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A PEM electrolyzer system for hydrogen production is established and the corresponding efficiency is 

derived. Based on semi-empirical equations, thermodynamic-electrochemical modeling of water 

splitting reaction is systematically carried out. It is confirmed that the Joule heat resulting from the 

irreversibilities inside the PEM electrolyzer is larger than that needed in the water splitting process in 

the whole region of the electric current density. Some alternative configurations are designed to 

improve the overall performance of the system and the corresponding expressions of the efficiency are 

also derived. The curves of the efficiency varying with the electric current density are presented and 

the efficiencies of the different configurations are compared. The optimally operating region of the 

electric current density is determined. The effects of some of the important parameters on the 

performance of the PEM electrolyzer system are analyzed in detail. Some significant results for the 

optimum design strategies of a practical PEM electrolyzer system for hydrogen production are 

obtained. 

 

 

Keywords: PEM electrolyzer system; hydrogen production; efficiency calculation; configuration 

design; performance analysis. 

 

 

1. INTRODUCTION 

Hydrogen has been considered as an ideal energy carrier to support sustainable energy 

development, which can be effectively produced based on fossil-fuel-based processes, e.g. ethanol, 

methane and natural gas reforming [1-5]. However, the development of renewable hydrogen 

production technologies to replace fossil fuel-based hydrogen production methods is an important step 

towards a sustainable hydrogen economy [6-9]. 

Water electrolysis integrated with clean energy sources such as nuclear power stations, 

photovoltaics or wind turbines is a more practical technology for large-scale renewable hydrogen 
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production. Up until now, most of the research and development on water electrolysis related to 

renewable hydrogen production projects have focused on alkaline electrolysis systems and PEM 

electrolyzers. Compared with traditional alkaline electrolysis systems, PEM electrolyzers are more 

advantageous due to their ecological cleanness, easy maintenance, compactness, etc.[10, 11] Recently, 

most studies on PEM electrolysis emphasize on the development of new catalysts [12-15], cell and 

stack assembly for high efficiencies [16-19]. Comparatively, the detailed heat recovery strategies on 

systematical efficiency and performance analysis are rarely investigated, which is worthwhile to be 

further studied. 

In the present paper, a PEM electrolyzer system is established and the efficiencies of the 

system are presented for differently operating conditions. Based on semi-empirical equations, 

thermodynamic-electrochemical modeling of the electrolysis process is systematically carried out, 

where multi-irreversibilities inside the system are taken into account. In order to improve the 

performance of the system, some alternative configurations for utilizing the redundant heat produced 

in the PEM electrolyzer are put forward. The efficiencies of these configurations are derived and the 

lower boundary of the operating current density is determined. The effects of some of the important 

parameters such as the operating temperature, electrolyte membrane thickness, effectiveness of heat 

exchangers, and inlet flow rate of H2O on the performance of the PEM electrolyzer system are 

analyzed in detail. 

 

 

 

2. THE EFFICIENCIES OF A PEM ELECTROLYZER SYSTEM 

 

 

Figure 1. The schematic diagram of a PEM electrolyzer system for hydrogen production. 
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Figure 1 shows the schematic diagram of a PEM electrolyzer system for hydrogen production. 

The system is mainly composed of a PEM electrolyzer, a separator, a pump and two heat exchangers. 

In order to drive the water splitting reactions, water, electricity and heat, if necessary, are provided to 

the PEM electrolyzer. The generated H2 flows out at the cathode and the generated O2 and residual 

H2O flow out at the anode. The waste heat remained in the products at the outlet can be utilized 

through the use of heat exchanger 1. After leaving heat exchanger 1, H2 is cooled down to reference 

condition (298.15 K and 101,325 Pa), compressed and stored as fuel. The O2/H2O mixture flows into 

the separator, O2 is cooled down and can be used as by-product; and the hot H2O is circulated in the 

H2O supply stream at reference condition and pumped into heat exchanger 1 for the next H2 production 

cycle. Due to the different thermodynamic parameters of reactants/products and the inefficiency of 

heat exchanger 1, the feeding water should be further heated through heat exchanger 2 before reaching 

the temperature of the PEM electrolyzer. Such a model is more general and reasonable than the 

conventional ones [20] as it includes main energy consumption processes of hydrogen production and 

the waste heat produced in the electrolyzer can be efficiently utilized. 

