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Abstract:  

Proton exchange membrane fuel cell, which utilizes mainly hydrogen for fuel, has many 

advantages for vehicle applications. Compared to conventional low-temperature proton 

exchange membrane fuel cell (60-80 °C), high-temperature fuel cell (120-180°C) requires a 

simpler system. It is characterized by enhanced electrochemical kinetics and can use liquid fuel 

such as methanol due to higher carbon monoxide tolerance. In this paper, phosphoric acid doped 

high-temperature proton exchange membrane fuel cell with a reformer system is applied for 

powering an automotive vehicle. Thermal management and control of the fuel cell stack for 

performance optimization remain critical. This paper aims to analyze the heat dissipation 

requirement for high-temperature fuel cell vehicles and propose cooling strategies for 

optimizing the performance. A simulation model of the high-temperature proton exchange 

membrane fuel cell stack and its oil cooling system were developed. The stack model had been 

validated against experimental results. The case study results show that increasing carbon 

monoxide concentration will increase the voltage loss. Increased operating temperature to 448K 

reduces the stack heat generation due to the poisoning effect. It is suggested to keep the inlet 

cooling oil temperature constant within the range of 435-445K and adjust the cooling oil flow 

rate (2.5-5kg/s) to meet the heat dissipation requirement for the fuel cell stack. Due to the 

significant temperature difference between the fuel cell and the external environment (> 150K), 

the recoverable waste heat is about 39kW. 

Keywords: Proton exchange membrane fuel cell; High temperature; Phosphoric acid doped; 

Automotive vehicle; Reformer; Oil cooling 



 

1. Introduction 

Proton Exchange Membrane Fuel Cell (PEMFC), which utilizes mainly hydrogen for fuel, has 

many advantages for automotive applications [1], including high power density, efficiency, and 

rapid start-up. The commonly used Low-Temperature (LT) PEMFC (60-80 °C) is sensitive to 

Carbon Monoxide (CO) poisoning and must be coupled with a complex water management 

system [2]. The phosphoric acid doped High-Temperature (HT) PEMFC (120-180°C) is 

proposed for overcoming these challenges [3]. It was developed to meet the performance, 

durability, and cost targets required for the application [4]. Utilizing an HT PEMFC as a range 

extender for a full electric vehicle was analyzed [5]. Characterized by enhanced electrochemical 

kinetics and higher CO tolerance, they can use liquid fuel such as methanol, ethyl alcohol. 

Thermal management and control of the fuel cell remain critical for applying HT PEMFC for 

vehicles [6]. It plays a crucial role in efficiency optimization, fuel cell life span, and operational 

safety.  

1.1 High-temperature proton exchange membrane fuel cell  

Models of HT PEMFC stacks coupled with thermodynamic, kinetic, and resistance effects were 

developed. Li et al. [7] developed a HT PEMFC model and optimized the stack performance 

based on the particle swarm optimization algorithm. Li et al. [8] tested the CO tolerance of HT-

PEMFC around 125-200°C and presented the stack performance. Mamlouk et al. [9] described 

a one-dimensional model which considers CO poisoning. Since the CO tolerance of 

electrocatalysts increases 3–5% at temperatures above 140 °C, HT-PEMFC can use syngas, a 

mixture of carbon oxides, hydrogen, and water as fuel. Researchers proposed to produce 



 

hydrogen reformed from methanol or others; microreactor is one of the attractive configurations 

for reforming. The microreactor has a high surface area-to-volume ratio; its size satisfies 

laminar flow and low-pressure drop conditions. The miniaturization strategies reduce the 

equipment's size and weight while improving the heat and mass transfer performance [10]. A 

shorter residence time (<0.1 s) will result in a faster dynamic response under inlet conditions, 

which will immediately affect the system [11]. For modeling the reforming process, Chodba et 

al. [12] proposed a microreactor reformer system for providing reformer gas to HT-PEMFC. 

Suthida et al. [13] proposed a PEMFC model with a glycerol reformer. Unchalee et al. [14] 

investigated a model of PEMFC and sorption enhanced water gas shift reactor analyzed the 

effects of calcium oxide /carbon ratio, fuel utilization, and anode split ratio. Anders et al. [15] 

implemented a steam-reforming reactor, burner, and heat reservoir model and evaluated 

dynamical control strategies. 

1.2 Thermal management 

Previous research focused on the thermal management of LT PEMFC. The fundamental heat 

transfer mechanisms at the component level (including electrolyte, catalyst, gas diffusion layer, 

and bipolar plate) were reviewed [16]. The vehicle integrated thermal management system had 

been modeled, and control strategies were proposed [17]. A methodology for fault diagnosis of 

the thermal management system for the LT PEMFC has been proposed to ensure the system's 

reliability [18]. Different cathode flow channel configurations have been applied to improve 

fuel cell performance [19]. Sangseok et al. [20] established a fuel cell system model with a 

cooling module. They found that a feedback control algorithm is more suitable for a cooling 



 

module than a convent control algorithm. Hosseinzadeh et al. [21] proposed water and thermal 

management approach to assess cooling inlet and outlet temperatures and the effects of 

temperature gradients. Zhang et al. [22] established a thermal management system model to 

predict the stack's performance. They gave a relationship between the output power of the stack, 

the flow rate of cooling water, the flow rate of the air intake, and the ambient temperature under 

steady conditions. Li et al. [23] estimate the disturbance using the extended state observer and 

stabilize the PEMFC temperature through active disturbance rejection control. Binrui et al. [24] 

designed a PEMFC temperature control module with fuzzy incremental Proportional–Integral–

Derivative (PID) and conducted experiments on the designed control to achieve relatively stable 

temperature control. Cheng et al. [25] used feedforward and feedback control to control the 

cooling water temperature of urban buses based on the model.  

There was research on thermal management of the HT PEMFC for a low power range (1-10kW). 

There are three methods for cooling: air cooling, liquid cooling, and phase change cooling [26]. 

PEMFC, which is less than 1kW, can be cooled by air. Sasiwimonrit and Chang [27] proposed 

thermal management of the HT PEMFC using air cooling and flatted heat pipes. Reddy and 

Jayanti [28] cooled a 1kW stack using forced convection and excess stoichiometric factors. 

Renau et al. [29] manufactured a 1.1kW air-cooling stack used in the unmanned aerial vehicle. 

The fuel cell can maintain a stable temperature when flying at a high altitude through the airflow 

field design. Liquid cooling is usually used in large-scale PEMFC; HT PEMFC can't use water 

as a coolant since they operate at over 100°C. Supra et al. [30] achieved an 8.3°C temperature 

difference from cell to cell through an oil cooling system. Ahrae et al. [31] tested a 5kW HT-



 

PEMFC system with a reforming reactor, and the waste heat from PEMFC was carried by 

triethylene glycol. Scholta et al. [32] maintained the temperature of a PEMFC through heat 

transfer liquid. Phase change cooling is another system that can be used in PEMFC. Song et al. 

