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Research Highlights: 

  

(1) A electrochemical hydrogen pump (EHP) model which based on partial stage cut 

method are proposed. 

 

(2) Four real factors are introduced in the model to describe EHP performance 

accurately. 

 

(3) The acuracy of EHP model is verified based on different aspects under four 

different feedstock systems. 

 

(4) The variation law of current density caused by GDL mass transfer and PEM 

resistance are simulated and analyzed quantitatively. 

 

(5) The back-diffusion behavior of hydrogen under cathode pressurization are 

simulated and analyzed quantitatively. 
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Abstract: In this work, a partial element stage cut electrochemical hydrogen pump 13 

(EHP) model for multiple H2-contaning gases separation and hydrogen compression 14 

which embed real factors (anode impurity diffusion, hydrogen back-diffusion and anode 15 

catalyst deactivation) was established to study EHP performance accurately under full 16 

hydrogen concentration. The accuracy and reliability of proposed model were verified 17 

from four aspects (current density distribution, polarization curve, hydrogen recovery 18 

and purity) under different feedstock systems and wide pressure range. The model has 19 

good applicability and accuracy ( 𝑅2 ≥ 0.96 , simulation and experiment results 20 

comparison). Simulation results show that high hydrogen back-diffusion ratio can cause 21 

low energy efficiency under high cathode pressure and low feedstock hydrogen content. 22 

The variation law of hydrogen purity under multi-operating conditions was studied, 23 

which shows dual-effect (PEM and GDL resistance) can affect hydrogen purity 24 

prominently through current density under low feedstock hydrogen content and applied 25 

potential. 26 
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1. Introduction 30 

Hydrogen (H2) is an important energy carrier. Due to its high heat value 31 

(1.2 × 105 kJ/kg ), combustion products are non-pollution (only water) and can be 32 

transported through existing pipelines.1 It is considered to a clean energy with the most 33 

development potential in 21st century. However, different with fossil energy (coal, 34 

petroleum and natural gas), hydrogen is not a primary energy. It must be produced by 35 

other energy, which can be stored in form of chemical energy and used in some way 36 

(fuel cell or combustion). No matter how hydrogen is obtained, separation is an eternal 37 

topic. On the one hand, over 90% hydrogen comes from fossil fuels and industrial by-38 

product (a minor amount of hydrogen from bio-processes)2,3, which contains impurities 39 

or by-products (CO, CO2 and N2 etc.) brought from raw materials or reaction process.4,5 40 

In the process of chemical-electrical energy conversion under catalyst, hydrogen purity 41 

will affect fuel cell performance6 and service life directly.7 Besides, due to the 42 

difference between hydrogen consumption and production end, hydrogen produced 43 

from renewable energy (solar and wind) needs to be transported through the existing 44 

natural gas pipeline network.8 Although this transportation method reduces cost, but the 45 

efficient separation of hydrogen (H2/CH4) with pressure swing adsorption (PSA)9,10 is 46 

difficult to achieve since low hydrogen content (10 - 30 mol%).11 On the other hands, 47 

since the low specific volumetric energy density at atmospheric pressure, pressurized 48 

storage for hydrogen is necessary. Different kinds of gases have different compression 49 

work, due to the high initial specific volumes of hydrogen (11.11 Nm3/kg).12 Hydrogen 50 

requires about 9 times energy compared with methane and 15 times energy compared 51 

with air according to the adiabatic compression formula under the ideal condition of 52 

ignoring additional loss, which requires high compression power undoubtedly.13 In 53 

summary, efficient hydrogen separation and compression must be considered to realize 54 

“hydrogen economy” in the future. 55 

Electrochemical hydrogen pump (EHP) is also called electrochemical hydrogen 56 

compressor (EHC), which integrates hydrogen purification and compression functions. 57 

Providing a new way for hydrogen the efficient utilization. With its advantages, a host 58 

of scholars have studied EHP operation performance in detail. Lee et al.14 recovered 59 

hydrogen from H2/N2/CO2 mixture by EHP, which showed that higher temperature 60 

could improve EHP energy efficiency and product hydrogen purity. But higher inlet 61 

pressure can lead to greater impurity diffusion flux and decrease product hydrogen 62 

purity. Onda et al.15 separated hydrogen from H2/N2 mixture and used a modified fuel 63 



 

3 

 

cell (FC) model16 to forecast EHP performance. Experiment results showed that EHP 64 

could separate low content hydrogen from FC exhaust gas. Subsequently, Onda et al.18 65 

separated hydrogen from low hydrogen concentration mixture. Experiment results 66 

showed that EHP effective processing concentration ranged from 1 mol% to 99.99 67 

mol%, which confirmed the full hydrogen concentration applicability of EHP. Abdulla 68 

et al.19 investigated the H2/CO2 separation performance of EHP, which showed that 69 

energy efficiency was limited by hydrogen mass transport in gas diffusion layer (GDL) 70 

and multistage EHP with programmed applied potential profile (from high to low) could 71 

achieve more than 90% energy efficiency and 98% hydrogen recovery. Thomassen et 72 

al.20 used high temperature (≥100 ℃) EHP to separate hydrogen from H2/N2 and 73 

reformate gas (CO, CO2 and CH4) mixture, which showed the good dynamic response 74 

and low energy consumption. Schorer et al.21 demonstrated that the biggest advantage 75 

of EHP was to realize the simultaneous separation and compression of hydrogen 76 

through the research of MEMPHYS project, which will make the storage and 77 

transportation of hydrogen more convenient. 78 

Previous experiment studies on EHP hydrogen separation and compression 79 

performance have been abundant. However, there are few reports on EHP mathematical 80 

modeling method under multi-feedstock system and cathode high pressurization. Ibeh 81 

et al.9 separated hydrogen from H2/CH4 and H2/Ar mixtures and developed a simple 82 

differential equation model to forecast EHP performance. Nordio et al.22 investigated 83 

the separation properties of EHP for H2/CH4, H2/N2 and H2/He mixtures. A 1D + 1D 84 

model which solved by MATLAB® was developed to compare hydrogen separation and 85 

compression performance with pressure swing adsorption (PSA), which showed EHP 86 

was convenient under small scale and high outlet hydrogen pressure field. Danilov et 87 

al.23 proposed a high temperature proton exchange membrane electrochemical 88 

hydrogen pump (HT-EHP) tanks-in-series mathematical model45 based on mass and 89 

charge balance equations. Predicted polarization curve was consisted with the 90 

experiment data of Thomassen et al.20 Toghyani et al.24 established a three-dimensional 91 

numerical model based on finite volume method solved by ANSYS Fluent®, which 92 

showed that hydrogen exergy loss decreased 53% when GDL thickness decreased from 93 

