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Abstract 

The thermal management of a proton exchange membrane fuel cell (PEMFC) is crucial 

for fuel cell vehicles. This paper presents a new simulation model for the water-cooled 

PEMFC stacks for automotive vehicles and cooling systems. The cooling system model 

considers both the cooling of the stack and cooling of the compressed air through the 

intercooler. Theoretical analysis was carried out to calculate the heat dissipation requirements 

for the cooling system. The case study results show that more than 99.0% of heat dissipation 

requirement is for thermal management of the PEMFC stack; more than 98.5% of cooling 

water will be distributed to the stack cooling loop. It is also demonstrated that controlling 

cooling water flow rate and stack inlet cooling water temperature could effectively satisfy 

thermal management constraints. These thermal management constraints are differences in 

stack inlet and outlet cooling water temperature, stack temperature, fan power consumption, 

and pump power consumption.  

Keywords: Automotive vehicle; Proton exchange membrane fuel cell; Cooling system; 

Thermal management 

  



 

 

 

 

1 Introduction 

A fuel cell converts chemical energy into electrical energy. The proton exchange 

membrane fuel cell (PEMFC), which uses hydrogen as fuel, has advantages such as low 

operating temperature, high energy conversion efficiency, and swift start-ups. At a low 

operating temperature, the PEMFC generates enough power (30-150kW) for the transport 

applications, such as vehicles, aerospace, mobile communications, railways locomotive, etc 

[1]. PEMFC can be the solution for low-emission vehicles in the future.  

Despite higher efficiency than internal combustion engines, heat rejection from fuel cells 

remains challenging due to required lower operating temperatures. Meanwhile, heat 

dissipation through exhaust heat flow in typical vehicles is significantly reduced in the 

PEMFC vehicles. More than 95% of the waste heat is generated needs to be carried away by 

the refrigerant to maintain the fuel cell operating temperature. Temperature changes in 

PEMFC stacks are considerably higher during load variations, it is found to have a negative 

impact as they cause thermal stresses and stack material degradation. The PEMFC internal 

thermal balance plays a key role in efficiency optimization, fuel cell life span, and operational 

safety issues. Stack thermal management and control are, thus, crucial issues for the PEMFC 

vehicles [2,3]. 

Some research focus on investigating the single fuel cell of PEMFC, the thermal and 

water transport within and adjacent to the membrane-electrode assembly (MEA). Edwards 

and Demuren [4] used the CFD approach to develop an MEA model, incorporating water 

absorption/desorption resistances. Pourrahmani et al. [5] performed case studies to investigate 

the size effects of microporous layer (MPL) on convective heat transfer enhancement, the 

MPL is located in between the gas diffusion layer (GDL) and catalyst layer (CL). Sim et al. [6] 

studied the effect of ratio variation in the substrate and MPL on the performance of the fuel 

cell. Few researchers studied impacting factors on the performance of the PEMFC. Chugh et 

al. [7] developed a model for simulating the effects of operating variables such as temperature, 

pressure, and stoichiometry ratio on the PEMFC performance, the model had been validated 

against experimental results. Wang et al. [8] studied the effects of operating conditions on the 

PEMFC performance with anode recirculation. Mortada et al. [9] discussed the impact of the 

reactant flow nonuniformity on the performance. Some developed the thermal or water 

management modeling of the PEMFC stack. Zhao et al. [10] proposed a semi-empirical 

thermal management model for water-cooled PEMFC stacks, which they validated with 

experimental data of three different working conditions. Zhang et al. [11] predicted a PEMFC 

engine thermal management system performance using 1D and 3D integrating numerical 

simulation. Wang et al. [12] developed a data-driven model for simulating the PEMFC 

performance. This model demonstrated a comparable accuracy to the comprehensive 3D 



 

 

 

 

physical model. Liso et al. [13] developed a model for a polymer electrolyte membrane's 

water mass balance in a PEMFC stack. Ou et al. [14] developed a multiple-input 

multiple-output fuzzy controller for controlling the humidity and temperature of the fuel cell. 

Zhang et al. [15] shows the pre-heating of the anode hydrogen is necessary for improving the 

durability of the PEMFC. Chen et al. [16] proposed an aging prognosis model which can 

predict the aging state of PEMFC, a water-cooling system controls the stack temperature. Sun 

et al. [17] researched the matching design method of a fuel cell's waste heat recovery system. 

Baroutaji et al. [18] discussed potential pathways for waste heat recovery of PEMFC.  

Some worked on innovative cooling flow field design or cooling method to benefit the 

thermal or water management of the PEMFC stack. Ramezanizadeh et al. [19] carried out a 

comprehensive review of the fuel cells' cooling approaches. Ashrafi and Shams [20] modeled 

numerically the two-phase flow in the serpentine flow field, the best orientation with the 

lowest parasitic power is found. Ghasemi et al. [21] studied the effectiveness of applying six 

different cooling flow fields by simulation and shows typical serpentine has better 

performance than other models. Some researchers focus on novel cooling refrigerants 

implemented for the thermal management system [22,23]. Chen et al. [24] demonstrated that 

utilizing microencapsulated phase change suspension in a PEMFC reduces the required 

weight and volume of coolant and pump power consumption. Fly and Thring [25] made a 

comparison of evaporative and liquid cooling methods for fuel cell vehicles. Choi et al. [26] 

suggested that the two-phase HFE-7100 cooling method has an advantage in temperature 

maintenance and temperature uniformity over the single-phase water-cooling method. Bargal 

et al. [27] experimented with various nanofluids for thermal management of PEMFC stack. 