[33] proposed a cooling device to be used for HT-PEMFC; the latent heat of water cooled the 

PEMFC without any external driving power. It has a simple cooling system and high capacity 

but is hard to control.   

1.3 Research gap analysis 

The previous research focused mainly on LT PEMFC for vehicles applications and its water-

cooling system. Very few studies were performed for detailed analysis of the HT PEMFC stack 

performance when used for powering the automotive. There is rarely research about the thermal 

management system of the HT PEMFC vehicle. Few HT PEM FC stack models have been 

proposed in the previous study. Mamlouk et al. [9] proposed and validated a model against the 

experimental data collected. This model has been applied in the system model. Chodba et al. 

[12] proposed a reformer system to provide reformer gas to HT PEMFC. The reformer system 

and gas composition are used for the simulation considering the reformed gas composition ratio 

is constant. The cooling system proposed in previous research is either for different vehicles 

(truck, bus, etc.) or for automotive with a low power range (1-10kW). In all, the study of the 

thermal management system (30kW) for HT PEMFC for an automotive vehicle is lacking.  

This paper investigates the feasibility of the HT PEMFC (30kW) with an oil cooling system 

applied in automobiles. A phosphoric acid-doped HT PEMFC stack simulation model was 

developed and validated. An oil cooling system is proposed for the thermal management of the 



 

fuel cell stack. This paper aims to study the heat dissipation requirement for the HT PEMFC 

fuel cell vehicles, investigate the feasibility, and propose cooling strategies to optimize stack 

performance. 

2. Methods 

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

system is composed of a PEMFC stack, a reformer system with the combustion chamber, 

methanol and water tank with pumps, air compressor, and cooling system (oil pump and 

radiator). Air is first compressed in the compressor. High pressure and high-temperature air is 

divided into two streams by the control of the valve. One part enters the cathode of the HT-

PEMFC stack, and the other enters the reforming system, where it reacts with methanol to 

provide the heat required for the steam reforming process. The water and methanol are supplied 

into the reformer system and compounded the reformer gas transported to the anode of the stack. 

The exhaust gas from the anode mixes with the air and burn in the combustion chamber. The 

stack operating temperature is regulated by controlling the inlet cooling oil temperature and 

cooling oil flow rate. The cooling oil will be pumped and exchanged heat with environmental 

air in the radiator by forced convection. Then the cooling water returns to the stack to absorb 

heat.  

 



 

 

Fig. 1. High-temperature PEMFC stack integrated oil cooling and reformer system. 

2.1 Fuel cell stack model 

The one-dimensional fuel cell model includes two diffusion layers, the anode and cathode 

catalyst layers and the membrane. The gas flow channels are not considered. The overall cell 

voltage is given from a combination of the thermodynamic cell potential and voltage losses 

associated with Ohmic resistances in the electrodes and membrane and kinetic losses at the 

anode and cathode, which are influenced by mass transport restriction, Eq. (1): 

 𝑉𝑐𝑒𝑙𝑙 = 𝐸𝑁 − 𝑉𝑎𝑐𝑡,𝑎 − 𝑉𝑎𝑐𝑡,𝑐 − 𝑉𝑜ℎ𝑚𝑖𝑐 (1) 

Where, 𝑉𝑐𝑒𝑙𝑙 is the voltage of fuel cell (V); 𝐸𝑁 is the Nernst voltage (V), given in Eq. (3); 

𝑉𝑎𝑐𝑡,𝑎 𝑎𝑛𝑑 𝑉𝑎𝑐𝑡,𝑐 are activation voltage of anode and cathode (V), given in Eq (19) and Eq. (20); 



 

𝑉𝑜ℎ𝑚𝑖𝑐 is the ohmic voltage loss (V), given in Eq. (24). The overall electrochemical reaction in 

an HT-PEMFC running on hydrogen (H2) as fuel and Oxygen (O2) as an oxidant can be shown 

in Eq. (2): 

 𝐻2 +
1

2
𝑂2

𝑃𝑡
→ 𝐻2𝑂(𝑔) (2) 

The thermodynamic equilibrium potential can be calculated using the Nernst equation, Eq. (3): 

 
𝐸𝑁 = − (

Δ𝐻

𝑛𝐹
−

𝑇Δ𝑆

𝑛𝐹
) +

𝑅𝑇

𝑛𝐹
ln [

(𝑅𝑇)1.5𝐶𝑃𝑡,𝐻2
𝐶𝑃𝑡,𝑂2

0.5

𝑎𝐻2𝑂
] 

(3) 

Where the enthalpy Δ𝐻 (J/kg) and entropy Δ𝑆 (J/K⋅kg) are given in Eq. (4) and Eq. (5) [34], 

𝑅 is gas constant, 8.314 (J mol−1K−1), 𝑇 is cell temperature (K), 𝑛 is number of electrons 

involved in the reaction (unitless), F is faraday constant, 96485 (C mol−1) , H2 or O2 

concentration on the catalyst surface 𝐶𝑃𝑡,𝐻2
 or 𝐶𝑃𝑡,𝑂2

 (mol 𝑐𝑚−3) are given in Eq. (7) and 

Eq. (8), and water activity 𝑎𝐻2𝑂 (unitless) is given in Eq. (6) [35]: 

 Δ𝐻 = −238.41 − 0.012256𝑇 + 2.7659 × 10−6𝑇2 (4) 

 Δ𝑆 = −18.449 − 0.01283𝑇 (5) 

 
𝑎𝐻2𝑂 =

𝑃𝐻2𝑂

𝑃𝐻2𝑂
∗ =

𝑅𝐻%

100
 

(6) 

Where 𝑇 is cell temperature (K), 𝑃𝐻2𝑂 is the water vapor pressure in equilibrium with the 

acid electrolyte (atm), 𝑃𝐻2𝑂
∗   is the saturation vapor pressure of pure water at the same 

temperature (atm), 𝑅𝐻 is relative humidity(unitless).  Eq. (7) and Eq. (8) present calculations 

of the oxygen/hydrogen concentration at the catalyst surface derived from Fick's law from 

oxygen and hydrogen diffusion: 

 𝐶𝑃𝑡,𝑂2
= 𝐶𝑂2

𝑑𝑖𝑠𝑠𝑜𝑙𝑣𝑒𝑑 −
𝑁𝑂2

𝛿𝑐𝑎𝑡ℎ𝑜𝑑𝑒

𝑆𝑃𝑡−𝑐𝑎𝑡ℎ𝑜𝑑𝑒𝐷𝑂2

𝐻3𝑃𝑂4
 (7) 



 

 𝐶𝑃𝑡,𝐻2
= 𝐶𝐻2

𝑑𝑖𝑠𝑠𝑜𝑙𝑣𝑒𝑑 −
𝑁𝐻2

𝛿𝑎𝑛𝑜𝑑𝑒

𝑆𝑃𝑡−𝑎𝑛𝑜𝑑𝑒𝐷𝐻2

𝐻3𝑃𝑂4
 (8) 