According to Fig. 1, the efficiency of the PEM electrolyzer system for hydrogen production can 

be expressed as 

 

2 2
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,                                   (1a) 

 

where outHN ,2
is the outlet flow rate of H2; LHV is the lower heating value of H2; E is the 

electric energy input; PEMQ  is the thermal energy provided to the PEM electrolyzer or released to the 

environment, OHQ
2

 is the thermal energy input to the second heat exchanger for further heating up 

H2O, 0T  and sT  are, respectively, the temperatures of the environment and external heat source 

supplying heat for heating up H2O, xT  is the temperature of the external heat source, the PEM 

electrolyzer, or the environment and depends on the sign of PEMQ , 
2 01 /H HT T   , and HT  is the 

combustion temperature of H2 at reference condition. Because HT  is independent of the parameters of 

the PEM electrolyzer system, one can simply give another definition of the efficiency as 
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Equation (1a) or (1b) may be used to calculate the efficiency of a PEM electrolyzer system for 

hydrogen production. The results obtained only have a constant difference which is independent of the 

parameters of the system. Below, we directly use Eq. (1b) to calculate the efficiency of the system for 

simplicity. 

When 0PEMQ , Tx=Ts and Eq. (1b) can be directly written as  
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When 0PEMQ  and the redundant heat || PEMQ resulting from the PEM electrolyzer is directly 

released to environment, 0TTx   and Eq. (1b) can be simplified as 
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It is worthwhile to note that if the redundant heat || PEMQ resulting from the PEM electrolyzer is 

utilized, one can improve the performance of the PEM electrolyzer system. We will specially discuss 

this problem in the next few sections. 

It should be pointed out that for a practical electrolyzer system for hydrogen production; the 

hydrogen storage and the operation of some auxiliaries usually consume some additional energy. For 

the sake of calculative convenience, the additional energy is not considered in Eqs. (1)-(3) because it is 

small compared with the input electric energy of the electrolyzer. 

 

 

 

3. THE ALTERNATIVE CONFIGURATIONS OF A PEM ELECTROLYZER SYSTEM  

AND THEIR EFFICIENCIES 

Many researchers have elaborately demonstrated the operating mechanism of a PEM 

electrolyzer system for hydrogen production [11, 21-23]. Here, we only give a simple description. As 

shown in Fig. 1, the overall water splitting reaction is that H2O plus electricity and heat turns to H2 and 

O2, i.e., H2O+heat+electricity→H2+0.5O2. The total energy required for electrolytic hydrogen 

production △H(T) is given by 

 

( ) ( ) ( )H T Q T G T   ,                                              (4) 

 

where△G(T) is the electrical energy demand, i.e., the change in the Gibbs free energy, 

Q(T)=T△S(T) is the thermal energy demand, △S(T) is the entropy change in the water splitting 

reaction process, and T is the operating temperature of the PEM electrolyzer. 

According to Refs. [24-27], the reversible voltage of a PEM water electrolysis process can be 

determined by Nernst equation, i.e., 
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where 
2HP  and 

2OP are the partial pressures of hydrogen and oxygen, respectively. 

For a practical PEM electrolyzer, the cell voltage required in the electrolytic hydrogen process 

is always bigger than the reversible voltage owing to the existence of irreversibilities resulting mainly 

from the following three overpotential losses. 

(1) The activation overpotential losses [19, 24-28] 

 

)ln(
2

)
+

(=
0j

j

F

RT

αα

αα
V

CA

CA

act

,                                           (6) 

 

where 17

0 1.08 10 exp(0.086 )j T  is the exchange current density [27], j  is the current 

density, R is the universal gas constant, F is Faraday’s constant, and A  and C  are the charge transfer 

coefficients of the anode and cathode, respectively. 