0.5 mm to 0.2 mm at current density of 5000 A/m2. 94 

In summary, mathematical model is the core of quantitative analysis of EHP 95 

hydrogen production process. Although previous scholars have developed a few 96 

mathematical models, which simulation data can consistent with the experiment data. 97 
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However, there are still some problems in the current EHP model, which undoubtedly 98 

restricts the further industrialized development of EHP. On the one hand, EHP also has 99 

the problem of cathode hydrogen back-diffusion like hydrogen fuel cell anode hydrogen 100 

crossover25,26and anode impurities diffusion that detrimental for EHP energy efficiency 101 

and product hydrogen purity, which strongly depending on the PEM properties and 102 

electrochemical reaction. Although Truc et al.27 and Baik et al.28 proposed hydrogen 103 

crossover numerical model based on membrane water content and temperature. But 104 

here lack of appropriate embedding methods for real factors. On the other hands, EHP 105 

anode catalyst undergoes reverse water gas shift reaction (RWGS) to generate CO under 106 

the CO2-containing feedstock condition,29 which occupies the anode catalyst active site, 107 

results the decrease of anode catalyst activity and EHP performance.29 However, there 108 

is no EHP mathematical model for CO2-containing feedstock condition based on strict 109 

RWGS kinetic equation. In summary, current EHP mathematical model lacks proper 110 

description of hydrogen back diffusion, anode impurity transmembrane transportation 111 

and anode catalyst deactivation. Existing algebraic and differential equation methods 112 

lack appropriate real factor embedding method, which need to be improved. 113 

In view of the above problems, a partial element stage cut EHP mathematical 114 

model for hydrogen separation and compression which embed three real factors (anode 115 

impurity diffusion, hydrogen back-diffusion and anode catalyst deactivation) was 116 

established to predict EHP performance accurately. The accuracy and reliability of 117 

proposed model were verified from four aspects (current density distribution, 118 

polarization curve, cathode hydrogen yield and purity) under four different feedstock 119 

systems (H2/N2, H2/CH4, H2/He and H2/CO2) and wide cathode pressure (0.1 - 1 MPa) 120 

to ensure accuracy. The EHP model will provide an important basis for its process 121 

simulation and optimization, and the study of hydrogen separation performance 122 

provides guidance for EHP industrialization application. 123 

 124 

2. Mathematical model of electrochemical hydrogen pump 125 

The working principle of EHP is shown in Figure 1, which is formed of anode and 126 

cathode gas diffusion layers (GDL), gas flow channel, catalyst layer (CL) and proton 127 

exchange membrane (PEM).14 The core part of EHP is called membrane electrode 128 

assembly (MEA).17 EHP working process can be described as a series of nine transport 129 

and reaction steps:19 130 
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(1) Anode hydrogen molecules (H2) are transported across the anode GDL from 131 

anode gas flow channel to the anode CL. 132 

(2) Hydrogen molecules are adsorbed on the anode CL. 133 

(3) Adsorbed hydrogen molecules are oxidized to protons (H+) and electrons(e-). 134 

(4) Electrons move from anode GDL to cathode GDL through external circuit. 135 

(5) Protons move from the anode CL into and across the PEM. 136 

(6) Protons adsorb onto the cathode CL. 137 

(7) Protons and electrons combine adsorbed protons at the cathode CL. 138 

(8) Protons recombine and desorb as hydrogen molecules from the cathode CL. 139 

(9) Hydrogen gas molecules are transported across the cathode GDL to the cathode 140 

gas flow channel. 141 

The whole process can be summarized by two electrochemical half-reactions and 142 

one total reaction as shown in Eqs. (1) - (3): 143 

Anode hydrogen oxidation reaction (HOR): 144 

𝐻2(𝑃𝑎) → 2𝐻
+ + 2𝑒− (1) 

Cathode hydrogen evolution reaction (HER): 145 

2𝐻+ + 2𝑒− → 𝐻2(𝑃𝑐) (2) 

EHP overall reaction equation: 146 

𝐻2(𝑃𝑎) → 𝐻2(𝑃𝑐) (3) 

 147 

Like the multistage equilibrium calculation of distillation column, partial element 148 

stage cut numerical technique can make simulation process efficient and convenient. 149 

Besides, this approach can also embed a variety of real factors to make simulation 150 

results accurate.33 Some scholars have used this method to simulate gas membrane 151 

separation process. Coker et al.31 proposed a membrane module model based on partial 152 

element stage cut method, which treat membrane module as several cells. Each cell’s 153 

residue is fed to the next cell, and the permeate flow of the cell is a combination of local 154 

membrane permeation and the permeate flow from the next and previous cell. Katoh et 155 

al.48 proposed a membrane module mathematical model considering nonideal mixing 156 

based on partial element stage cut method, which provided a reliable unsteady-state 157 

behaviors examination method for hollow fiber membrane gas separation modules. 158 

Chen et al.32 proposed a dual-membrane module model based on partial element stage 159 

cut method, which has good applicability for H2/CO2 separation and can be established 160 

in natural gas46 and oilfield associated gas47 treatment simulation environment. Gilassi 161 
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et al.33 used partial element stage cut method to realized hollow fiber membrane module 162 

modeling, which was suitable for natural gas and air separation simulation in Aspen 163 