Where H2 and O2 equilibrium concentration 𝐶𝑂2

𝑑𝑖𝑠𝑠𝑜𝑙𝑣𝑒𝑑，𝐶𝐻2

𝑑𝑖𝑠𝑠𝑜𝑙𝑣𝑒𝑑 (mol 𝑐𝑚−3) are given in 

Eq. (12) and Eq. (17) , 𝛿𝑐𝑎𝑡ℎ𝑜𝑑𝑒 and 𝛿𝑎𝑛𝑜𝑑𝑒 are average film thickness of cathode and anode 

(m), 𝑆𝑃𝑡−𝑐𝑎𝑡ℎ𝑜𝑑𝑒 and 𝑆𝑃𝑡−𝑎𝑛𝑜𝑑𝑒 are real platinum surface area on cathode and anode (m2), 

diffusion coefficient of oxygen or hydrogen in phosphoric acid 𝐷𝑂2

𝐻3𝑃𝑂4 or 𝐷𝐻2

𝐻3𝑃𝑂4 (𝑐𝑚2𝑠−1) 

are given in Eq. (11) and Eq. (18), species’ flux 𝑁𝑂2
 and 𝑁𝐻2

 (mol 𝑠−1𝑚−2) can be given as 

Eq. (9) and Eq. (10): 

 𝑁𝑂2
=

𝑖

4𝐹
 (9) 

 𝑁𝐻2
=

𝑖

2𝐹
 (10) 

Where 𝑖  is current density(A cm−2) , F is faraday constant, 96485 (C mol−1) . The oxygen 

solubility and diffusivity in hot phosphoric acid exhibit exponential reciprocal temperature 

dependencies in Eq. (11) and Eq. (12) [36]: 

 𝐷𝑂2

𝐻3𝑃𝑂4 = 𝑥 exp (−
𝐸𝑎

𝑅𝑇
) (11) 

 𝐶𝑂2

𝑑𝑖𝑠𝑠𝑜𝑙𝑣𝑒𝑑 = 𝑦 exp(−
Δ𝐻𝑂2

𝑠𝑜𝑙𝑢

𝑅𝑇
) (12) 

Where 𝐸𝑎 is activation energy (J mol−1), Δ𝐻𝑂2

𝑠𝑜𝑙𝑢 is the enthalpy of oxygen phosphoric acid 

solutions(J mol−1). The activation energy of oxygen in phosphoric acid and oxygen enthalpy 

of solution at different acid weight concentrations (W) are calculated in Eq. (13) and Eq. (14): 

 𝐸𝑎(𝐽 𝑚𝑜𝑙−1) = 4185(−0.0116𝑊2 + 1.964𝑊 − 75.376) (13) 

 Δ𝐻𝑂2

𝑠𝑜𝑙𝑢(𝐽 𝑚𝑜𝑙−1) = 4185(−0.00313𝑊3 + 0.837𝑊2 − 74.952𝑊 + 2244.8) (14) 

Where the pre-exponential factors of 𝑥 and 𝑦 are given as Eq. (15) and Eq. (16) [36]: 

 𝑥 = 2953780 exp(−0.2162766𝑊) (15) 



 

 
1

𝑦
= 0.0004(1 − 𝑊)5 − 0.017(1 − 𝑊)4 + 0.25(1 − 𝑊)3

− 1.71(1 − 𝑊)2 + 5.8(1 − 𝑊) − 7.66 

(16) 

Hydrogen solubility was considered similar to that of oxygen at the same conditions (pressure, 

temperature, and phosphoric acid concentration) as Eq. (17) [9]. Similarly, the hydrogen 

diffusion coefficient in the phosphoric acid electrolyte can be written as Eq. (18) [9]: 

 𝐶𝐻2

𝑑𝑖𝑠𝑠𝑜𝑙𝑣𝑒𝑑 = 𝐶𝑂2

𝑑𝑖𝑠𝑠𝑜𝑙𝑣𝑒𝑑 (17) 

 𝐷𝐻2

𝐻3𝑃𝑂4 = 4𝐷𝑂2

𝐻3𝑃𝑂4 (18) 

The activation voltage loss of anode and cathode were given by Eq. (19) and Eq. (20) [14]: 

 
𝑉𝑎𝑐𝑡,𝑎 =

𝑅𝑇

𝛼𝑎𝐹
𝑠𝑖𝑛ℎ−1 (

𝑖

2𝑖0,𝑎(1 − 𝜃𝐶𝑂)2
) 

(19) 

 
𝑉𝑎𝑐𝑡,𝑐 =

𝑅𝑇

𝛼𝑐𝐹
𝑠𝑖𝑛ℎ−1 (

𝑖

2𝑖0,𝑐
) 

(20) 

 Where 𝛼𝑎 and 𝛼𝑐 are catalyst loading of anode and cathode; exchange current density at 

anode or cathode, 𝑖0,𝑎 or 𝑖0,𝑐 (A cm−2) can be calculated by Eq. (21) and Eq. (22) [14]: 

 
𝑖0,𝑎 = 𝑖0,𝑎

𝑟𝑒𝑓
𝑎𝑐,𝑎𝐿𝑐,𝑎 (

𝐶𝑃𝑡

𝐶𝑟𝑒𝑓,𝑎
)

𝛾𝑎

exp [−
𝐸𝑐,𝑎

𝑅𝑇
(1 −

𝑇

𝑇𝑟𝑒𝑓,𝑎
)] 

(21) 

 
𝑖0,𝑐 = 𝑖0,𝑐

𝑟𝑒𝑓
𝑎𝑐,𝑐𝐿𝑐,𝑐 (

𝐶𝑃𝑡

𝐶𝑟𝑒𝑓,𝑐
)

𝛾𝑐

exp [−
𝐸𝑐,𝑐

𝑅𝑇
(1 −

𝑇

𝑇𝑟𝑒𝑓,𝑐
)] 

(22) 

Where parameters in Eq. (21) and Eq. (22) can be found in Table 1. The CO coverage is 

developed from experimental data to explain a CO poisoning effect on PEMFC, which can be 

described as Eq. (23) [13]: 

 𝜃𝐶𝑂 = 𝑎 ∙ ln
|𝐶𝑂|

|𝐻2|
+ 𝑏 ∙ ln(𝑖) ∙ ln

|𝐶𝑂|

|𝐻2|
+ 𝑐 (23) 

 a = −0.00012784𝑇2 + 0.11717499𝑇 − 26.62908873  



 

 b = 0.0001416𝑇2 − 0.12813608𝑇 + 28.852463626  

 c = −0.00034886𝑇2 + 0.31596903𝑇 − 70.11693333  

The ohmic loss voltage can be calculated by Eq. (24): 

 𝑉𝑜ℎ𝑚𝑖𝑐 = (
𝑙𝑚

𝛿𝑚
) 𝑖 (24) 

Where 𝑙𝑚 is the membrane thickness (m); 𝛿𝑚 is the film thickness (m), which can be found 

in Table 1. Eq. (25) calculate the proton conductivity 𝜎𝑚 (S cm−1) of acid PBI membrane at 

different temperatures [9]: 