There are research works which developed control strategies for thermal management and 

kept fuel cell in optimal operating conditions. Han et al. [28] investigated different control 

algorithms to maintain PEMFC stack temperatures for the vehicle. The radiator fan and three 

valves are operated to maintain the coolant inlet temperature. It is found that the model 

reference adaptive control, compared to the nominal feedback controller, is effective to 

address uncertainties and robust control due to the high inherent nonlinearity in the cooling 

systems. Han and Yu [29] investigated three driving conditions considering ram air 

compensation to evaluate the cooling system operating trajectory. While the vehicle is running, 

the external ram air entering the vehicle's frontal area helps to cool down the temperature of 

the fuel cell. This cooling air flow is the ram air and is critically important for the thermal 

management when the vehicle is operating. Xu et al. [30] developed a vehicle integrated 

thermal management system to control all components' temperatures within the required 

range. Yang et al. [31] developed a control-oriented model for a fuel cell thermal management 

system. 



 

 

 

 

Research focuses on thermal and water management for the whole vehicle, such as 

forklift truck, bus, train or underwater vehicles. Hosseinzadeh et al. [32] developed a thermal 

and water management model of low-temperature PEMFC in forklift truck power systems. It 

suggests the humidifying of inlet air is quite important. Liso et al. [33] presented a 

control-oriented dynamic model of a liquid-cooled PEMFC for the forklift application. It 

studies temperature variations over fast load changes. The developed model approach can 

assist designers in choosing the required coolant mass flow rate and radiator size to minimize 

the stack temperature gradients. Cheng et al [34] proposed a model-based temperature 

regulation for controlling the thermal system of the PEMFC stack on a city bus. Cheng et al 

[35] also focused on the warm-up strategy on the city buses. A longer warm-up time and a 

higher environment temperature help improve efficiency. Jiang et al. [36] design a thermal 

management system for a fuel cell bus in a low-temperature environment. Peng et al. [37] 

suggested an offline optimal energy management strategy for a fuel cell hybrid train. Han et al. 

[38] developed a control strategy for the thermal management of the fuel cell system of a 

underwater vessel. 

Improper temperature regulation could impact the durability of the PEMFC, some 

researchers investigated the impact of aging on fuel cell vehicle performance [39-43]. Oh et al. 

[44] proposed real-time fault detection and diagnosis method for the fuel cell. Yan et al. [45] 

developed a model-based fault-tolerant control for the system. Zhao et al. [46] proposed using 

a heat pump system to harvest the waste heat generated in a fuel cell vehicle. Lohse-Busch et 

al. [47] presented experimental data for the 2016 Toyota Mirai Fuel cell (FC) vehicle. The 

system efficiency, FC stack losses, FC system losses, etc were measured. Mayyas et al. [48] 

developed a 3D thermal model and control strategy for the 1.2kW PEMFC stack of the 

automotive powertrain. The thermoelectric module was integrated with the FC model. 

In this paper, we developed a simulation model for the PEMFC stacks (30kW) for 

automotive vehicles and their cooling system. The model includes simulations and 

integrations of fuel cell stacks, intercooler, radiator, humidifier, fan, and water pump. The 

cooling system model considers the cooling of the stack and cooling of the compressed 

cathode intake air through the intercooler. By simulations, we calculated the heat dissipation 

requirements and heat dissipation (cooling system) capacity of the vehicle and the flow 

distribution of the stack cooling circuit and the intercooler cooling circuit. We also studied the 

dynamic characteristics of the heat dissipation capability of the heat dissipation system. 

Analyze the impact of variations of water flow rate and stack inlet cooling water temperature 

on the cooling system performance.  

2 System description 

Fig. 1 presents the schematic of the PEMFC systems on automotive vehicles. The system 



 

 

 

 

is composed of a PEMFC stack, hydrogen tank, air compressor, intercooler, humidifier, and 

cooling system (water pump and radiator). Air is first compressed in the compressor; extreme 

high-temperature air will be cooled by the cooling water passing through the intercooler, 

humidified, then enter the cathode of the PEMFC stack. PEMFC stack-generated heat will 

also be taken away by cooling water. The stack operating temperature and cathode intake air 

temperature are regulated by controlling the stack inlet cooling water temperature and cooling 

water flow rate. The water pump distributes the low-temperature cooling water flows into the 

fuel cell stack and the intercooler through the three-way valve to remove the extra heat. The 

mixer mixed the high-temperature outlet cooling water exiting the intercooler and the PEMFC 

stack and flows through the radiator to exchange heat with the environment air. Then 

low-temperature radiator outlet cooling water will be distributed to the cooling loop again. 

 

Figure 1: Schematic diagram of the whole system – PEMFC for automotive vehicles 

3 System model and validation 

 It is critical to ensure the safe and stable operation of the PEMFC stack under different 

working conditions. We developed a simulation model to investigate whether it is sufficient to 

meet the heat dissipation requirements of the compressed cathode intake air and the PEMFC 

stack by controlling the cooling water flow rate and stack inlet cooling water temperature. 

Meanwhile, the PEMFC stack shall be operated at the optimal condition: (1) The single fuel 

cell operating voltage is typically set in the range of 0.60 ~ 0.75V when the energy conversion 

efficiency of the stack is within 50 % ~ 60 %. (2) Peak stack operating temperature shall be 

no higher than 363K, which otherwise results in Nafion conductivity loss and fuel cell 

performance degradation [49]. (3) Homogenization of stack temperatures distributions; it is 

preferred that the temperature difference of the stack inlet and outlet cooling water 

temperature is less than 10K, preferably less than 5K [7,50]. 