    (2) The ohmic overpotential losses [19, 28-31] 

 

mem
ohm

mem

t
V j


 ,                                                     (7) 

 

where memt  is the membrane thickness, 
1 1

(0.005139 0.003260)exp[1268( )]
303

mem mem
T

    is 

the conductivity of a Nafion membrane [31], 
2 30.043 17.81 39.85 36 ,     0 1,

14 1.4( 1),     1 3.
mem

a a a a

a a


     
 

   
 is the 

membrane humidity [31, 32], /w sata P P  is the membrane water activity, 
wP is the partial pressure of 

water vapor, and 
5 2 7 32.8206 0.02953( 273) 9.1837 10 ( 273) 1.4454 10 ( 273)1.01325 10 T T T

satP
          is the water saturation 

pressure [26, 31, 33]. In a PEM electrolyzer, the membrane always operates under almost full 

humidification, i.e. 1a  [33]. 

(3) The concentration overpotential losses [34] 

 
2

con 1

L

j
V j

j




 

  
 

,                                                   (8) 

 

where 2 is a constant, Lj  is the limiting current density, 
4

1 4 3
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García-Valverde et al. [24] used the above model to simulate the electrochemical, thermal, and 

H2 output flow behaviours of the PEM electrolyzer. It was found that the simulation values are in good 

agreement with the experiment data [24]. It shows that the electrolyzer model adopted here is of 

practical significance. 

Using the above equations, one can calculate the voltage and electric energy required by the 

PEM electrolyzer and the Joule heat produced in the PEM electrolyzer, which are, respectively, 

determined by 
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0 act ohm conV V V V V    ,                                              (9) 

 

E IV ,                                                           (10) 

 

and 

 

( )J act ohm conQ I V V V   ,                                             (11) 

 

where pI jA  is the electric current through the PEM electrolyzer and Ap is the effective 

surface area of the polar plate. 

It is significant to note that the Joule heat produced in the PEM electrolyzer may be directly 

used to supply to the water splitting reactions and hence the heat input of the external heat source can 

be decreased. Thus, the thermal energy transferred from the external heat source to the electrolyzer 

may be reduced from Q  to 

 

( )PEM JQ Q Q  .                                                   (12) 

 

According to Faraday’s law, the rate of electrochemical reaction   depends on the operating 

electric current [35, 36], i.e.,  

 

2
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    ,                                                    (13) 

 

where n is the number of moles and dn/dt is the molar consumption rate of H2O. Based on Eq. 

(13), the outlet flow rates of H2, O2 and H2O are, respectively, given by 
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    According to Fig. 1, the heat supplied by the external heat source to heat the compensatory 

water is given by: 
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where   is the effectiveness of the heat exchangers and ipC , (i= H2, O2 or H2O) are the molar 

heat capacities of species i. It may be easily proved from Eq. (16) and the data in Table 1 [37-39] that 

0
2
OHQ . 

 

Table 1. Thermodynamic parameters for the reactants/products at 101,325 Pa, where (g) and (l) refer 

to gas and liquid phases, respectively. 

 

Compound S(T0) 

(J mol-1 K-1) 

Heat Capacity(Cp,i) 

(J mol-1 K-1) 

H2 (g) 131 27.28+0.00326T+50000/T2 

O2 (g) 205 29.96+0.00418T-167000/T2 

H2O (l) 70 75.44 

 

Table 2. Parameters used in the present modeling. 

 

Parameter Value 

Faraday constant, F (C mol-1) 96,485 

Universal gas constant, R (J mol-1 K-1) 8.314 

Low heating value of H2, LHV (J mol-1) 241,830 

Membrane thickness memt
 (m) 

50×10-6 

Transfer coefficient of the anode, A   
0.5 [15] 

Transfer coefficient of the cathode, C  
1 [15] 

Limiting current density, Lj  (A m-2) 
20,000 [15] 

Concentration overvoltage constant, 2  
2 [15] 

Temperature of the electrolyzer, T  (K) 363 

Membrane water activity, a  1 

Temperature of ambience, 0T
 (K) 