Plus®. Therefore, the effectiveness of modeling method based on element stage cut 164 

method is proved, which provided sufficient theoretical basis. 165 

Similar with membrane modules and fuel cell, EHP also has long gas flow channel, 166 

and its main purpose is to realize the separation of hydrogen and other components. 167 

However, although PEM has high selectivity, but it cannot prevent transmembrane 168 

behavior of other impurities. The specific modeling method of transmembrane behavior 169 

has not been mentioned in previous studies. In addition, the Nernst potential in the 170 

electrode along the gas flow channel is different since the hydrogen content decreases 171 

with the direction of the flow channel.15,16 Simple algebraic equations19 based on 172 

modification of Faraday's law cannot achieve the internal operating parameters (current 173 

density distribution, Nernst potential and overpotential distribution and H2 mass 174 

transport limited current density, etc.) of the EHP. Although computational fluid 175 

dynamics (CFD) model can realize the visualization of EHP internal process,24 but its 176 

computational resources cost is high, which scalability is limited. Therefore, it is 177 

necessary to use more effective partial element stage cut method to realize EHP 178 

modeling. 179 

 180 

2.1. Model description 181 

A partial element stage cut method which embed three kind of real factors is 182 

introduced here for EHP modeling to forecast hydrogen recovery rate, purity and other 183 

internal operating parameters. The H2-containing gas enters from the anode, and the 184 

hydrogen reaches CL through GDL, which is dissociated into protons and electrons 185 

under external electric field. Single straight flow channel assumption is adopted here to 186 

not only deal with EHP gas flow channel with straight, Z pattern and serpentine but also 187 

can be used to large-scale EHP stack while occupying fewer time and resources. The 188 

cathode conditions (except cathode pressure Pc) are neglected here since it does not 189 

limit EHP performance. Because EHP has large aspect ratio (small hydraulics diameter 190 

DH and large length Lchannel). Therefore, the whole EHP anode part can be simplified as 191 

a series of continuous small block, which is similar with plug flow reactor.45 Hydrogen 192 

transportation behavior in x-direction and y-direction can be purely considered as 1 - D 193 

and axial diffusion in the gas flow channel is ignored. Whole model can be simplified 194 
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as a half EHP model as shown in Figure 2.  195 

(1) Hydrogen transport in GDL only considers diffusion.38 196 

(2) Since the anode gas pressure is low (≤ 600 kPa) and temperature is low (20 - 197 

120 ℃), all gases processed by EHP are considered as ideal mixture. 198 

(3) EHP operation process can be regarded as isothermal24 and steady state. 199 

(4) Perfectly humidified PEM with no water clogging, constant membrane 200 

resistance.35 201 

(5) Gas viscosity can be considered constant even anode hydrogen is entirely 202 

consumed. 203 

(6) A plane catalyst layer (CL) is considered at the anode meaning that the 204 

electrochemical reaction takes place homogenously throughout the CL thickness. 205 

(7) The aspect ratio and flow channel cross-sectional area have little effect on cell 206 

performance.34,35 Similarly, the gas flow channel can be simplified as single straight 207 

flow channel, which no bending. 208 

 209 

2.2. Model general equations 210 

Like the oxygen transportation process in the cathode gas flow channel of 211 

hydrogen fuel cell,38 based on the previous assumptions, steady state hydrogen transport 212 

equation in the anode gas flow channel is as follows: 213 

𝜕𝐶𝑎(𝑥, 𝑦)

𝜕𝑥
=
𝐷𝑒

𝑢𝑎ℎ𝑑
∙
𝜕𝐶𝐺(𝑥, 𝑦)

𝜕𝑦
|𝑦=0 (4) 

where 𝐶𝑎 is the hydrogen mole concentration in anode gas flow channel; 𝐶𝐺 is the mole 214 

concentration of hydrogen in the GDL; ua is the anode gas velocity; hd is the gas 215 

diffusion layer thickness; De is the hydrogen effective diffusion coefficient in anode 216 

GDL, which can be calculated by Bruggeman correction, which can be expressed as 217 

follow:36,37 218 

𝐷𝑒 =
𝜀𝜏(1 − 𝑠)𝜏(1 − 𝑥𝑎

𝑎)

∑
𝑥𝑎
𝑏

𝐷𝑎,𝑏𝑏,𝑏≠𝑎

 
(5) 

where 𝜀 and 𝜏 are the porosity and tortuosity, which detail data is from Chen et al.37; s 219 

is the liquid saturation; 𝑥𝑎 is the mole fraction of hydrogen in gas flow channel, which 220 

are described in detail below; 𝐷𝑎,𝑏  is the binary diffusivity of hydrogen and other 221 

component (a means H2, b means other component), which can be calculated by Fuller 222 

- Schettler - Gidding equation: 223 
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𝐷𝑎,𝑏 =
10−3𝑇1.75(

𝑀𝑎 +𝑀𝑏
𝑀𝑎𝑀𝑏

)0.5

𝑃𝑎[(∑𝑉)𝑎

1
3 + (∑𝑉)𝑏

1
3]2

 (6) 

where T is the operating temperature; Ma and Mb are the molecular weight of component 224 

a and b (a means hydrogen, b means other components); Pa is the anode pressure; ∑𝑉 225 

is the molecular diffusion volume, which are shown in Table 1. 226 

The pressure drop in the anode gas flow channel is calculated by Hagen-Poiseuille 227 

equation 36 with channel size correction, which is shown in Eq. (7): 228 

𝑑𝑃𝑎
𝑑𝑥

= (55 + 41.5𝑒

(
−3.4

𝑤𝑐ℎ𝑎𝑛𝑛𝑒𝑙
ℎ𝑐ℎ𝑎𝑛𝑛𝑒𝑙

)