 

 

 

 

3.1 PEMFC stack model 

The fuel cell stack is a core component of the PEMFC vehicle. It uses hydrogen as a fuel 

and oxygen as an oxidant, continuously outputs electrical energy through an electrochemical 

reaction. The output voltage of fuel cell can be obtained considering ohmic losses, 

concentration losses, and activation losses in the fuel cell stack, as shown in Equation (1): 

                   𝑉𝑐𝑒𝑙𝑙 = 𝑉𝑁𝑒𝑟𝑛𝑠𝑡 − 𝑉𝑎𝑐𝑡 − 𝑉𝑜ℎ𝑚 − 𝑉𝑐𝑜𝑛               (1) 

Where, 𝑉𝑐𝑒𝑙𝑙 is the fuel cell voltage (V). 𝑉𝑁𝑒𝑟𝑛𝑠𝑡 is the Nernst open-circuit voltage (V) 

can be expressed as a function of fuel cell operating temperature, partial pressures of 

hydrogen and oxygen in the fuel cell, as presented in Equation (2). 𝑉𝑎𝑐𝑡 is the activation 

voltage loss (V), which is the overpotential generated by the activation energy needed for 

overcoming the electrochemical reaction on the catalytic surface, as presented in Equation (3). 

𝑉𝑜ℎ𝑚 is the ohmic voltage loss (V) due to the impedance of transmission of electrons in the 

electrolyte and of the electrons in the conductive element, as presented in Equation (4). 𝑉𝑐𝑜𝑛 

is concentration loss (V), which is caused by a decrease in the concentration of the reactants 

in the electrochemical reaction, as presented in Equation (5). Empirical parameters in the 

modeling Equations (2) - (5) are for the fuel cell utilizing Nafion-212 membrane. The 

equations results have been validated using experimental results at or lower than 80°C 

operating temperature; more details of the validation will be described in section 3.6. The 

Nernst open-circuit voltage 𝑉𝑁𝑒𝑟𝑛𝑠𝑡 can be expressed in Equation (2) [51] as: 

𝑉𝑁𝑒𝑟𝑛𝑠𝑡 = 1.229 − 8.5 × 10−4(𝑇𝑠𝑡  − 298.15) + 4.308 × 10−5𝑇𝑠𝑡  (𝑙𝑛𝑝𝐻2 + 0.5𝑙𝑛𝑝𝑂2) (2) 

Where 𝑇𝑠𝑡 is the PEMFC stack operating temperature (K); 𝑝𝐻2 and 𝑝𝑂2 are the partial 

pressures of hydrogen and oxygen (atm) in the fuel cell, respectively; 𝑝𝐻2 and 𝑝𝑂2 can be 

calculated as a function of 𝑇𝑠𝑡, cell current density 𝐼𝑐𝑒𝑙𝑙/𝐴 etc using equations presented in 

[51]. 𝐴 is the active cell area (cm2). 𝑉𝑎𝑐𝑡 can be expressed in Equation (3) [52] as: 

                𝑉𝑎𝑐𝑡 = −(𝜉1 + 𝜉2𝑇𝑠𝑡 + 𝜉3𝑇𝑠𝑡(𝑙𝑛𝑐𝑂2) + 𝜉4𝑇𝑠𝑡𝑙𝑛 𝐼𝑐𝑒𝑙𝑙)         (3) 

The activation voltage loss is related to stack temperature 𝑇𝑠𝑡 (K); concentration of the 

oxygen 𝑐𝑂2 (mol/cm3) and the current 𝐼𝑐𝑒𝑙𝑙 (A). The values for the empirical parameters are: 

𝜉1 = −0.948 , 𝜉2 = 0.00304 , 𝜉3 = 7.6 × 10−5  and 𝜉4 = −1.93 × 10−4 [52]. The 

concentration of the oxygen 𝑐𝑂2 is calculated as a function of stack temperature 𝑇𝑠𝑡 (K) and 

partial pressure of the oxygen 𝑝𝑂2 (atm) [53]. 𝑉𝑜ℎ𝑚can be expressed in Equation (4) [54] as: 

                              𝑉𝑜ℎ𝑚 = 𝐼𝑐𝑒𝑙𝑙 ∙
𝜌∙𝜏𝑚

𝐴
                           (4) 

Where 𝜌 is the membrane resistance (Ω·cm); 𝜏𝑚 is the thickness (cm) of the proton 

exchange membrane. The membrane resistance to proton conduction is the most dominant 

component [52, 54] for calculating the ohmic loss. Ohmic loss caused by electrode resistance 

and contacts resistance is not considered. The membrane resistance 𝜌, can be calculated as a 



 

 

 

 

function of 𝑇𝑠𝑡  (K), cell current density 𝐼𝑐𝑒𝑙𝑙/𝐴  and membrane humidity λ (-) using 

equations presented in [54]. The membrane humidity λ is a function of the relative humidity 

of the inlet gas [7].  𝑉𝑐𝑜𝑛 can be expressed in Equation (5) [55] as: 

                         𝑉𝑐𝑜𝑛𝑐 = 𝐵 ln(1 −
(𝐼𝑐𝑒𝑙𝑙/𝐴)

𝑗𝑚𝑎𝑥
)                 (5) 

Where 𝑗𝑚𝑎𝑥 is the maximum current density, 1.6A/cm2; the empirical parameter 𝐵 =

−0.016 [55]. The PEMFC stack heat generation can be expressed as in Equation (6): 

                   𝑞𝑠𝑡,ℎ𝑒𝑎𝑡 = 𝑁𝑐𝑒𝑙𝑙 ∙ (𝑉𝑁𝑒𝑟𝑛𝑠𝑡 − 𝑉𝑐𝑒𝑙𝑙) ∙ 𝐼𝑐𝑒𝑙𝑙               (6) 

Where, 𝑞𝑠𝑡,ℎ𝑒𝑎𝑡 is the PEMFC stack heat generation (W). 𝑁𝑐𝑒𝑙𝑙 is the number of fuel 

cells (-). 