 𝜎𝑚 =
𝐴

𝑇
exp (

−𝐵

𝑅(𝑇 − 273.15)
) (25) 

The corresponding constants to calculate A and B are given as Eq. (26) and Eq. (27): 

 A = exp(𝑘1
𝑎𝑅𝐻3 + 𝑘2

𝑎𝑅𝐻2 + 𝑘3
𝑎𝑅𝐻 + 𝑘0

𝑎) (26) 

 B = exp(𝑘1
𝑏𝑅𝐻3 + 𝑘2

𝑏𝑅𝐻2 + 𝑘3
𝑏𝑅𝐻 + 𝑘0

𝑏) (27) 

 Where 𝑘0
𝑎 is 9.6082; 𝑘1

𝑎 is 0.0002; 𝑘2
𝑎 is -0.0132; 𝑘3

𝑎 is 0.2257; 𝑘0
𝑏 is 26300; 𝑘1

𝑏 is 

0.62; 𝑘2
𝑏 is -39.7; 𝑘3

𝑏 is 527. Table 1 shows the parameters of the HT-PEMFC model.  

Table 1 Physical and material property parameters for HT-PEMFC 

Parameters Value Units 

Faraday constant, 𝑭 96485 C mol−1 

Active area, 𝑨 200 𝑐𝑚2 

Number of cells, 𝒏 400 N/A 

Membrane thickness, 𝒍𝒎 4×10-5 m 

Anode film thickness, 𝜹𝒂𝒏𝒐𝒅𝒆 2.5×10-9 m 

Cathode film thickness, 𝜹𝒄𝒂𝒕𝒉𝒐𝒅𝒆 1.48×10-9 m 



 

Anode reference exchange current density, 𝒊𝟎,𝒂
𝒓𝒆𝒇

 1440 A m−2 

Cathode reference exchange current density, 𝒊𝟎,𝒄
𝒓𝒆𝒇

 0.0004 A m−2 

Anode catalyst surface area, 𝒂𝒄,𝒂 64 m2 g−1 

Cathode catalyst surface area, 𝒂𝒄,𝒄 32.25 m2 g−1 

Anode catalyst loading, 𝑳𝒄,𝒂 0.0002 g cm−2 

Cathode catalyst loading, 𝑳𝒄,𝒄 0.0004 g cm−2 

Transfer coefficient at anode, 𝜶𝒂 0.5 N/A 

Transfer coefficient at cathode, 𝜶𝒄 0.75 N/A 

Reaction order at anode, 𝜸𝒂 1 N/A 

Reaction order at cathode, 𝜸𝒄 1.375 N/A 

Anode reference concentration, 𝑪𝒓𝒆𝒇,𝒂 2×10-7 mol cm−3 

Cathode reference concentration, 𝑪𝒓𝒆𝒇,𝒄 4 ×10-7 mol cm−3 

Anode activation energy, 𝑬𝒄,𝒂 16900 J mol−1 K−1 

Cathode activation energy, 𝑬𝒄,𝒄 72400 J mol−1 K−1 

Anode reference cell temperature, 𝑻𝒓𝒆𝒇,𝒂 433.15 K 

Cathode reference cell temperature, 𝑻𝒓𝒆𝒇,𝒄 373.15 K 

2.2 Reformer 

A reformer system with multiple heat exchangers, as shown in Fig. 2 is used. The methanol and 

water are pressurized by the pump, they are mixed and passed through the Heat Exchanger 

1(HEX1) and the Heat Exchanger 2 (HEX2), respectively. They are heated by the high-

temperature gas at the outlet of the reformer, then become high-temperature steam and enter the 



 

steam reforming passage of the reformer. The other part of methanol is heated by the Heat 

Exchanger 3 (HEX3) and mixed with compressed air into the Heat Exchanger 4(HEX4), then 

enters the oxidation channel of the reformer. The oxidation process provides heat, and its 

exhaust gas enters HEX3 and HEX4 for heat exchange. Both reforming waste gas and fuel cell 

exhaust gas will enter the combustion chamber, enter the HEX2 for heat exchange, and be 

discharged into the atmosphere. 

 

Fig. 2. HT-PEMFC system with the detailed reforming system 

The reformer adopts a self-heating micro-channel reformer. Chodba et al. [12] proposed a 

reformer system used to provide reformer gas to HT PEMFC. The reformer system and gas 

composition are used for this simulation, assuming the reformed gas composition ratio is 

constant. The mixture of methanol and air undergoes a self-heating reaction in the oxidation 



 

channel. Fig. 2 shows the internal structure of the reformer, an exothermic oxidation reaction 

of Methanol (CH3OH) in a channel parallel with reformer channels can provide the required 

heat for the endothermic steam reforming reactions; the reaction produces Carbon Dioxide 

(CO2) and Water (H2O). The reaction for total methanol combustion, Total Oxidation of 

Methanol (TOM), is given in Eq. (28). 

 C𝐻3𝑂𝐻 + 1.5𝑂2 ⇄ 𝐶𝑂2 + 2𝐻2𝑂(∆𝐻 = −725.76 𝑘𝐽/𝑚𝑜𝑙) (28) 

The main chemical reactions involved in the Methanol Steam Reforming (MSR) process is as 

Eq. (29), Methanol Decomposition (MD) is as Eq. (30) and Water-Gas Shift (WGS) and 

Reverse Water Gas Shift (RWGS) in Eq. (31) [37]: 

 C𝐻3𝑂𝐻 + 𝐻2𝑂 ⇄ 𝐶𝑂2 + 3𝐻2(∆𝐻 = 49.4 𝑘𝐽/𝑚𝑜𝑙) (29) 

 C𝐻3𝑂𝐻 ⇄ 𝐶𝑂 + 2𝐻2(∆𝐻 = 90.5 𝑘𝐽/𝑚𝑜𝑙) (30) 

 CO + 𝐻2𝑂 ⇄ 𝐶𝑂2 + 𝐻2(∆𝐻 = −41.1 𝑘𝐽/𝑚𝑜𝑙) (31) 

The results are for the temperature at 483.5K, pressure at 1atm, H2O/CH3OH ratio is 1.1. The 

molar composition of reformed gas is 61.5% H2 and 0.5% CO, a more detailed explanation of 

the calculation process has been provided in the reference [12]. Considering that the pressure 

almost affects the reactant gas composition and matches the air pressure, the reformed gas 

pressure is selected as 2atm [38]. Other assumptions about the reformer include ignoring the 

influence of different loads on the ratio of products. 

Considering that the HT-PEMFC and reformer system (in the green line) is an adiabatic system 

(except HT-PEMFC stack) in Fig. 2, based on the mass balance, the consumption ratio of air, 

water, and methanol can be obtained. 



 

Assumptions about this system are as follows: 

1. The HT-PEMFC stack is adiabatic; it only exchanges heat with the cooling system. 

2. The reformed gas enters the fuel cell at a temperature of 448K. 

3. The reformer gas composition is constant. 

4. The exhaust gas temperature is 393K. 

The reaction of the whole system can be regarded as the complete combustion reaction of 

methanol and the heating of Nitrogen (N2) and water. The total reaction of the system in Eq. 