) ×
𝜇𝑚𝑖𝑥𝑢𝑎
2𝐷𝐻

 
(7) 

where wchannel and hchannel are the gas flow channel width and height; ua is the flow 229 

channel gas velocity, which is assumed to be constant and calculated by Eq. (8) based 230 

on feedstock volume flow VF; 𝜇𝑚𝑖𝑥 is gas mixture viscosity, which also assumed to be 231 

constant and calculated by Unisim Design® based on Peng-Robinson fluid package for 232 

convenience; 𝐷𝐻 is the hydraulic diameter,36 which is calculated as Eq. (9): 233 

𝑢𝑎 =
𝑉𝐹

0.785𝐷𝐻
2  (8) 

𝐷𝐻 =
2𝑤𝑐ℎ𝑎𝑛𝑛𝑒𝑙ℎ𝑐ℎ𝑎𝑛𝑛𝑒𝑙
ℎ𝑐ℎ𝑎𝑛𝑛𝑒𝑙 + 𝑤𝑐ℎ𝑎𝑛𝑛𝑒𝑙

 (9) 

The steady state hydrogen diffusion equation in GDL is given as: 234 

𝜕2𝐶𝐺(𝑥, 𝑦)

𝜕𝑦2
= 0 (10) 

As the hydrogen content decreases along the gas flow channel, Nernst potential 235 

and overpotential are also changed. Anode and cathode charge balance equations are 236 

defined as: 237 

𝐶𝐷𝐿
𝑎
𝑑𝜂𝑎(𝑥)

𝑑𝑡
= 𝑗𝐸𝐻𝑃(𝑥) − 𝑗𝑎(𝑥) (11) 

𝐶𝐷𝐿
𝑐
𝑑𝜂𝑐(𝑥)

𝑑𝑡
= −𝑗𝐸𝐻𝑃(𝑥) − 𝑗𝑐(𝑥) (12) 

where 𝜂𝑎(𝑥), 𝜂𝑐(𝑥) are non-ohmic overpotential of anode and cathode, respectively; 238 

C𝐷𝐿
𝑎 , C𝐷𝐿

𝑐   are double layer capacitances, respectively; 𝑗𝐸𝐻𝑃(𝑥)  is the EHP current 239 

density along x, respectively; 𝑗𝑎(𝑥), 𝑗𝑐(𝑥)  are current density along x of anode and 240 

cathode, respectively. 241 

Under steady-state conditions, EHP operating parameters are independent of time. 242 

Therefore, Eq. (11) and Eq. (12) can be simplified as: 243 
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𝑑𝜂𝑎(𝑥)

𝑑𝑡
=
𝑑𝜂𝑐(𝑥)

𝑑𝑡
= 0 (13) 

𝑗𝐸𝐻𝑃(𝑥) = 𝑗𝑎(𝑥) = |𝑗𝑐(𝑥)| (14) 

According to Butler - Volmer equation, the current density equations of anode and 244 

cathode are as follows:23,40 245 

𝑗𝑎(𝑥) = 𝜃𝐻
2𝑗0
𝑎𝑒
[−
𝐸𝐴
𝑎

𝑅𝑇
(1−

𝑇
𝑇𝑟𝑒𝑓

)]
[
𝐶𝑐𝑎𝑡,𝑎(𝑥)

𝐶𝑟𝑒𝑓
]0.5 [𝑒

(
𝛼𝑎
𝑎

𝑅𝑇
𝜂𝑎(𝑥))

− 𝑒
(
𝛼𝑐
𝑎

𝑅𝑇
𝜂𝑎(𝑥))

] (15) 

𝑗𝑐(𝑥) = 𝑗0
𝑐𝑒
[−
𝐸𝐴
𝑐

𝑅𝑇
(1−

𝑇
𝑇𝑟𝑒𝑓

)]
[
𝐶𝑐𝑎𝑡,𝑐(𝑥)

𝐶𝑟𝑒𝑓
]0.5 [𝑒

(
𝛼𝑎
𝑐

𝑅𝑇
𝜂𝑐(𝑥))

− 𝑒
(
𝛼𝑐
𝑐

𝑅𝑇
𝜂𝑐(𝑥))

] (16) 

where 𝜃𝐻  is the effective surface coverage for HOR (surface coverage values are 246 

derived from the RWGS kinetic equation solving results) from 0 - 1; 𝐸𝐴
𝑎, 𝐸𝐴

𝑐 are the 247 

activation energy of HOR and HER (while a and c means anode and cathode); T is the 248 

operating temperature; R is the ideal gas constant; 𝑗0
𝑎, 𝑗0

𝑐  are the exchange current 249 

density of HOR and HER; 𝛼𝑎
𝑎 , 𝛼𝑐

𝑎, 𝛼𝑎
𝑐  and 𝛼𝑐

𝑐  are the charge transfer coefficients of 250 

anode and cathode electrochemical reactions; 𝐶𝑐𝑎𝑡,𝑎(𝑥), 𝐶𝑐𝑎𝑡,𝑐(𝑥)  are the hydrogen 251 

concentration of the CL surface; 𝐶𝑟𝑒𝑓 is the reference hydrogen concentration which 252 

equals to feedstock hydrogen concentration; 𝑇𝑟𝑒𝑓  is the electrochemical reactions 253 

reference temperature. Electrochemical kinetic parameters are shown in Table 2. 254 

According to Eq. (15) and Eq. (16), the current densities of anode and cathode are 255 

equal under steady-state. The influence of cathode conditions except pressure on EHP 256 

can be ignored. Only anode current density needs to be calculated. The overpotential 257 

value reflects the electrochemical reaction rate, which is related to the value of Nernst 258 

potential, anode current density and PEM resistance: 259 

𝜂𝑎(𝑥) = [𝐸 − 𝐸𝑁(𝑥) − 𝑗𝑎(𝑥) ∙ 𝑟] × 𝑜𝑝 (17) 