3.2 Stack cooling model 

To simplify the model, we assume that the stack heat dissipation is entirely through the 

cooling system; other dissipation processes like exhaust gas or thermal radiation are ignored 

[34]. The PEMFC vehicle cooling system needs to be designed to meet the heat dissipation 

requirement for the PEMFC stack and the intercooler. The stack cooling model is developed 

to estimate the PEMFC stack's heat balance and estimate the fuel cell operating temperature. 

During various working conditions, the fuel cell operating temperature can be neither too low 

nor too high. Low stack operating temperature will result in a significant activation voltage 

loss in the stack and low power output. In contrast, high stack temperature will degrade the 

membrane and fuel cell performance. 

To ensure the stack operating temperature is at a preferable range, generated heat in the 

fuel cell must be removed to cool the stack. There are mainly three methods of dissipating 

heat for the fuel cell vehicle: the heat taken away by the cooling water loop, the heat taken 

away by the exhaust gas generated in reaction, and the heat emitted by the fuel cell to the 

surrounding environment. Among these, the heat dissipated from the cooling water loop is 

dominant. Therefore, in the stack cooling model, it is assumed that the circulating water 

removes all the heat generated. Based on energy balance, the change of the stack temperature 

𝑇𝑠𝑡 (K) is determined by the heat generation 𝑞𝑠𝑡,ℎ𝑒𝑎𝑡  and heat dissipation of the fuel cell 

through the cooling water loop as shown in Equation (7): 

   𝐶𝑝,𝑠𝑡𝑚𝑠𝑡
𝑑𝑇𝑠𝑡

𝑑𝑡
= 𝑞𝑠𝑡,ℎ𝑒𝑎𝑡 − 𝐶𝑝,𝑤𝑎𝑡𝑒𝑟,𝑠𝑡�̇�𝑤𝑎𝑡𝑒𝑟,𝑠𝑡(𝑇𝑤𝑎𝑡𝑒𝑟,𝑜𝑢𝑡,𝑠𝑡 − 𝑇𝑤𝑎𝑡𝑒𝑟,𝑖𝑛,𝑠𝑡)  (7) 

Where, Cp,stmst is the thermal mass of the fuel cell stack (J/K).𝐶𝑝,𝑤𝑎𝑡𝑒𝑟,𝑠𝑡 is the specific 

heat capacity of the cooling water (J/(kg·K)). ṁwater,st is the mass flow rate of the stack 

cooling water (kg/s); Twater,in,st and Twater,out,st are the stack inlet and stack outlet cooling 

water temperatures, respectively (K). 

3.3 Air compressor model 



 

 

 

 

Before entering the fuel cell cathode, the air needs to go through the air compressor to be 

compressed; the air temperature rises rapidly up to about 150 ℃. Hot air directly enters the 

stack will cause a decline in stack performance or even cause damage to the proton exchange 

membrane. The circulating cooling water passing through the intercooler will cool the 

high-pressure and high-temperature compressed air to the fuel cell operating temperature. The 

required air mass flow (kg/s) is �̇�𝑎𝑖𝑟,𝑐𝑜𝑚𝑝 = 3.57 × 10−7𝜆𝑐𝐼𝑐𝑒𝑙𝑙𝑁𝑐𝑒𝑙𝑙. 𝜆𝑐 is the stoichiometry 

ratio of the air (-). The temperature after the air passes through the compressor 𝑇𝑎𝑖𝑟,𝑜𝑢𝑡,𝑐𝑜𝑚𝑝 

(K) is as shown in Equation (8): 

     𝑇𝑎𝑖𝑟,𝑜𝑢𝑡,𝑐𝑜𝑚𝑝 = 𝑇𝑎𝑖𝑟,𝑖𝑛,𝑐𝑜𝑚𝑝 +
𝑇𝑎𝑖𝑟,𝑖𝑛,𝑐𝑜𝑚𝑝

𝜂𝑐
[(

𝑝𝑎𝑖𝑟,𝑜𝑢𝑡,𝑐𝑜𝑚𝑝

𝑝𝑎𝑖𝑟,𝑖𝑛,𝑐𝑜𝑚𝑝
)

𝛾𝑎𝑖𝑟−1

𝛾𝑎𝑖𝑟 − 1)]      (8) 

Where, 𝑇𝑎𝑖𝑟,𝑖𝑛,𝑐𝑜𝑚𝑝 is the air inlet temperature (ambient temperature 𝑇atm, K). 𝛾𝑎𝑖𝑟 is the 

adiabatic exponent, it is 1.4(-). 𝜂𝑐  is the compressor efficiency (-). 𝑝𝑎𝑖𝑟,𝑖𝑛,𝑐𝑜𝑚𝑝  and 

𝑝𝑎𝑖𝑟,𝑜𝑢𝑡,𝑐𝑜𝑚𝑝 are the inlet and outlet pressure (atm).  

3.4 Intercooler cooling model and radiator model 

The intercooler is used to cool the high-temperature and high-pressure compressor outlet 

air before it enters the cathode of the fuel cell stack. The intercooler (heat exchanger) is 

modeled using the Number of Transfer Unit (NTU) method. This method can calculate the 

maximum heat exchange between hot fluids (compressed air) and cold fluids (intercooler 

cooling water). The heat transfer rate of the intercooler heat exchanger 𝑞𝑖𝑛𝑡𝑒𝑟𝑐𝑜𝑜𝑙𝑒𝑟,ℎ𝑒𝑎𝑡 (W) 

between the hot compressed air and cold intercooler cooling water can be calculated as 

Equation (9): 

                  𝑞𝑖𝑛𝑡𝑒𝑟𝑐𝑜𝑜𝑙𝑒𝑟,ℎ𝑒𝑎𝑡 = 𝜀𝐶𝑚𝑖𝑛(𝑇ℎ𝑖 − 𝑇𝑐𝑖)                (9) 