(32): 

 C𝐻3𝑂𝐻(𝑙) + 1.5(𝑂2 + 3.7𝑁2)(𝑔) + 𝑎𝐻2𝑂(𝑙)

⇄ 𝐶𝑂2(𝑔) + (2 + 𝑎)𝐻2𝑂(𝑔) + 5.55𝑁2(𝑔) 

(32) 

The system reaction enthalpy is ∆𝐻 = −599 + 48.9𝑎  kJ/mol, where 𝑎  is the ratio of 

methanol undergoing steam reforming to oxidation. Through stack model calculation, the 

quality of consumed hydrogen 𝑚̇𝐻2
, the power output 𝑃𝑠𝑡𝑎𝑐𝑘, and the heat removed by the 

cooling system 𝑞𝑐𝑜𝑜𝑙𝑖𝑛𝑔 = 𝑞𝑠𝑡𝑎𝑐𝑘 can be known.  

Through heat balance, the ratio 𝑎 and flow rate of methanol 𝑚̇𝑚𝑒𝑡ℎ𝑎𝑛𝑜𝑙 (g s−1) and air can 

be calculated using Eq. (33), Eq. (34) and Eq. (35): 

 
𝑚̇𝑚𝑒𝑡ℎ𝑎𝑛𝑜𝑙

𝑀𝑚𝑎𝑡ℎ𝑎𝑛𝑜𝑙

(−599 + 48.9𝑎) + 𝑞𝑐𝑜𝑜𝑙𝑖𝑛𝑔 + 𝑃𝑠𝑡𝑎𝑐𝑘 = 0 (33) 

 𝑚̇𝐻2

𝑀𝐻2

= 3𝑎
𝑚̇𝑚𝑒𝑡ℎ𝑎𝑛𝑜𝑙

𝑀𝑚𝑎𝑡ℎ𝑎𝑛𝑜𝑙
 

(34) 

 1.5
𝑚̇𝑚𝑒𝑡ℎ𝑎𝑛𝑜𝑙

𝑀𝑚𝑎𝑡ℎ𝑎𝑛𝑜𝑙
=

𝑚̇𝑎𝑖𝑟

𝑀𝑎𝑖𝑟
𝑥𝑂2

 (35) 

Where, 𝑀𝑚𝑎𝑡ℎ𝑎𝑛𝑜𝑙,  𝑀𝐻2
 and 𝑀𝑎𝑖𝑟 are the molar mass of methanol, hydrogen, and air; which 

are 32 g/mol, 2 g/mol and 28 g/mol respectively. 𝑥𝑂2
 is the mass fraction of oxygen in the air. 



 

Table 2 shows the parameters of the reformer system [12].  

Table 2 Parameters for the reformer system  

Parameter Value Unit 

Length 0.054 m 

Diameter 1.5 × 10−3 m 

Catalyst thickness 1 × 10−4 m 

2.3 Cooling system model 

The heat from the stack is assumed to be fully dissipated through the cooling system; other 

dissipation processes such as thermal radiation or exhaust gas are not considered [25]. The stack 

cooling model is developed to estimate the operating temperature of the fuel cell. Under 

different working conditions, the fuel cell temperature should be maintained within the 

designed range. Too high operating temperature causes degradation; too low temperature 

deteriorates fuel cell performance due to increased activation voltage loss. 

2.3.1 Stack cooling 

The stack cooling model is developed to estimate the HT-PEMFC stack's heat balance and 

estimate the fuel cell operating temperature. According to the assumptions, all the heat of the 

stack is taken away by the cooling system. Based on energy balance, the change of the stack 

temperature 𝑇𝑐𝑒𝑙𝑙 (K) is determined by the heat generation 𝑞𝑐𝑒𝑙𝑙 and heat dissipation of the 

fuel cell through the cooling oil loop as shown in Equation (36): 

 𝐶𝑝,𝑐𝑒𝑙𝑙𝑚𝑐𝑒𝑙𝑙

𝑑𝑇𝑐𝑒𝑙𝑙

𝑑𝑡
= 𝑞𝑐𝑒𝑙𝑙 − 𝐶𝑝,𝑜𝑖𝑙𝑚𝑜𝑖𝑙̇ (𝑇𝑜𝑖𝑙,𝑜𝑢𝑡 − 𝑇𝑜𝑖𝑙,𝑖𝑛) (36) 

Where, 𝐶𝑝,𝑐𝑒𝑙𝑙𝑚𝑐𝑒𝑙𝑙 is the thermal mass of the fuel cell stack (kJ/K). 𝐶𝑝,𝑜𝑖𝑙 is the specific heat 



 

capacity of the cooling water, 2 kJ/kg·K, 𝑞𝑐𝑒𝑙𝑙 is the fuel cell heat (kW); 𝑚𝑜𝑖𝑙̇  is the mass flow 

rate of the cooling oil (kg/s); 𝑇𝑜𝑖𝑙,𝑜𝑢𝑡 and 𝑇𝑜𝑖𝑙,𝑖𝑛 are the stack inlet and stack outlet cooling oil 

temperature respectively (K). 

2.3.2 Radiator 

The radiator is used to cool the high-temperature oil from the mixer by ambient air. The 

intercooler and the radiator are established using the Number of Transfer Unit (NTU) method. 

This method can calculate the maximum heat exchange between hot fluids (cooling oil) and 

cold fluids (low-temperature cooling oil). The heat transfer rate of the radiator between the hot 

fluid and cool fluid 𝑞ℎ𝑒𝑎𝑡 (kW) can be calculated as Eq. (37): 

 𝑞ℎ𝑒𝑎𝑡 = ε𝐶𝑚𝑖𝑛(𝑇ℎ𝑖 − 𝑇𝑐𝑖) (37) 

Where 𝜀  is the ratio between the actual heat transfer rate and the maximum possible heat 

transfer rate. 𝐶𝑚𝑖𝑛  is the smaller one of 𝑚̇𝑐𝑜𝑜𝑙𝑓𝑙𝑢𝑖𝑑𝐶𝑝,𝑐𝑜𝑜𝑙𝑓𝑙𝑢𝑖𝑑  and 𝑚̇ℎ𝑜𝑡𝑓𝑙𝑢𝑖𝑑𝐶𝑝,ℎ𝑜𝑡𝑓𝑙𝑢𝑖𝑑 

(W/K). 𝑇ℎ𝑖 is the inlet temperature of hot fluid (K). 𝑇𝑐𝑖 is the inlet temperature of cool fluid 

(K). In the counterflow heat exchanger, ε = (1 − exp(−𝑁𝑇𝑈(1 + 𝐶) 1 + 𝐶)⁄  , 𝑁𝑇𝑈 =

𝑈𝐴𝑟𝑎 𝐶⁄  and 𝐶 = 𝐶𝑚𝑖𝑛 𝐶𝑚𝑎𝑥⁄ . U is the overall heat transfer coefficient (W/𝑚2𝐾). 𝐴𝑟𝑎 is the 

heat transfer area of the radiator (𝑚2 ). Heat transfer oil is a suitable alternative in high-

temperature cooling system due to its higher heat capacity (2 kJ/kg K) and thermal conductivity 

(0.16 W/m K)[30]. The heat transfer oil is FRAGOLTHERM○R S-15-A. 