298.15 

Temperature of heat source, sT
 (K) 

400 

Partial pressure of hydrogen, 2OP
 (Pa) 

101,325 

Partial pressure of oxygen, 2HP
 (Pa) 

101,325 

Partial pressure of water, OHP
2  (Pa) 

101,325 

Area of single-cell polar plate, Ap (m2) 0.01 

Flow rate of H2O at PEM inlet, inOHN ,2  (mol s-1) 
0.001 

Effectiveness of the heat exchangers,   0.7 

 

Using the above equations and the data in Tables 1 and 2 [10, 26, 31, 40-43], we can obtain the 

curves of kQ (k=PEM and TE) varying with j, as shown in Fig. 2, where 
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20 0(1 / ) (1 / )TE PEM H O sQ Q T T Q T T    and Qj is the current density when 0TEQ  . It is clearly seen 

from Fig. 2 that when the PEM electrolyzer works at the temperatures between 353 K and 373 K, 

0PEMQ  , 0TEQ   in the region of Qjj   and 0TEQ   in the region of Qjj  . When the operating 

temperature is increased, PEMQ  decreases. 

 

 
 

Figure 2. The curves of PEMQ and TEQ  varying with the current density for different temperatures. 

 

 
A 
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B 
 

Figure 3. The part schematic diagrams of a PEM electrolyzer system for hydrogen production with 

(A) 0TEQ  and (B) 0TEQ  . The other parts of the system are the same as those in Fig. 1 

 

It is interesting to note that when 0PEMQ  , besides Fig. 1, one can design some alternative 

configurations for a PEM electrolyzer system, as shown in Fig. 3. It is seen from Fig. 3(A) that when 

0PEMQ   and 0TEQ  , the redundant heat PEMQ generated in the PEM electrolyzer may be transferred 

to heat the water through an additional heat exchanger, i.e., heat exchanger 3. In such a case, TTx   

and Eq. (1b) can be directly expressed as 
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In Fig.3 (A), the heat 0 0(1 / ) / ( )PEM s sQ T T T T T  , which has the same temperature level as the 

external heat source connected to heat exchanger 2, is transferred to the water, so that the heat supplied 

by the external heat source can be reduced from 
2H OQ to 

2 0 0(1 / ) / ( )H O PEM s sQ Q T T T T T   . It is seen 

from Fig. 3(B) that when 0PEMQ   and 0TEQ  , one part of the redundant heat PEMQ  may be used to 

replace the heat 
2H OQ  supplied by the external heat source and to heat the water so that the temperature 

of the water attains that of the PEM electrolyzer, and the other part of the redundant heat PEMQ is 
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released to the environment. In such a case, neither Eq. (1b) nor Eq. (17) may be directly used to 

calculate the efficiency of the system, while the efficiency of the system should be expressed as 

 

2 ,H outN LHV

E
  .                                                  (18) 

 

In Fig. 3(B), the quantity of the heat transferred from the PEM electrolyzer to heat exchanger 2 

is equal to 
2 0 0(1 / ) / ( )H O PEM s sQ Q T T T T T    and the quantity of the heat released to the environment 

is  
2 0 01 (1 / ) / ( )PEM H O PEM s sQ Q Q T T T T T     . 

 

 

 

4. EFFECTS OF SOME PARAMETERS ON THE EFFICIENCY 

Unless otherwise described specifically, the following numerical calculations are performed 

based on the data in Tables 1 and 2 and Eqs. (3), (17) and (18). According to Figs. 1 and 3, one can 

generate some characteristic curves of the efficiency of the system varying with the current density 

under differently given parameters, as shown in Figs. 4 and 5. 

 

 
Figure 4. The curves of the efficiency of the system varying with the current density for different 

configurations. Curves I and II correspond to the configurations of Fig. 1 and Fig.3(A) and (B), 

respectively. 
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It is seen from Fig. 4 that when PEMQ <0, the efficiency of the system (Curve II) shown in Fig. 