𝐸𝑁(𝑥) =
𝑅𝑇

𝑍𝐹
𝑙𝑛 [
𝑃𝑐𝑥𝑐

1(𝑥)

𝑃𝑎𝑥𝑎1(𝑥)
] (18) 

where E is applied potential provided by power source; r is the PEM resistance; 𝐸𝑁(𝑥) 260 

is the Nernst potential, which is related to the partial pressure of anode hydrogen; Z is 261 

the number of transferred charges; F is the Faraday constant (96485 C/mol); Hao et al.39 262 

used hydrogen reference electrode to investigate EHP reaction mechanism, which 263 

shown that anode overpotential accounts for about 0.25 of the overall overpotential in 264 

the cell average current density range of 7 - 80 mA/cm2. When the current density is 265 

greater than 700 mA/cm2, the value of op is about 1 according the extrapolation results. 266 

 267 

 268 
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2.3. RWGS kinetic equation 269 

Carbon dioxide at the anode can undergo reverse water gas shift reaction (RWGS) 270 

under electric field, which total reaction is shown in Eq. (19) with the adsorbed 271 

hydrogen on the CL, which generate adsorbed CO that can poison catalyst. Gu et al.41 272 

used strip cyclic voltammetry (CV) to investigate the RWGS in Pt and Pt/Ru alloy 273 

catalysts of PEMFC. The CO equilibrium concentration were consistent with kinetic 274 

equation calculation results.42,43 Nordio et al.30 proved that RWGS is the main reason 275 

of EHP performance degradation, the inactivation of the catalyst is faster at 22.5 ℃ 276 

compared with 19 ℃ since RWGS is an endothermic reaction. Danilov et al.23 used 277 

empirical correlation for carbon monoxide surface coverage given by Rodrigues et al.44 278 

to predict the high temperature EHP catalyst performance. In this work, the novel 279 

strategy based on RWGS kinetic equation Eqs. (19) - (25)41-43 is used to realize the 280 

accurate forecast for EHP operation performance in CO2-containing feedstock. 281 

𝐶𝑂2 + 𝐻2 ↔ 𝐶𝑂 + 𝐻2𝑂 (19) 

Although total RWGS can be simply written as shown in Eq. (19). But the actual 282 

reaction route is complicated, which can be divided into six steps: 283 

𝐶𝑂 − 𝐶𝑎𝑡
𝑘1,𝑘−1
⇔   𝐶𝑂 + 𝐶𝑎𝑡 (20) 

𝐻2𝑂 + 𝐶𝑎𝑡
𝑘2,𝑘−2
⇔   𝐻2𝑂 − 𝐶𝑎𝑡 (21) 

𝐻2𝑂 − 𝐶𝑎𝑡
𝑘3,𝑘−3
⇔   𝐻𝑂 − 𝐶𝑎𝑡 + 𝐻+ + 𝑒− (22) 

𝐶𝑂2 + 𝐻
+ + 𝑒− + 2𝐶𝑎𝑡

𝑘4,𝑘−4
⇔   𝐶𝑂 − 𝐶𝑎𝑡 + 𝐻𝑂 − 𝐶𝑎𝑡 (23) 

𝐻2 + 2𝐶𝑎𝑡
𝑘5,𝑘−5
⇔   2𝐶𝑎𝑡 − 𝐻 (24) 

𝐶𝑎𝑡 − 𝐻
𝑘6,𝑘−6
⇔   𝐻+ + 𝑒− + 𝐶𝑎𝑡 (25) 

The change of surface coverage 𝜃 of different species can be expressed as follows: 284 

𝜌
𝑑𝜃𝐻
𝑑𝑡

= 2𝑟5 − 2𝑟−5 − 𝑟6 + 𝑟−6 (26) 

𝜌
𝑑𝜃𝐻2𝑂

𝑑𝑡
= 𝑟2 − 𝑟−2 − 𝑟3 + 𝑟−3 (27) 

𝜌
𝑑𝜃𝑂𝐻
𝑑𝑡

= 𝑟3 − 𝑟−3 + 𝑟4 + 𝑟−4 (28) 

𝜌
𝑑𝜃𝐶𝑂
𝑑𝑡

= 𝑟4 − 2𝑟−4 − 𝑟1 + 𝑟−1 (29) 

The surface coverage of each species (H, H2O, OH and CO) does not change with 285 

time under steady state. The normalization equation of surface coverage is shown in Eq. 286 

(30).  287 

𝜃0 + 𝜃𝐻 + 𝜃𝐻2𝑂 + 𝜃𝑂𝐻 + 𝜃𝐶𝑂 = 1 (30) 
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The detailed kinetic expression data are shown in Table A1 and Table A2. By 288 

solving the above Eqs. (26) - (30) and Eqs. (A1) - (A3), the catalyst surface coverage 289 

data can be obtained to realize the correction of current density calculation Eq. (15). 290 

The accuracy of the calculation method is verified below. 291 

 292 

2.4. Partial cut stage strategy for model solution 293 

Eqs. (4) - (10) descripted the hydrogen transportation and diffusion action in gas 294 

flow channel and GDL. The boundary conditions of them are shown in Eqs. (31) - (32). 295 

Feedstock pressure and flow rate also belong to boundary conditions, which will be 296 

given in the model verification and analysis part. 297 

𝐶𝐺(𝑥, 𝑦 = 0) = 𝐶𝑎(𝑥) (31) 

−𝐷𝑒
𝜕𝐶𝐺(𝑥, 𝑦)

𝜕𝑦
|𝑦=ℎ𝑑 =

𝑗𝑎(𝑥)

𝑍𝐹
 (32) 

According to above boundary conditions, the hydrogen concentration relationship 298 

of adjacent stage in anode gas flow channel can be expressed as Eq. (33): 299 

𝐶𝑎
𝑖+1 = 𝐶𝑎

𝑖 −
𝑗𝑎,𝑖∆𝑥

𝑍𝐹𝑢𝑎ℎ𝑐ℎ𝑎𝑛𝑛𝑒𝑙
 (33) 