2.3.3 Oil pump 

The oil pump circulates the cooling oil in the cooling system. Considering that the cooling oil 

is an incompressible liquid, the power of the oil pump can be calculated by Eq. (38): 



 

 𝑃𝑝𝑢𝑚𝑝 = ∆𝑃𝑝𝑢𝑚𝑝𝑚̇𝑜𝑖𝑙/𝜂𝑝𝑢𝑚𝑝 (38) 

Where ∆𝑃𝑝𝑢𝑚𝑝 is the pressure difference of the cooling oil passing through the pump, that is, 

the pressure that needs to be overcome due to the circulation of the cooling oil (kPa). 𝑚̇𝑜𝑖𝑙 is 

the flow rate of cooling oil (kg/s), 𝜂𝑝𝑢𝑚𝑝 the efficiency of pump is 0.6. The pressure drop is 

gave by loss fitting formula of water-cooled PEMFC as Eq. (39) [39]. The pressure drop caused 

by the cooling oil ∆𝑃 (kPa) when passing through the pipeline can be calculated using Eq. 

(40). Therefore, the pressure drop of oil is approximated by converting the pressure drop of 

water, as Eq. (41). 

 ∆𝑃𝑤𝑎𝑡𝑒𝑟 = 3.2743𝑚̇𝑤𝑎𝑡𝑒𝑟
2 + 5.5977𝑚̇𝑤𝑎𝑡𝑒𝑟 (39) 

 
∆𝑃 =

64𝜇𝑐𝑜𝑜𝑙

𝑣𝑐𝑜𝑜𝑙
∙

𝐿ℎ

2𝑑ℎ
2 (

𝑚̇𝑐𝑜𝑜𝑙

𝜌𝑐𝑜𝑜𝑙𝐴𝑐ℎ
)

2

 
(40) 

 
∆𝑃𝑜𝑖𝑙 =

𝜇𝑜𝑖𝑙𝑣𝑤𝑎𝑡𝑒𝑟

𝜇𝑤𝑎𝑡𝑒𝑟𝑣𝑜𝑖𝑙
(

𝑚̇𝑜𝑖𝑙𝜌𝑤𝑎𝑡𝑒𝑟

𝑚̇𝑤𝑎𝑡𝑒𝑟𝜌𝑜𝑖𝑙
)

2

∆𝑃𝑤𝑎𝑡𝑒𝑟 
(41) 

Where, 𝑚̇𝑤𝑎𝑡𝑒𝑟 is the flow rate of water when using water as the coolant (kg/s), ∆𝑃𝑜𝑖𝑙 is the 

pressure drop of oil(kPa), 𝜇𝑤𝑎𝑡𝑒𝑟 and 𝜇𝑜𝑖𝑙 are the viscosity of water and oil, 0.37 mPa ∙ s 

and 1.89 mPa ∙ s. 𝑣𝑤𝑎𝑡𝑒𝑟 𝑣𝑜𝑖𝑙⁄  is the ratio of the flow rate of oil and water, which can be 

written as 𝑚̇𝑤𝑎𝑡𝑒𝑟𝜌𝑜𝑖𝑙 𝑚̇𝑜𝑖𝑙𝜌𝑤𝑎𝑡𝑒𝑟⁄ . 𝜌𝑤𝑎𝑡𝑒𝑟 is the density of water, 974kg/m3; 𝜌𝑜𝑖𝑙 is the 

density of oil, 901kg/m3[30]. Table 3 shows the parameters of the cooling system [39].  

Table 3 Parameters for the cooling system  

Parameter Value Unit 

Radiator   

length 0.7 m 



 

width 0.4 m 

Diameter of tube 0.035 m 

Fin height 9.15 × 10−3 m 

Louver angle 28  

Louver pitch 1.14 × 10−3 m 

Core Thickness 7.6 × 10−2 m 

Fan   

Blade diameter 0.52 m 

Hub diameter 0.2 m 

Power 450 W 

2.4 Model validation 

Fig. 3 (a) and (b) show the single HT-PEMFC fuel cell output voltage at different operating 

temperatures 423K and 448K compared to experimental results in reference [8]. The error 

analysis for measured experimental results has not been presented in the reference. Thus, Fig. 

3 doesn't show the uncertainty of experimental results. The input parameters for validation of 

the HT-PEMFC model are listed in Table 4. In Fig. 3 (a), the model result and the experimental 

data overlap at 5% CO and 10% CO. In the case of pure hydrogen, the model voltage is 0.02V 

lower than the experimental data on average. When the temperature is 448K, the difference 

between the simulated voltage and the experimental data is small. Within the range of working 

current density, the error between model data and experimental data is less than 0.01V.  

As shown in Fig. 3, the polarization curves are different when the fuel cell operates at different 



 

CO concentrations. At a current density of 0.5A/cm2, the cell voltage is 0.52V for pure 

hydrogen. At 5% CO, the cell voltage drops by 0.04V, and when CO increases to 10%, the cell 

voltage drops by 0.1V. As the proportion of CO increases, the voltage loss decreases faster. 

Similarly, when the operating temperature is 448K and the current density is 1A/cm2, the cell 

voltage of pure hydrogen is 0.48V. At 5%CO, the cell voltage drops by 0.01V. At 10%CO, the 

cell voltage drops by 0.12V.  

 

(a) Operating temperature at 423K 



 

 

(b) Operating temperature at 448K 

Fig. 3. Validation of HT PEMFC model at different %CO and operating temperatures 

Table 4 Parameters used in validation of HT-PEMFC 

Parameters Value Units 

Number of fuel cells, 𝑵𝒄𝒆𝒍𝒍 370 N/A 

Operating temperature, 𝑻𝒄𝒆𝒍𝒍 423, 448 K 

Atmospheric temperature, 𝑻𝒂𝒕𝒎 298 K 

Current density, 𝑰 0-1.6 A cm−2 

Faraday constant, 𝑭 96485 C mol−1 

Active area, 𝑨 200 cm2 

Anode inlet gas pressure, 𝑷𝒂𝒏𝒐𝒅𝒆 2 atm 

Cathode inlet gas pressure, 𝑷𝒄𝒂𝒕𝒉𝒐𝒅𝒆 2 atm 



 

