoichiometric ratio on cell performance and transport phenomena is also investigated. The 

performance of fuel cells at different stoichiometric ratios are obtained and compared. It is found that 

the cell performance can be improved by increasing the stoichiometric ratio, but it can not be 

continually increased. And the heat, mass and charge transport processes of fuel cells at different 

stoichiometric ratios are also presented and compared. 
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1. INTRODUCTION 

Low temperature proton exchange membrane fuel cells (LT-PEMFCs) operate at relatively low 

temperature (<100 °C), and the thermal and water management strategies are needed due to the 

existence of liquid water [1-4]. Meanwhile, high temperature proton exchange membrane fuel cells 

(HT-PEMFCs) have already been proposed. In comparison with LT-PEMFCs, HT-PEMFCs have the 

following advantages: high CO tolerance, fast reaction kinetics and easy water management [5-6].  

Numerical and experimental studies were reported in the open literature. A two-dimensional 

model was extended to a three-dimensional model to examine the transport phenomena inside fuel 

cells [7-8]. The fuel cells with coolant channels and gas crossover were extensively studied by Chippar 

and Ju [9-10]. And the effects of the operating temperature [11-12], novel membrane types [13-14] and 
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flow field designs [15-19] on performance were extensively investigated. Numerical investigations 

were carried out to study the effect of  membrane conductivity on cell performance [20].   

However, an isothermal model was commonly employed to investigate the transport 

phenomena and cell performance [20]. Therefore, it is necessary to improve the understanding of the 

transport characteristics inside fuel cells by using a non-isothermal model. In the present work, a three-

dimensional, non-isothermal model including the mass, momentum, species, energy and charge 

equations is developed and then employed to examine the effect of stoichiometric ratio on fuel 

utilization. The performance of fuel cells at different stoichiometric ratios are obtained and compared. 

In addition, the distributions of species, temperature, and local current density of the corresponding 

cases are shown and analyzed. 

 

 

 

2. MATHEMATICAL MODEL DESCRIPTION 

 
 

Figure 1. Computational domain of the present study. 

 

Table 1. Geometric parameters and operating conditions of this study. 

 

Parameters Value Units 

Cell length 100 mm 

Cell width 2 mm 

FC width 1 mm 

FC height 1 mm 

CC rib width 1 mm 

CC height 1.5 mm 

GDL thickness 0.2 mm 

CL thickness 0.01 mm 

Membrane thickness 0.05 mm 

Operating pressure, Pa/Pc 1/1  atm 

Operating temperature, Ta/Tc 443/443 K 
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As shown in Figure 1, the computational domain consists of the anode/cathode current 

collectors (CCs), flow channels (FCs), gas diffusion layers (GDLs), catalyst layers (CLs) and 

membrane. The corresponding geometric parameters and operating conditions are shown in Table 1. 

Dry hydrogen and air are fed into the FCs with co-flow arrangement. The operating temperature is 443 

K and operating pressure is 1.0 atm. The stoichiometric ratios of 1.0, 2.0 and 3.0 are used in this study. 

 

2.1 Governing equations 

The governing equations and corresponding source terms are given in Table 2 and Table 3, 

respectively. The following assumptions are used in the present mathematical model. The fluid flow is 

single phase and laminar flow. Ideal gas mixture is applied. The electrodes are isotropic and 

homogeneous. And the contact resistance is neglected. The detailed descriptions of parameters can be 

found in our previous studies [17-18]. 

 

 

Table 2. Governing equations of the mathematical model. 

 

Species conservation equation: ∇ ⋅ (𝜌�⃗� ) = 𝑆𝑚𝑎𝑠𝑠  

momentum conservation equation: ∇ ⋅ (𝜌�⃗� �⃗� ) = ∇ ∙ (𝜇∇�⃗� ) − ∇𝑃 + 𝑆𝑚𝑜𝑚 

Species conservation equation: ∇ ⋅ (𝜌�⃗� 𝑌𝑖) = ∇ ∙ (𝜌𝐷𝑒𝑓𝑓,𝑖∇𝑌𝑖) + 𝑆𝑖 

Energy conservation equation: ∇ ⋅ (𝜌𝑐𝑝�⃗� 𝑇) = ∇ ∙ (𝑘𝑒𝑓𝑓∇T) + 𝑆𝑇 

Charge conservation equation: 
∇ ⋅ (𝜎𝑒𝑓𝑓,𝑠∇𝜙𝑠) + 𝑆𝑠 = 0 

∇ ⋅ (𝜎𝑒𝑓𝑓,𝑚∇𝜙𝑚) + 𝑆𝑚 = 0 

 

2.2 Numerical implementation and boundary conditions 

 

 

Table 3. Source terms of the governing equations. 