The hydrogen concentration at the interface between CL and GDL has the 300 

following relationship in Eq. (34):  301 

𝐶𝐺(𝑥, 𝑦 = ℎ𝑑) = 𝐶𝑐𝑎𝑡,𝑎(𝑥) (34) 

Therefore, the relationship between 𝐶𝑐 and 𝐶𝑐𝑎𝑡,𝑎 in i stage can be established: 302 

𝐶𝑐𝑎𝑡,𝑎
𝑖 = 𝐶𝑎

𝑖 −
ℎ𝑑𝑗𝑎,𝑖
𝑍𝐹𝐷𝑖

𝑒 (35) 

where i is the stage number; 𝐶𝑎
𝑖 , 𝐶𝑐𝑎𝑡,𝑎

𝑖  are the hydrogen concentrations in CL and GDL 303 

of stage i, respectively; 𝑗𝑎,𝑖 is the anode stage current density; ∆𝑥 is the step size equal 304 

to 𝐿𝑐ℎ𝑎𝑛𝑛𝑒𝑙/𝑁, where Lchannel is the channel length, N is the total stage number. 305 

All key variables varying with the flow channel direction are discretized, and the 306 

detailed parameters of each stage can be solved. Once current density is solved, other 307 

parameters (recovery rate, energy efficiency, stage compositions, purity etc.) can be 308 

achieved naturally. 309 

𝑃𝑎,𝑖 = 𝑃𝑎,𝑖𝑛 − (55 + 41.5𝑒

(
−3.4

𝑤𝑐ℎ𝑎𝑛𝑛𝑒𝑙
ℎ𝑐ℎ𝑎𝑛𝑛𝑒𝑙

)

) ×
𝜇𝑚𝑖𝑥𝑢𝑎∆𝑥(𝑖 − 1)

2𝐷𝐻
 

(36) 

𝐸𝑁 𝑖 =
𝑅𝑇

𝑍𝐹
ln [

𝑃𝑐𝑥𝑐,𝑖−1
1

𝑃𝑎,𝑖−1𝑥𝑎,𝑖−1
1 ] (37) 
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𝜂𝑎,𝑖 = [𝐸 − 𝐸𝑁,𝑖−1 − 𝑗𝑎,𝑖−1 ∙ 𝑟] × 𝑜𝑝 (38) 

𝐷𝑖
𝑒 =

𝜀𝜏(1 − 𝑠)𝜏(1 − 𝑥𝑎,𝑖−1
𝑘=1 )

∑
𝑥𝑎,𝑖−1
𝑘≠1

𝐷𝑘=1,𝑘≠1𝑘=1,𝑘≠1

 
(39) 

𝑗𝑎,𝑖 = 𝜃𝐻,𝑖
2 𝑗0

𝑎𝑒
[−
𝐸𝐴
𝑎

𝑅𝑇
(1−

𝑇
𝑇𝑟𝑒𝑓

)]
[
𝐶𝑐𝑎𝑡,𝑎
𝑖

𝐶𝑟𝑒𝑓
]0.5 [𝑒

(
𝛼𝑎
𝑎

𝑅𝑇
𝜂𝑎,𝑖) − 𝑒

(
𝛼𝑐
𝑎

𝑅𝑇
𝜂𝑎,𝑖)] (40) 

Based on Eqs. (31)-(40), the current density 𝑗𝑎,𝑖 of stage i can be obtained. EHP 310 

average current density can be expressed as Eq. (41): 311 

𝐼𝐸𝐻𝑃 =
∆𝑥

𝐿𝑐ℎ𝑎𝑛𝑛𝑒𝑙
∑𝑗𝑎,𝑖

𝑁

𝑖=1

 (41) 

2.5. Gas molecule transmembrane diffusion 312 

Due to the partial pressure difference on both sides of the PEM, anode impurities 313 

and cathode hydrogen can transport across the PEM. In order to predict the 314 

transmembrane behavior of gas molecules accurately, a gas transmembrane calculation 315 

strategy based partial element stage cut method is used in this model. Whole model 316 

principle and solution strategy are shown in Figure 3. 317 

The component permeability and mass balance equations of stage i are as follows: 318 

𝑄𝑖
𝑘 =

{
 
 

 
 𝑘𝑘(

𝐴
𝑁)(𝑃𝑎,𝑖𝑥𝑎,𝑖−1

𝑘 − 𝑃𝑐𝑥𝑐,𝑖−1
𝑘 )

𝑙𝑚
, 𝑘 ≠ 1

−
𝑘𝑘(
𝐴
𝑁)(𝑃𝑐𝑥𝑐,𝑖−1

𝑘 − 𝑃𝑎,𝑖𝑥𝑎,𝑖−1
𝑘 )

𝑙𝑚
, 𝑘 = 1

 (42) 

𝑄𝑖 =∑𝑄𝑖
𝑘

𝑛

𝑘=1

 (43) 

𝐹𝑎,𝑖−1𝑥𝑎,𝑖−1
𝑘 + 𝐹𝑐,𝑖−1𝑥𝑐,𝑖−1

𝑘 = 𝐹𝑎,𝑖𝑥𝑎,𝑖
𝑘 + 𝐹𝑐,𝑖𝑥𝑐,𝑖

𝑘  (44) 

𝐹𝑎,𝑖−1𝑥𝑎,𝑖−1
𝑘 + 𝑄𝑖

𝑘=1 = 𝐹𝑎,𝑖𝑥𝑎,𝑖
𝑘 +

𝑗𝑎,𝑖
𝑍𝐹
+∑𝑄𝑖

𝑘

𝑛

𝑘=2

 (45) 