Membrane thickness, 𝒍𝒎 4×10-5 m 

Anode film thickness, 𝜹𝒂𝒏𝒐𝒅𝒆 2.5×10-9 m 

Cathode film thickness, 𝜹𝒄𝒂𝒕𝒉𝒐𝒅𝒆 1.48×10-9 m 

Anode reference exchange current density, 𝒊𝟎,𝒂
𝒓𝒆𝒇

 1440 A m−2 

Cathode reference exchange current density, 𝒊𝟎,𝒄
𝒓𝒆𝒇

 0.0004 A m−2 

Anode catalyst surface area, 𝒂𝒄,𝒂 64 m2 g−1 

Cathode catalyst surface area, 𝒂𝒄,𝒄 32.25 m2 g−1 

Anode catalyst loading, 𝑳𝒄,𝒂 0.0005 g cm−2 

Cathode catalyst loading, 𝑳𝒄,𝒄 0.0005 g cm−2 

Transfer coefficient at anode, 𝜶𝒂 0.5 N/A 

Transfer coefficient at cathode, 𝜶𝒄 0.75 N/A 

Reaction order at anode, 𝜸𝒂 1 N/A 

Reaction order at cathode, 𝜸𝒄 1.375 N/A 

Anode reference concentration, 𝑪𝒓𝒆𝒇,𝒂 2×10-7 mol cm−3 

Cathode reference concentration, 𝑪𝒓𝒆𝒇,𝒄 4×10-7 mol cm−3 

Anode activation energy, 𝑬𝒄,𝒂 16900 J mol−1 K−1 

Cathode activation energy, 𝑬𝒄,𝒄 72400 J mol−1 K−1 

Anode reference cell temperature, 𝑻𝒓𝒆𝒇,𝒂 433.15 K 

Cathode reference cell temperature, 𝑻𝒓𝒆𝒇,𝒄 373.15 K 

The combination of CO and the catalyst on the electrode will cause the catalyst to fail or to lose 

voltage. As the CO concentration increases, the catalyst combines with more CO, and the 



 

voltage loss increases. When the proportion of CO exceeds 10%, the CO poisoning inhibit on 

the catalyst and the cell voltage loss rises sharply. At an operating temperature of 448K and a 

current density of 0.5 A/cm2, the cell voltage of 10% CO is 0.57V, which is 0.25V higher than 

the cell voltage under the same conditions at the operating temperature 423K. At a temperature 

of 423K and a current density of 0.5, 10%CO will cause a voltage loss of 0.1V. While at a 

temperature of 448K, 10%CO will not cause a voltage loss. As the temperature rises, the 

poisoning effect of CO weakens, and CO and the catalyst on the electrode are more difficult to 

Combine at a higher temperature. Therefore, at 448K and a current density less than 0.5 A/cm2, 

the cell voltage is the same as pure hydrogen. Overall, at the operating temperature of 423-

448K and 0%-10%CO, the HT PEMFC model reflects the actual performance.  

3. Results and discussions 

Section 3 presents the phosphoric acid doped high-temperature proton exchange membrane fuel 

cell stack’s performance for vehicle application. It also discusses the thermal management 

strategy which enables the balance of heat generation and dissipation within the fuel cell stack. 

Finally, the oil pump and fan pump are estimated and evaluated. 

3.1 Fuel cell stack performance 

The performance of a single fuel cell has been validated against the experimental results using 

parameters presented in Table 4. For applying fuel cell stack in the automotive vehicles, the 

parameters of the PEMFC stack are shown in Table 5 [9]. The temperature range of 393-453K 

is the typical operating temperature of HT-PEMFC. The lower boundary temperature of 393K 

is recommended to avoid the formation of liquid water, while the upper boundary level of 453K 



 

is to avoid furious degradation[40]. 448K is chosen as the operating temperature of the fuel cell, 

which is lower than the damage temperature of the membrane and has a higher voltage than the 

operating temperature of 423K.  

 

Fig. 4. HT-PEMFC output characteristic curve at 448K 

Fig. 4 shows the characteristics of HT-PEMFC, voltage, heat generation, and power at different 

current densities at operating temperatures. At 0.1A/cm2, the heat production and the power are 

7kW, the heat to power ratio is 1. At 0.5A/cm2, the heat production is 39kW, the power is 30kW, 

and the heat to power ratio is 1.3. At 1.5A/cm2, the heat production is 148kW, the rated power 

is 60kW, and the heat to power ratio is 2.5. When the current density increases from 0.5A/cm2 

to 1A/cm2, the heat to power ratio increases from 1.3 to 2.5. The smaller the heat-to-power ratio, 

the higher the efficiency of the fuel cell, so 0.5 A/cm2 is selected as the rated current density. 

At this current density, the poisoning effect of CO is low, and the heat to power ratio is low. 

Table 5 Parameters for the stack model 



 

Parameters Value Units 

Number of fuel cells, 𝑵𝒄𝒆𝒍𝒍 370 N/A 

Operating temperature, 𝑻𝒄𝒆𝒍𝒍 448 K 

Atmospheric temperature, 𝑻𝒂𝒕𝒎 298 K 

Current density, 𝑰 0-1.6 A cm−2 

Faraday constant, 𝑭 96485 C mol−1 

Active area, 𝑨 300 cm2 

Anode inlet gas pressure, 𝑷𝒂𝒏𝒐𝒅𝒆 2 atm 

Cathode inlet gas pressure, 𝑷𝒄𝒂𝒕𝒉𝒐𝒅𝒆 2 atm 

Membrane thickness, 𝒍𝒎 4×10-5 m 

Anode film thickness, 𝜹𝒂𝒏𝒐𝒅𝒆 2.5×10-9 m 

Cathode film thickness, 𝜹𝒄𝒂𝒕𝒉𝒐𝒅𝒆 1.48×10-9 m 

Anode reference exchange current density, 𝒊𝟎,𝒂
𝒓𝒆𝒇

 1440 A m−2 

Cathode reference exchange current density, 𝒊𝟎,𝒄
𝒓𝒆𝒇

 0.0004 A m−2 

Anode catalyst surface area, 𝒂𝒄,𝒂 64 m2 g−1 

Cathode catalyst surface area, 𝒂𝒄,𝒄 32.25 m2 g−1 

Anode catalyst loading, 𝑳𝒄,𝒂 0.0002 g cm−2 

Cathode catalyst loading, 𝑳𝒄,𝒄 0.0004 g cm−2 

Transfer coefficient at anode, 𝜶𝒂 0.5 N/A 

Transfer coefficient at cathode, 𝜶𝒄 0.75 N/A 

Reaction order at anode, 𝜸𝒂 1 N/A 



 

Reaction order at cathode, 𝜸𝒄 1.375 N/A 

Anode reference concentration, 𝑪𝒓𝒆𝒇,𝒂 2×10-7 mol cm−3 

Cathode reference concentration, 𝑪𝒓𝒆𝒇,𝒄 4×10-7 mol cm−3 

Anode activation energy, 𝑬𝒄,𝒂 16900 J mol−1 K−1 

Cathode activation energy, 𝑬𝒄,𝒄 72400 J mol−1 K−1 

Anode reference cell temperature, 𝑻𝒓𝒆𝒇,𝒂 433.15 K 

Cathode reference cell temperature, 𝑻𝒓𝒆𝒇,𝒄 373.15 K 

3.2 Thermal management 

Varying operating temperatures and uneven temperature distribution cause degradation [1] and 

shorten fuel cell life span. The performance of the fuel cell increases with the increase of the 

operating temperature; it still needs to be controlled within a reasonable range (<453K) to avoid 

degradation. Therefore, the inlet oil temperature is selected between 435-445K to ensure this. 