3 is higher than that (Curve I) shown in Fig. 1. It is taken for granted because the redundant heat 

PEMQ generated in the PEM electrolyzer is utilized in Fig. 3. Thus, in Fig. 5, we only discuss the 

performance of the system configurations shown in Fig. 3. 

 

 
A 

 
B 
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C 

 

 
D 
 

Figure 5. The efficiency versus current density curves for different (A) operating temperatures, (B) 

membrane thickness, (C) effectiveness of the heat exchangers, and (D) inlet flow rates of H2O. 
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It is also seen from Fig. 4 that for a PEM electrolyzer system, there is a maximum efficiency 

maxη  and a corresponding current density mj . The curves in Fig. 4 show clearly that in the region 

of mjj < , the efficiency of the system decreases rapidly as the current density is decreased, as shown 

by the left side of curve II which is generated by Eq. (17) corresponding to Fig. 3(A); while in the 

region of mjj > , the efficiency of the system increases as the current density is decreased, as shown by 

the right side of curve II which is generated by Eq. (18) corresponding to Fig. 3(B). When mjj = , Eq. 

(17) is equal to Eq. (18) and mj  is equal to Qj  in Fig. 2. It means the fact that one should choose the 

configuration shown in Fig. 3(B) so that the PEM electrolyzer system is operated in the region 

of mjj ≥ . For the parameters given in Table 2, the value of jm is equal to 806 A/m
2
. It should be 

pointed out that mj is the lowest bound of the optimized current density. In order to obtain a larger 

hydrogen production rate, the current densities in the practical PEM electrolyzer systems [16, 44, 45] 

are usually chosen to be much larger than mj , which is in agreement with the optimal condition of the 

current density. 

The influence of the operating temperature on the performance of the system is shown in Fig. 

5(A). When mjj ≥ , the efficiency of the electrolysis system increases as the operating temperature is 

increased. Moreover, the maximum efficiency and the current density corresponding to the maximum 

efficiency increase monotonically with the increasing of the operating temperature. 

The influence of the electrolyte membrane thickness on the performance of the system in the 

optimal current density region is shown in Fig. 5(B). It shows that the efficiency of the electrolysis 

system decreases as the electrolyte membrane thickness is increased. Furthermore, the influence of the 

electrolyte membrane thickness on the efficiency of the system increases as the current density is 

increased. 

The influence of the effectiveness of the heat exchangers on the performance of the system is 

shown in Fig. 5(C). The efficiency of the system increases as the effectiveness of the heat exchangers 

is increased. However, the influence mainly happens in the region of mj j . When j>jm, the redundant 

heat generated in the electrolyzer PEMQ  is larger than the thermal energy 
2H OQ needed from the 

external heat sources, so that the influence of the effectiveness of the heat exchangers can be neglected. 

The influence of the inlet flow rate of water on the performance of the electrolysis system is 

shown in Fig. 5(D). It shows that the efficiency of the system decreases as the inlet flow rate of water 

is increased. Similarly, the influence mainly happens in the region of mj j , and this influence can be 

negligible in the other regions. 

 

 

 

5. CONCLUSIONS 

A PEM water electrolysis system for hydrogen production is established and the efficiencies of 

the system are given for the cases of 0PEMQ  and 0PEMQ . Based on semi-empirical equations, the 

irreversible losses in a PEM water electrolysis process are calculated. It shows that in the whole 

operating current density range, 0PEMQ . Some alternative configurations for utilizing the redundant 

heat resulting from the PEM electrolyzer are put forward to improve the performance of the system. It 
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is found that the efficiencies of the alternative configurations are higher than those that the redundant 

heat is directly released into the environment. It is expounded that the operating current density for the 

alternative configurations should be situated in the region mjj > . Moreover, it is revealed that the 

efficiency of the system increases as the operating temperature and the effectiveness of the heat 

exchangers are increased and decreases as the electrolyte membrane thickness and the inlet flow rate of 

H2O are increased. The optimum design strategies obtained here may enrich thermodynamic and 

electrochemical theories of a PEM electrolyzer and provide some guidance for the optimum design and 

operation of practical PEM electrolysis systems for hydrogen production.  
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