Where, 𝜀  is effectiveness, the ratio between the actual heat transfer rate and the 

maximum possible heat transfer rate (-). 𝐶𝑚𝑖𝑛  is the smaller one of �̇�𝑎𝑖𝑟𝑐𝑝,𝑎𝑖𝑟  and 

�̇�𝑤𝑎𝑡𝑒𝑟,𝑖𝑛𝑡𝑒𝑟𝑐𝑝,𝑤𝑎𝑡𝑒𝑟 (W/K). 𝑇ℎ𝑖 is the inlet temperature of the hot fluid exiting from the 

compressor, which equals to 𝑇𝑎𝑖𝑟,𝑜𝑢𝑡,𝑐𝑜𝑚𝑝  (K) in Equation (8). 𝑇𝑐𝑖  is the inlet fluid 

temperature of cold fluid - intercooler cooling water (K). In the counterflow NTU heat 

exchanger, the effectiveness is calculated as 𝜀 = (
1−𝑒𝑥𝑝(−𝑁𝑇𝑈(1+𝐶))

1+𝐶
). 𝑁𝑇𝑈 =

𝑈𝐴𝑖𝑛𝑡𝑒𝑟𝑐𝑜𝑜𝑙𝑒𝑟

�̇�𝑚𝑖𝑛
 

and 𝐶 =
𝐶𝑚𝑖𝑛

𝐶𝑚𝑎𝑥
. U is the overall heat transfer coefficient (W/m2·K). 𝐴𝑖𝑛𝑡𝑒𝑟𝑐𝑜𝑜𝑙𝑒𝑟 is the heat 

transfer area of the intercooler (m2). The radiator (heat exchanger) is also simulated using the 

NTU method. 

3.5 Three-way valve and mixer model 

The valve distributes part of the cooling water to the intercooler to cool the compressed 



 

 

 

 

high-temperature air before it enters the fuel cell cathode; it circulates the rest of the cooling 

water to cool the PEMFC stack. The position of the valve determines the flow distribution. 

�̇�𝑤𝑎𝑡𝑒𝑟,𝑠𝑡 = 𝑝𝑜𝑠 · �̇�𝑤𝑎𝑡𝑒𝑟,𝑡𝑜𝑡𝑎𝑙  and �̇�𝑤𝑎𝑡𝑒𝑟,𝑖𝑛𝑡𝑒𝑟 = (1 − 𝑝𝑜𝑠) · �̇�𝑤𝑎𝑡𝑒𝑟,𝑡𝑜𝑡𝑎𝑙 . �̇�𝑤𝑎𝑡𝑒𝑟,𝑡𝑜𝑡𝑎𝑙  is 

the total cooling water flow rate (kg/s). When the position of the valve 𝑝𝑜𝑠  is 1, all 

circulating cooling water is distributed to cool the stack. When the position 𝑝𝑜𝑠 is 0, all 

circulating cooling water is distributed to the intercooler. The process of cooling water 

flowing through the valve is considered adiabatic. 

The intercooler outlet cooling water and stack outlet cooling water are mixed at the mixer. 

The outlet mixer water temperature 𝑇𝑤𝑎𝑡𝑒𝑟,𝑜𝑢𝑡,𝑚𝑖𝑥 (K) in the cooling loop can be calculated 

based on energy balance as 𝑇𝑤𝑎𝑡𝑒𝑟,𝑜𝑢𝑡,𝑚𝑖𝑥 =
�̇�𝑤𝑎𝑡𝑒𝑟,𝑠𝑡𝑇𝑤𝑎𝑡𝑒𝑟,𝑜𝑢𝑡,𝑠𝑡+�̇�𝑤𝑎𝑡𝑒𝑟,𝑖𝑛𝑡𝑒𝑟𝑇𝑤𝑎𝑡𝑒𝑟,𝑜𝑢𝑡,𝑖𝑛𝑡𝑒𝑟

�̇�𝑤𝑎𝑡𝑒𝑟,𝑠𝑡+�̇�𝑤𝑎𝑡𝑒𝑟,𝑖𝑛𝑡𝑒𝑟
.  

3.6 PEMFC model validation 

Fig. 2 shows the single PEMFC fuel cell output voltage and heat generations at different 

operating temperatures 323K, 353K. The PEMFC employs the Nafion-212 membranes. As 

shown in Figure 2, when the fuel cell operates at different temperatures, the polarization 

curves are similar. When the current density increases to 1.2 A/cm2, the single fuel cell 

voltage drops from about 1.0V to 0.4V; the heat generation increase quickly to about 50 W. 

When the PEMFC operating temperature increases from 323K to 353K, the same output 

current density will lead to the higher output voltage and lower fuel cell heat generation, 

which is preferred. The simulation results are compared to the experimental results [7]. At the 

operating temperature of 323K and 353K, the simulation results match the experimental 

results quite well, with a slight difference. The input parameters for the PEMFC model are 

listed in Table 1. 

Table 1: Parameters of a single fuel cell for the experimental validation [7] 

Parameter Value Units 

Number of fuel cells 𝑁𝑐𝑒𝑙𝑙  30 N/A 

Operating temperature 𝑇𝑠𝑡 323, 353 K 

Anode inlet gas pressure 𝑃𝑎   1.0 atm 

Cathode inlet gas pressure 𝑃𝑐 1.0 atm 

Current density 𝐼𝑐𝑒𝑙𝑙/𝐴  0-1.2 A/cm2 

Active area A  50 cm2 

Membrane thickness 𝜏𝑚 0.00508 cm 



 

 

 

 

 

Figure 2: PEMFC output characteristic curve compared to experimental results [7] 

4 System performance 

Section 3 described a system model for estimating the performance of the PEMFC stack 

(for automotive vehicles) during various operating conditions. The model includes 

simulations and integrations of the PEMFC stack, stack cooling, air compressor, intercooler 

cooling, three-way valve, mixer, and radiator. The model calculates the fuel cell stack voltage, 

stack heat generation, it reveals the working mechanism of the fuel cell stack.  