The temperature difference between the inlet and outlet cooling oil is suggested to be less than 

8K, and the maximum operating temperature is 453K [41]. Regulations of inlet cooling oil 

temperature and cooling oil flow rate is suggested to maintain the internal thermal balance of 

the HT-PEMFC [42]. Considering that the pump power consumption increases when the flow 

rate is too large, so the flow rate is controlled below 5kg/s. 

Fig. 5 presents the outlet cooling oil temperature 𝑇𝑜𝑢𝑡  and temperature difference between 

inlet and outlet cooling oil 𝑇𝑜𝑢𝑡 − 𝑇𝑖𝑛 at various cooling oil flow rate and inlet cooling oil 

temperature. When the current density is 0.3 A/cm2 and 0.5 A/cm2, the changing trend of the 

outlet cooling oil temperature and the temperature difference is similar.  



 

 

(a) Current density at 0.3A/cm2 

 

(b) Current density at 0.5A/cm2 

Fig. 5 Outlet cooling oil temperature and temperature difference at the various inlet cooling 

Operating range 

Operating range 



 

oil temperature and cooling oil flow rate 

In Fig. 5(a), the temperature difference only changes with flow rate. At a flow rate of 1kg/s, the 

temperature difference is 12K, and at a flow rate of 1.5kg/s, the temperature difference is 8K. 

The outlet cooling oil temperature should be as close as possible to the operating temperature 

of 448K and adjust the flow rate to meet the heat dissipation requirements. The black dotted 

box in the figure shows the range of inlet cooling oil temperature and oil flow rate. As 

mentioned above, the temperature difference between inlet and outlet cooling oil should be less 

than 8K, and the maximum temperature should not exceed 458K. For the current density of 0.3 

A/cm2, the inlet cooling oil temperature range is 437-446K, and the flow rate range is 1.5-

3.5kg/s. For the current density of 0.5 A/cm2, the inlet cooling oil temperature range is 435-

445K, and the flow rate range is 2.5-5kg/s. 

3.3 Heat generation and dissipation of fuel cell stack 

Fig. 6 (a) and (b) show the HT-PEMFC heat generation at different inlet cooling oil 

temperatures. At the inlet temperature of 430K, when the flow rate changes from 1.5kg/s to 

3.5kg/s, the stack heat generation increases from 39.5kW to 41.2kW. When the inlet 

temperature is 440K, the flow rate changes from 1.5kg/s to 3.5kg/s, the heat generated by the 

stack increases from 38.7kW to 39.2kW.  



 

 

(a) PEMFC stack heat generation 

 

(b) Heat dissipation through the cooling system 

Fig. 6 Stack heat generation and heat dissipation at different stack inlet cooling oil 

temperature (430K and 440K) 



 

As the flow rate increases, the heat production also rises. This is because cooling oil takes away 

more heat, the operating temperature of the fuel cell drops, and the efficiency drops, leading to 

increased heat production. In Fig. 6(b), the heating peak caused by the oil flow change at the 

inlet oil temperature of 440K is less than 430K which is 52kW compared to 51kW at 500s. To 

avoid the sudden rise in heat production, a higher inlet cooling oil temperature and a more 

significant flow rate should be selected, such as 440K and 3.5kg/s. 

3.4 Oil pump and fan power 

Operated fan and pump consume energy to regulate the cooling oil flow rate and inlet cooling 

oil temperature for the thermal management of the stack. The energy efficiency 𝜂𝑛𝑒𝑡 =

𝑃𝑛𝑒𝑡/𝑃𝑠𝑡𝑎𝑐𝑘 and net power 𝑃𝑛𝑒𝑡 = 𝑃𝑠𝑡𝑎𝑐𝑘 − 𝑃𝑝𝑢𝑚𝑝 − 𝑃𝑓𝑎𝑛 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 cooling oil flow rate regulations and stack inlet cooling oil 

temperature on the stack performance. Fig. 7 shows the net power output and energy efficiency 

at the various stack inlet cooling oil temperature and cooling oil flow rate at 0.3A/cm2 and 

0.5A/cm2. Operating the fuel cell at a higher stack inlet cooling oil temperature and a relatively 

lower cooling oil flow rate is suggested to minimize the fan power and oil pump power 

consumption. 



 

 

(a) Working at current density 0.3A/cm2 

 

(a) Working at current density 0.5A/cm2 

Fig. 7 Net power output 𝑃𝑛𝑒𝑡 and energy efficiency 𝜂𝑛𝑒𝑡 at the various stack inlet cooling 

Operating range 

Operating range 



 

oil temperature and cooling oil flow rate 

In summary, for the thermal management of the PEMFC stack for automotive vehicles, several 

constraints must be considered: differences in stack inlet and outlet cooling oil temperature, 

stack temperature, fan, and pump power consumptions. It is recommended that the inlet cooling 

oil should be maintained at (435-440K) and change the cooling oil flow rate to meet the heat 

dissipation requirements under variable working conditions.  

4. Conclusions 

This paper presents a simulation model of an oil-cooled phosphoric acid doped HT PEMFC 

stack for automotive applications. The heat dissipation requirement for the PEMFC stack is 

analyzed. Analysis results show that increasing operating temperature to 448K reduced the extra 

stack heat generation caused by CO poisoning. It is suggested to keep the inlet cooling oil 

temperature constant within the range of 435-445K and adjust the cooling oil flow rate within 

2.5-5kg/s to maintain the stack’s thermal balance. Due to the significant temperature difference 

between the fuel cell and the external environment (> 150K), 39kW recoverable waste heat is 

available. Effective waste heat recovery could be explored for future work. Preheating the 

reforming reactant is a way to recover waste heat, reducing the fuel required for reforming.  

To the authors’ knowledge, this is a first-of-a-kind analysis related to modeling and 

investigation to verify the feasibility of the methanol-fueled high-temperature proton exchange 

membrane fuel cell (30kW) with an oil cooling system applied in an automotive application. 

This research provides the theoretical background for modeling and detailed analysis of vehicle 

integrated thermal management systems for HT PEMFC vehicles, which may be used as a 



 

reference in future research. 

This work paves the way for developing a fuel cell electric hybrid vehicle powered by 

phosphoric acid-doped HT PEMFC. HT PEMFC presents higher carbon monoxide tolerance; 

they can use liquid fuel such as methanol, ethyl alcohol. It is a promising technology to be 

applied for automotive vehicles and further developed. This will promote the decarbonization 

of the transportation industry by implementing hydrogen technologies. Future work will be 

devoted to developing and implementing an intelligent energy/thermal management strategy 

for the HT PEMFC/electric hybrid vehicle to achieve optimized techno-economic-

environmental performance. 
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