𝐹𝑐,𝑖−1𝑥𝑐,𝑖−1
𝑘 +∑𝑄𝑖

𝑘

𝑛

𝑘=2

= 𝐹𝑐,𝑖𝑥𝑐,𝑖
𝑘 +

𝑗𝑎,𝑖
𝑍𝐹
+ 𝑄𝑖

𝑘=1 (46) 

where 𝑘𝑘  is the component permeability; A  is the MEA area;𝑃𝑎,𝑖 is the anode stage 319 

pressure;  𝑃𝑐  is the cathode pressure which is constant; 𝑥𝑎,𝑖
𝑘   and 𝑥𝑐,𝑖

𝑘   are anode and 320 

cathode stage component mole fraction; 𝑄𝑖
𝑘 is the  stage permeation mole flowrate of 321 

component k; 𝑄𝑖 is the stage net permeation mole flowrate;𝐹𝑎,𝑖 and 𝐹𝑐,𝑖 are stage total 322 

mole flowrate; k is the component number (k=1 means hydrogen, k＞1 means other 323 
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components, n is the number of components, 𝑘 ∈ [1, 𝑛]); 𝑙𝑚 is the PEM thickness. 324 

3. Model solution and validation 325 

3.1. Model solution 326 

Since PEM has high selectivity, which only passes protons nearly. Therefore, the 327 

initial impurities content of the first stage (i=1) on the cathode side is set as 0. The PEM 328 

permeability data of different gas molecules are used for model solving process, and 329 

the barrier effect of GDL and CL are ignored. Solution procedures are shown in Figure 330 

4. 331 

 332 

3.2.Model validation 333 

In order to verify the model effectiveness under different feedstock and cathode 334 

pressure, four feedstock systems with typical industrial application background (H2/N2, 335 

H2/CH4, H2/He and H2/CO2) are used to verify the accuracy of the model. The model is 336 

verified from four aspects: current density distribution, polarization curve under 337 

different cathode pressure, hydrogen recovery rate and purity to ensure the accuracy. 338 

The basic parameters required for model validation are shown in Table 3. The 339 

comparison of simulation and experiment results are shown in Table B1, B2, B3 and 340 

B4. 341 

 342 

3.2.1. H2/N2 system 343 

According to the experiment results of Onda et al.15,16,18 and Nordio et al, 22 the 344 

effectiveness of EHP is verified from the views of polarization curve and current density 345 

distribution. As shown in Figure 5(a-b), the polarization curve is consistence with 346 

experiment data in wide hydrogen feedstock content under two different experiment 347 

and operating conditions (average relative error: 7.69%; feedstock hydrogen content: 1 348 

- 99 mol%). As shown in Figure 6, the EHP current density distribution have a good 349 

agreement with experiment data under different applied potential (average relative error 350 

is 1.39% to 9.93% when the average current density increases from 20 mA/cm2 to 40 351 

mA/cm2). Above experiment and simulation comparation results show that proposed 352 

model can be used to the prediction of EHP performance in H2/N2 feedstock system, 353 

and has full concentration applicability for H2-containing gases. 354 

 355 
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3.2.2. H2/CH4 and H2/He systems 356 

As shown in Figure 7(a-b), the simulation polarization curves have a good 357 

agreement (relative error: 2.27%, 2.32%) with the experiment data under different 358 

feedstock hydrogen content and large average current density range, which shows the 359 

effectiveness of proposed model under H2/CH4 and H2/He feedstock systems. The 360 

obvious turning point between PEM membrane resistance control to hydrogen mass 361 

transport control can be seen in Figure 7(a-b) under low feedstock hydrogen content 362 

(20 mol%), which means the hydrogen mass transport and current density calculation 363 

strategy are correct. Proposed model can be used in the EHP performance prediction 364 

under H2/CH4 and H2/He feedstock systems. As shown in Figure 8, the simulation 365 

values of hydrogen recovery rate are also consistent with the experiment data. Proposed 366 

EHP model can be used in the hydrogen recovery rate prediction. 367 

 368 

3.2.3. H2/CO2 system 369 

Due to the negative effect of RWGS on EHP anode CL, the EHP performance 370 

under CO2-containing environment will be inhibited, which means EHP in CO2-371 

containing feedstock system has lower current density under the same applied potential 372 

compared with other systems. 373 

According to the experiment results of Abdulla et al.19, the effectiveness of EHP 374 

in H2/CO2 feedstock condition is verified from the views of polarization curve. As 375 

shown in Figure 9, the simulation polarization curves have a good agreement with the 376 

experiment data in different feedstock hydrogen content, which means the model has a 377 

good capability under CO2-containing environment. Besides, the anode CL coverage 378 

prediction method based on the detailed RWGS kinetic method is accurate. 379 

As shown in Figure 10, the simulation average current density curves based on 380 

different feedstock hydrogen content have a good agreement with the experiment data. 381 

Although hydrogen mass transport rate is fast, which means small mass transfer 382 

resistance and hydrogen at CL can be consumed rapidly, which means the current 383 

density initially increases linearly with hydrogen content at constant applied potential. 384 

As the feedstock hydrogen content increases, the hydrogen content at CL cannot be 385 

consumed completely, which results the current density reaches limiting value like a 386 

horizontal level. Increasing applied potential (100 - 300 mV) can make the limiting 387 

current density jump to a high level (175 - 525 mA/cm2). Such simulation results are 388 
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consistent with the experiment results completely. In summary, the effectiveness of 389 

mass transfer solving strategy and RWGS kinetics under CO2-containing feedstock 390 

system are verified. Proposed model is applicable to the prediction of EHP performance 391 

under H2/CO2 feedstock system. 392 

 393 

3.2.4. Hydrogen purity and cathode compression 394 

The simulation results under different feedstock conditions and operating 395 

parameters are consistent with the experiment data, which proves the effectiveness of 396 

the developed EHP model. However, there is no experiment-simulation comparative 397 

study on EHP hydrogen purification and compression performance. In order to explore 398 