The PEMFC stack employs the Nafion-212 membranes. The performance of a single fuel 

cell has been validated against the experimental results using model parameters presented in 

Table 1 and equations shown in section 3.1. For applying fuel cell stack in the automotive 

vehicles, some parameters in Table 1, such as operating pressure, active area, etc., are 

re-adjusted. All stack model parameters used for the system performance evaluation are 

presented in Table 2. Based on the standard provided by the U.S. Department of Energy 

standard [49], the maximum operating temperature is set to be 90°C (363K). The parameters 

for the air compressor, intercooler, radiator, fan, and pump are presented in Table 3. Electric 

micro turbo (EMTC-150K) 5kW air compressor from Fischer Spindle has been chosen for the 

system simulation [56]. An electric fan and a water pump with an electric motor are used [57, 

58].  

 

 

 



 

 

 

 

Table 2: Parameters of the stack model used for the system performance evaluation 

Parameter Value Units 

Number of fuel cells 𝑁𝑐𝑒𝑙𝑙 220 [1,35] N/A 

Stack maximum power 𝑃𝑠𝑡𝑎,𝑚𝑎𝑥  30 [1] kW 

   Operating temperature 𝑇𝑠𝑡  320-360 [49]  K 

Anode inlet gas pressure 𝑃𝑎  1.0 atm 

Cathode inlet gas pressure 𝑃c 1.6 [59] atm 

Anode stoichiometry 𝜆a 2.0 [7] N/A 

Cathode stoichiometry 𝜆c 2.0 [7] N/A 

Atmospheric temperature 𝑇atm 298 K 

Intake air temperature 348 K 

Current density 𝐼𝑐𝑒𝑙𝑙/𝐴 0-1.2 [7] A/cm2 

Active area A 260 [35] cm2 

 

Table 3: Parameters of the air compressor, intercooler, radiator, fan, and pump 

Parameter Value Units 

  Compressor air inlet temperature 𝑇atm  298 K 

  Compressor efficiency 𝜂𝑐 0.75 [56] N/A 

  Compressor inlet air pressure 𝑝𝑎𝑖𝑟,𝑖𝑛,𝑐𝑜𝑚𝑝 1.0 atm 

  Compressor inlet air pressure 𝑝𝑎𝑖𝑟,𝑜𝑢𝑡,𝑐𝑜𝑚𝑝 1.6 atm 

  Intercooler U value 50 W/(m2·K) 

  Radiator U value 120 [60] W/(m2·K) 

  Fan efficiency 0.8 N/A 

  Pump efficiency 0.6 [57] N/A 

 

4.1 PEMFC operation condition 

It is critical to ensure the safe and stable operation of the PEMFC stack under different 

working conditions. The single fuel cell operating voltage is usually set in the range of 0.60 ~ 

0.75V when the energy conversion efficiency of the stack is within 50 % ~ 60 %; Stack 

operating temperature is preferred to be higher for higher fuel cell output power. However, the 

peak stack operating temperature shall be no higher than 363K. To maintain the PEMFC at 

optimal operation condition, the heat taken away by the cooling system needs to be promptly 

adjusted according to the stack heat generation and air compressor cooling demand. The 

cooling water flow rate required for the stack heat dissipation and air compressor cooling has 

been calculated. 



 

 

 

 

4.2 Cooling system – intercooler and stack 

In Fig. 1, partial cooling water circulates through the intercooler to take away the heat 

generated and stored in the compressed air. The rest of the cooling water circulates through 

the PEMC stack to dissipate the stack-generated heat. Assuming the stack inlet cooling water 

temperature is 343K, the stack operating temperature is 353K. As shown in Fig. 3 (a), when 

the current density increases, the heat dissipations through the intercooler is negligible and 

barely changes; the heat dissipation through the stack significantly increases. The heat 

dissipation ratio through the intercooler compared to the heat dissipation through the stack 

decreases from 0.6% to 0.5%. The cooling of the PEMFC stack determines more than 99.0% 

of the heat dissipation requirement.  

Fig. 3 (b) presents the cooling water flow rate through the intercooler and through the 

stack. When the current density increases, the cooling water flow rate ratio through the 

intercooler compared to the one through the stack decreases from 1.2% to 0.9%. More than 

98.5% of the cooling water is distributed to the PEMFC stack cooling loop. To simplify the 

system model, we can neglect the cooling water distributed to the intercooler and the heat 

dissipation through the intercooler. 

 

(a) Heat dissipation 



 

 

 

 

 

(b) cooling water flow rate 

Figure 3: Heat dissipation and cooling water flow rate distribution (intercooler and stack) 

4.3 Stack inlet and outlet cooling water temperature 

Homogenization of temperature distributions is also required to ensure the safe and stable 

operation of the PEMFC stack under different working conditions. It is necessary that the 

temperature difference of the stack inlet and outlet cooling water temperature be less than 

10K, preferably less than 5K. Fuel cell output current density impacts the temperature 

differences of stack inlet and outlet cooling water, as shown and discussed below. We also 

investigate how the stack cooling water flow rate and inlet cooling water temperature impact 

the differences. 

4.3.1 Impact of stack cooling water flow rate 

Fig. 4 (a) and (b) show the impact of the stack cooling water flow rate on stack outlet 

cooling water temperature and on the temperature difference. When the cooling water cooling 

rate increases from 1kg/s to 2kg/s, the stack outlet cooling water temperature, and the 

temperature difference decreases. In Fig. 4(a), when the flow rate is 1kg/s, the stack outlet 

cooling water temperature sometimes is higher than 363K. The maximum stack outlet water 

temperature shall not exceed 363K; the PEMFC shall not be operated under this condition. 