 

Description Units 

𝑆𝑚𝑎𝑠𝑠 = 𝑆𝐻2
 (Anode CL) 

𝑆𝑚𝑎𝑠𝑠 = 𝑆𝑂2
 (Cathode CL) 

𝑆𝑚𝑎𝑠𝑠 = 𝑆𝐻2𝑂 (Cathode CL) 

kg m-3 s-1 

𝑆𝑚𝑜𝑚 = −
𝜇

𝐾
�⃗�   (Anode/Cathode GDL and CL) kg m-2 s-2 

𝑆𝐻2
 = −

𝑗𝑎

2𝐹
𝑀𝐻2

 (Anode CL) kg m-3 s-1 

𝑆𝑂2
 = −

𝑗𝑐

4𝐹
𝑀𝑂2

 (Cathode CL) kg m-3 s-1 

𝑆𝐻2𝑂  =
𝑗𝑐

2𝐹
𝑀𝐻2𝑂 (Cathode CL) kg m-3 s-1 
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𝑆𝑇  = 𝑗𝑎|𝜂𝑎| + 𝜎𝑒𝑓𝑓,𝑚‖∇ϕ𝑚‖2 + 𝜎𝑒𝑓𝑓,𝑠‖∇ϕ𝑠‖
2 (Anode CL) 

𝑆𝑇  = 𝑗𝑐|𝜂𝑐| − 𝑗𝑐
𝑑𝑈0

𝑑𝑇
𝑇 + 𝜎𝑒𝑓𝑓,𝑚‖∇ϕ𝑚‖2 + 𝜎𝑒𝑓𝑓,𝑠‖∇ϕ𝑠‖

2 (Cathode CL) 

𝑆𝑇  = 𝜎𝑒𝑓𝑓,𝑚‖∇ϕ𝑚‖2 (Membrane) 

𝑆𝑇  = 𝜎𝑒𝑓𝑓,𝑠‖∇ϕ𝑠‖
2 (Anode/Cathode GDL) 

W m-3 

𝑆𝑠  = −𝑗𝑎 (Anode CL) 

𝑆𝑠  = +𝑗𝑐 (Cathode CL) 

A m-3 

𝑆𝑚  = +𝑗𝑎 (Anode CL) 

𝑆𝑚  = −𝑗𝑐 (Cathode CL) 

A m-3 

 

The fuel cell model is implemented by using the ANSYS FLUENT. The SIMPLE algorithm is 

adopted for the coupling of pressure and velocity fields. The second order upwind discretization 

scheme is used for the governing equations to ensure the calculation accuracy. The mass flow rate of 

hydrogen/air, operating temperature, and mass fraction are prescribed at the inlet of anode/cathode 

FCs. The mass flow rate is calculated at a reference current density of 1.0 A/cm2. A pressure-outlet 

condition is assigned at the outlet of FCs. At the anode and cathode terminals, temperature and electric 

potential are specified. When a cell voltage is given, the corresponding current density can be obtained 

after the numerical computation. 

 

 

3. RESULTS AND DISCUSSION 

 

  
 

Figure 2. Effect of stoichiometric ratio on cell performance. 
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Numerical simulations have already been extensively used to improve the understanding of 

HT-PEMFCs [21]. A three-dimensional model can accurately predict the transport processes inside 

fuel cells compared to one-dimensional and two-dimensional models [22]. The transport processes are 

related to the temperature distributions, so the energy equation must be included in the mathematical 

model. A three-dimensional and non-isothermal mathematical model including the mass, momentum, 

species, energy and charge equations is developed and then employed to examine the effect of 

stoichiometric ratio on cell performance and fuel utilization. The stoichiometric ratios of 1.0, 2.0 and 

3.0 are used in this study. The effect of stoichiometric ratio on performance of fuel cells is shown in 

Figure. 2. It is clear that performance is greatly enhanced as the at the stoichiometric ratio changes 

from 1.0 to 2.0, especially at low cell voltages. But the cell performance is only slightly enhanced 

when the stoichiometric ratio ranges from 2.0 to 3.0. And the cell performance is not affected by the 

stoichiometric ratio at high cell voltages. This indicates that the cell performance can not be 

continually increased by increasing the stoichiometric ratio. At cell voltage 0.3 V, the current densities 

of three cases are 0.831 A/cm2, 0.899 A/cm2 and 0.913 A/cm2, respectively. And the corresponding 

power densities are 0.249 W/cm2, 0.269 W/cm2 and 0.274 W/cm2, respectively. 

 

 
 

Figure 3. Effect of stoichiometric ratio on fuel utilization. 