When the flow rate is 2kg/s, the stack outlet temperature is always lower than 363K. In Fig. 

4(b), when the water flow rate is 2kg/s, the temperature difference is about 2K; when the 

water flow rate is 1kg/s, the temperature difference is about 4.5K. The difference between the 

stack inlet and outlet cooling water temperature is preferred to be less than 5K. 



 

 

 

 

 

(a) PEMFC stack inlet and outlet cooling water temperature 

 

(b) difference of stack inlet and outlet cooling water temperature 

Figure 4: Variations of cooling water flow rates (1kg/s and 2kg/s) impact on stack outlet 

cooling water temperature and temperature differences 

In Fig. 4 (b), at the time 500s, there is a spike in the temperature difference result. This 

spike is a transient response to the change of stack inlet cooling water temperature. Sudden 



 

 

 

 

change in the stack inlet cooling water temperature will lead to a spike in temperature 

difference, which is not preferred. The amplitude of the spike can be reduced by increasing 

the water flow rate. At a higher cooling water flow rate (2k/s), the response speed is also 

faster. When the flow rate is at 2kg/s, the response takes 48s before reaching a steady-state 

condition (within 0.1K); when the flow rate is at 1kg/s, the response time is 119s. For the 

system performance, a cooling water flow rate of 2kg/s is preferred, with advantages of a 

shorter response time, lower temperature difference, and better stability.  

4.3.2 Impact of output current 

Fig. 5 shows the impact of the output current (140A, 200A, and 260A) on the difference 

between stack inlet and outlet cooling water temperature. At the time of 0-500s, when the 

output current increases from 140A to 200A, the temperature difference increases from 2.8K 

to 4.2K. At the time 500s, the stack inlet water temperature is changed from 360K to 350K. 

The cooling system cannot quickly remove the heat generated in the stack; the temperature 

difference between the inlet and outlet cooling water appears to be significant. A sudden 

change in the stack inlet cooling water temperature causes a 10-14K spike in the results of 

temperature difference. This spike later decreases, and the temperature difference stabilizes. 

For the PEMFC stack applied for the automotive vehicles, the output current varies to adapt to 

the change of the car speed. It is less preferred to regulate the stack inlet cooling water 

temperature for meeting the increased heat dissipation requirement. Since it could lead to 

significant differences in the stack inlet and outlet cooling water temperature, this significant 

temperature difference could shorten the lifetime of the PEMFC stack. 

 

Figure 5: Variations of output current (60A, 100A, and 140A) impact on differences of 

stack inlet and outlet cooling water temperature 



 

 

 

 

4.3.3 Impact of stack inlet cooling water temperature 

Fig. 6 (a) and (b) present the impact of the stack inlet cooling water temperature on stack 

outlet cooling water temperature and the difference between stack inlet and outlet cooling 

water temperature. When the stack inlet cooling water temperature increases from 350K to 

360K, the outlet temperature increases, and the temperature difference decreases. In Fig. 6(a), 

when the stack inlet cooling water temperature is 360K, the stack outlet cooling water 

temperature is always higher than 363K. It is preferred to operate the stack at a stack inlet 

temperature of 350K. 

Fig. 6 (b) shows that when the stack inlet cooling water temperature is 350K, the 

temperature difference is more than 13K. If the cooling water flow rate increases from 0.5kg/s 

to 1.5kg/s, it can reduce the temperature difference to 5K. Continuous increasing the cooling 

water flow rate, its impact on the temperature difference results decreases. To meet the 

thermal management requirements, it is suggested first to regulate the cooling water flow rate.  

 

(a) PEMFC stack inlet and outlet cooling water temperature 



 

 

 

 

 

(b) difference of stack inlet and outlet cooling water temperature 

Figure 6: Variations of stack inlet cooling water temperature (360K and 350K) impact on 

stack outlet cooling water temperature and temperature differences  

4.4 Heat generation and dissipation of PEMFC stack 

Fig. 7 (a) and (b) presents the stack heat generation and heat dissipation at the different 

stack inlet cooling water temperatures. In Fig. 7 (a), at a higher stack inlet cooling water 

temperature of 360K, the heat generation in the PEMFC is smaller, the heat dissipation 

requirement is reduced. Higher stack inlet cooling water temperature causes less stack heat 

generation. Every 500s, there is a step-change in the input cooling water flow rate, the flow 

rates change from 0.5kg/s to 1.0kg/s, 1.5kg/s, 2.0kg/s and 2.5kg/s. When the cooling water 

flow rate changes from 0.5kg/s to 2.5kg/s, stack heat generation increases, stack efficiency 

decreases. For fewer heat generations, a lower cooling water flow rate is preferred. There is a 

clear difference in the heat generation results at a very low flow rate (<1.5kg/s) and a flow 

rate higher than that. When the flow rate changes from 1.5kg/s to 2.5kg/s, there is less than 

1kW difference in the stack heat generation result. 



 

 

 

 

  

(a) PEMFC stack heat generation 

 

(b) Heat dissipation through the cooling system 

Figure 7: Stack heat generation and heat dissipation at different stack inlet cooling water 

temperature (360K and 350K)  

4.5 Water pump and fan power 

The PEMFC stack produces power for the automotive vehicles; the water pump and the 



 

 

 

 

fan consume power. The water pump and the fan are used for thermal management of the fuel 

cell stack. They are used for regulating the cooling water flow rate and stack inlet cooling 

water temperature to maintain the operating condition for the stack. Equations provided in Yu 

and Jung [57, 58] have been used for calculations of water pump and fan power consumption. 

Fig. 8 shows the fan and pump power changes with the cooling water flow rate. The cooling 

water flow rate changes from 1.0kg/s to 2.5kg/s, the water pump power consumption 

increases to 0.15 kW. At a higher stack temperature of 360K, the fan power consumption is 

lower. When the stack inlet cooling water temperature decreases from 360K to 350K, the fan 

power consumption at the steady state increase from 3kW to 6kW. To minimize the fan power 

and water pump power consumption, operating the fuel cell at a higher stack inlet cooling 

water temperature and a relatively smaller cooling water flow rate is suggested. 

 

Figure 8: Fan and pump power varying with PEMFC stack cooling water flow rate 

The energy efficiency 𝜂𝑛𝑒𝑡 =
𝑃𝑛𝑒𝑡

𝑃𝑠𝑡𝑎𝑐𝑘
 and net power 𝑃𝑛𝑒𝑡 = 𝑃𝑠𝑡𝑎𝑐𝑘 − 𝑃𝑓𝑎𝑛 − 𝑃𝑝𝑢𝑚𝑝 are 

calculated to evaluate fan and pump power ratio compared to stack output power at various 

stack operating conditions. The calculations quantify the impact of regulations of cooling 

water flow rate and stack inlet cooling water temperature on the stack energy performance. 

Controls of fan and water pump realize the regulations of the water flow rate and temperature. 

The energy consumption of the air compressor is not included in the calculations of 𝑃𝑛𝑒𝑡. In 

our study, the air is compressed to 1.6atm, the power consumption of the air compressor is 

constant (about 1.5kW) [50]. Fig. 9 presents the net output power 𝑃𝑛𝑒𝑡 and energy efficiency 

𝜂𝑛𝑒𝑡 at the various stack inlet cooling water temperature, and different cooling water flow 



 

 

 

 

rates. When the inlet temperature is 360K, and when the flow rate increases from 1.0kg/s to 

2.5kg/s; the power consumption of the water pump increases, the energy efficiency decreases. 

The net output power decreases from 22kW to 21kW; efficiency decreases to 85%. When the 

flow rate is at 1kg/s, the inlet temperature increases from 340K to 360K; the net output power 

increases from 12kW to 22kW, efficiency increases from 50% to 85%. For higher net power 

and higher efficiency, less energy shall be consumed by the fan and the water pump. Higher 

stack inlet cooling temperature and lower cooling water flow rate are preferred. 

 

Figure 9: Net power output 𝑃𝑛𝑒𝑡 and energy efficiency 𝜂𝑛𝑒𝑡 at the various stack, inlet 

cooling water temperature and cooling water flow rate 

In all, for the thermal management of the PEMFC stack for automotive vehicles, there are 

several constraints to be considered: such as differences in stack inlet and outlet cooling water 

temperature, stack temperature, fan power consumption, and pump power consumptions. 

Controls of the cooling water flow rate and stack inlet cooling water temperature help 

effectively satisfying these thermal management constraints. Based on the analysis results, to 

satisfy the stack heat dissipation needs during various operating conditions, we suggest 

maintaining the stack inlet cooling water temperature and moderating the cooling water flow 

rate. This control strategy allows the peak PEMFC stack temperature to be less than 363K. 

The stack inlet and outlet cooling water temperature differences are less than 5 K.  

When the automotive vehicles speed up, more heat is generated in the PEMFC stack; the 



 

 

 

 

required cooling water flow rate increases, the difference of stack inlet and outlet temperature 

decreases. The energy efficiency decreases, it is because the fan and the water pump consume 

more energy. When the required cooling water flow rate decreases, the energy efficiency 

increases, the difference of the stack inlet and outlet cooling water temperature increases. The 

rise in the temperature difference harms the life span of the fuel cell. We suggest that most of 

the time, the PEMFC stack be operated at high inlet cooling water temperature (350K-355K) 

and medium cooling water flow rate (1.5kg/s-2.0kg/s). Regulate the cooling water flow rate to 

meet the thermal management requirement; stack inlet cooling water temperature regulation is 

less preferred. 

5 Conclusions 

This paper presents a simulation model for the water-cooled PEMFC stacks for 

automotive vehicles and their cooling system. The cooling system model considers both the 

cooling of the stack and cooling of the inlet compressed air through the intercooler. 

Theoretical analysis has been carried out to calculate the heat dissipation requirements of the 

vehicle for the cooling system. The main conclusions for this case study are as follows: 

• More than 99.0% of the heat dissipation requirement is for thermal management of the 

PEMFC stack; more than 98.5% of cooling water will be distributed to the PEMFC stack 

cooling loop for meeting the heat dissipation requirement. The rest of the cooling water 

will be distributed to cool the compressed high-temperature air before entering the 

cathode. To simplify the system model, we can neglect the cooling water distributed to the 

intercooler and the heat dissipation through the intercooler.  

• Controlling the cooling water flow rate and stack inlet cooling water temperature could 

effectively satisfy the thermal management constraints. These constraints are differences 

in stack inlet cooling water temperature, outlet cooling water temperature, stack operating 

temperature, fan, and pump power consumption. The cooling water flow rate and stack 

inlet cooling water temperature are controlled by operating the fan and water pump.  

• It is preferred the PEMFC stack mainly operates at constant and high inlet cooling water 

temperature (350K-355K) and medium cooling water flow rate (1.5kg/s-2.0kg/s). To meet 

the thermal management requirements, it is suggested first to regulate the cooling water 

flow rate.  

• When the required cooling water flow rate increases, stack inlet and outlet cooling 

temperature differences decrease. Energy efficiency decreases because fan and water 

pump power consumption increases. When the required flow rate decreases, energy 

efficiency increases. The rise in the difference between the stack inlet and outlet cooling 

temperature might harm the life span of the fuel cell.  
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