 

 

The mass flow rate prescribed at the inlet of FCs is calculated at a reference current density of 

1.0 A/cm2. The effect of stoichiometric ratio on fuel utilization of fuel cells is shown in Figure. 3. It 

can be observed that the fuel utilization is increased when the cell voltage is decreased. At the same 

cell voltage, the fuel utilization is decreased with increasing stoichiometric ratio. At the cell 0.3V, the 

fuel utilization ratios of three cases are 0.83, 0.45 and 0.3, respectively. This indicates that the 
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consumption amount of fuel can not be greatly increased when the stoichiometric ratio keeps 

increasing. This is consistent with the results shown in Figure 2.  

 

 

 

 

 
 

Figure 4. Effect of stoichiometric ratio on temperature distribution at cell voltage 0.3 V. 

 

 

 

 

 

 

 
 

 

Figure 5. Effect of stoichiometric ratio on oxygen mass fraction distribution at cell voltage 0.3 V. 

 

The effect of stoichiometric ratio on local transport characteristics is investigated in the 

following sections. The effect of stoichiometric ratio on temperature distribution of the cathode CL and 

membrane interface at cell voltage 0.3 V is presented in Figure 4. The temperature becomes small 

along the flow direction for the case with the stoichiometric ratio of 1.0. This is attributed to 

insufficient supply of reactants from the FCs. And the amount of generated heat becomes small. When 

the stoichiometric ratio is increased to 2.0, the supply of reactants is sufficient for the electrochemical 

reactions. The temperature is just slightly changed along the flow direction. The similar temperature 

distribution is also observed in the case with the stoichiometric ratio of 3.0. As shown in Figures 5-6, 

the effect of stoichiometric ratio on oxygen and water mass fraction distribution of the GDL and CL 

K 

ξ=1.0 

ξ=2.0 

ξ=3.0 

ξ=1.0 

ξ=2.0 

ξ=3.0 
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interface at cell voltage 0.3 V is presented. The oxygen mass fraction is gradually decreased and water 

mass fraction is gradually increased along the flow direction due to the consumption of oxygen and 

production of water. A relative low oxygen mass fraction and high water mass fraction distributions 

are observed at the downstream of fuel cell due to a small stoichiometric ratio. 

 

 

 
 

Figure 6. Effect of stoichiometric ratio on water mass fraction distribution at cell voltage 0.3 V. 

 

 

  
 

Figure 7. Local current density of the fuel cell with the stoichiometric ratio of 1.0 at cell voltage 0.3 V. 

ξ=1.0 

ξ=2.0 

ξ=3.0 
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Figure 8. Local current density of the fuel cell with the stoichiometric ratio of 2.0 at cell voltage 0.3 V. 

 

 

 
 

Figure 9. Local current density of the fuel cell with the stoichiometric ratio of 3.0 at cell voltage 0.3 V. 

 

The effect of stoichiometric ratio on local current density distribution of fuel cell at cell voltage 

0.3 V is shown in Figures 7-9. It is clearly seen that the local current density is strongly affected by the 
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stoichiometric ratio. Line-1 is the position of y=0.0001 m, and line-2 is the position of y=0 m. For the 

case with the stoichiometric ratio of 1.0, the current density at the position of line-2 is sharply 

decreased from the middle of fuel cell. And the current density at the position of line-1 is gradually 

decreased along the flow direction. For the case with the stoichiometric ratio of 2.0, the reduction of 

current density at the position of line-2 is larger than that at the position of line-1. For the case with the 

stoichiometric ratio of 3.0, the reduction of current density at the position of line-2 is almost the same 

as that at the position of line-1. These can be attributed to the distributions of reactants caused by the 

different stoichiometric ratios. 

 

 

4. CONCLUSIONS 

A three-dimensional, non-isothermal model was used to study the effect of stoichiometric ratio 

on fuel utilization of high temperature proton exchange membrane fuel cells. The fuel utilization is 

increased when the cell voltage is decreased. At the same cell voltage, the fuel utilization is decreased 

with increasing stoichiometric ratio. The cell performance is greatly improved as the at the 

stoichiometric ratio changes from 1.0 to 2.0, especially at low cell voltages. But the cell performance is 

only slightly enhanced when the stoichiometric ratio ranges from 2.0 to 3.0. In addition, the 

distributions of temperature, oxygen mass fraction, water mass fraction and local current density are 

also strongly affected by the stoichiometric ratio. These result from the amount of reactants supplied 

into fuel cells. The results improve the understanding on fuel utilization and performance of high 

temperature proton exchange membrane fuel cells with different stoichiometric ratios. 
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