EHP hydrogen purification and compression performance furtherly, the effectiveness 399 

of proposed model is verified from the view of purity curve and cathode pressured 400 

polarization curve according to the experiment results of Nordio et al.22,30, Onda et al.15 401 

and Strobel et al.49 according to Table 4 and Table 5. 402 

As shown in Figure 11(a-b), the simulation purity curves are consistence with 403 

experiment data, which means the stage permeation flow calculation strategy is 404 

corrected. As shown in Figure 11(a), the hydrogen purity increases with the feedstock 405 

hydrogen content under the same applied potential, which means low feedstock 406 

hydrogen content results high transmembrane pressure difference. According to the Eq. 407 

(42), more impurities can reach to cathode, which results low hydrogen purity. 408 

Besides, the hydrogen purity also increases with the applied potential as shown in 409 

Figure 11(a-b), which means high applied potential results high stage current density. 410 

According to Faraday's law, higher current density will result higher hydrogen 411 

production, which dilute impurities to improve hydrogen purity. 412 

As shown in Figure 12(a), the polarizations curves under cathode pressurization 413 

are consistence with experiment data under the cathode pressure range of 0.1 - 1.0 MPa, 414 

which means the current density solving strategy have a wide cathode pressure 415 

applicability. Although a large deviation between simulation and experiment values can 416 

be seen in Figure 12(b), which may be caused by the large deviation between simulation 417 

and experiment parameters. Based on this result, we can use this model to study the 418 

integrated performance of hydrogen separation and compression in the performance 419 

study part. 420 

 421 
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4. Performance study based on simulation 422 

In order to explore the hydrogen separation and compression performance of EHP 423 

under different feedstock and operation conditions furtherly. In this section, we will 424 

study the EHP performance from two aspects: operating conditions (operating 425 

temperature, anode feedstock pressure, feedstock hydrogen content and cathode 426 

pressure) and PEM properties (gas permeability and membrane resistance). H2/CH4 427 

(Hydrogen mixed natural gas separation) and H2/CO2 (reforming and biomass 428 

gasification H2-containing gases) which have typical industrial application background 429 

are selected as the target analyze systems. 430 

 431 

4.1.Electrochemical reaction properties 432 

In order to study the electrochemical reaction and mass transfer characteristics of 433 

EHP furtherly, the EHP polarization curves under different temperatures based on the 434 

model calculation are given as shown in Figure 13 (a-b). At a lower voltage, the 435 

polarizations show linear. PEM resistance is the main limiting factor. Increasing applied 436 

potential can improve average current density then increase hydrogen production. 437 

When the voltage continues to increase, the average current density reaches to hydrogen 438 

transport limiting current density and GDL mass transport resistance become the main 439 

limiting factor, which is similar with the behavior of high temperature catalyst in gas-440 

solid heterogeneous catalytic reaction and consistence with the experiment results of 441 

Abdulla et al.19 Besides, higher polarization curve slope can be seen in Figure 13(b), 442 

which causes by RWGS under CO2-containing feedstock. On the whole, higher 443 

operating temperature can increase current density when applied potential in relatively 444 

low (≤500 mV). However, relative high temperature can result in low current density 445 

under high applied potential (≥700 mV), which means the blocking effect lead by GDL 446 

mass transport resistance play a significant role. In summary, the applied potential at 447 

turning point is optimal for max hydrogen production and low energy consumption. 448 

Appropriate applied potential need to be considered comprehensively during EHP 449 

design and working. 450 

As shown in Figure 14 (a-b), hydrogen mass transport limiting current density 451 

deceases with the increase of operating temperature, which caused by the rapid 452 

consumption of reactant along with the anode gas flow channel under higher operating 453 

temperature. HOR on catalyst surface has low activation energy40 (34.6 kJ/mol), which 454 
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means the electrochemical reaction equilibrium concentration of hydrogen on the 455 

catalyst surface is equal to the real concentration of hydrogen. Hydrogen concentration 456 

difference between GDL and CL is the main limiting factor under this condition. 457 

Although GDL effective diffusion coefficient De increases with the increase of 458 

temperature, but the bigger hydrogen concentration difference between gas flow 459 

channel and CL caused by rapid consumption of hydrogen results greater blocking 460 

effect, which leads to a decrease in hydrogen transport limiting current density with 461 

temperature. 462 

Besides, hydrogen mass transfer limiting current density at the same temperature 463 

increases with the feedstock hydrogen content (50 - 80 mol%) according to Figure 14 464 

(a-b), which shows that higher feedstock hydrogen content can relieve the blocking 465 

effect caused by rapid consumption of hydrogen to meet the demand of catalyst under 466 

the same operating temperature. Although RWGS can curb anode catalyst performance 467 

under CO2-containing feedstock condition, but the limiting current density between 468 

CO2 and no-CO2 feedstock condition hardly changes as shown in Figure 14 (a-b), which 469 

shows that hydrogen transport limited current density is an intrinsic property, which 470 

only related to feedstock hydrogen content and operating temperature. The inhibition 471 

effect of catalyst caused by RWGS only affects the energy consumption reaching to 472 

hydrogen transport limiting current density. 473 

 474 

4.2.Hydrogen recovery rate and energy efficiency 475 

Hydrogen recovery rate reflects the hydrogen separation capacity, and the energy 476 

efficiency reflects the relationship between the separation capacity and energy 477 

consumption, which mathematical relationships are shown in Eqs. (47) - (48). 478 

H2 Recovery rate (𝑅𝐸,%) =
𝐹𝑐,𝑁𝑥𝑐,𝑁

1

𝐹𝑖𝑛𝑥𝑖𝑛
1 × 100% (47) 

Energy efficiency (𝐸𝐸,%) =
𝑅𝐸 ∙ 𝐹𝑖𝑛𝑥𝑖𝑛

1 ∆𝐻𝑐𝑜𝑚𝑏𝑢𝑠𝑡𝑖𝑜𝑛 − 𝐼𝐸𝐻𝑃𝐴𝐸

𝐹𝑖𝑛𝑥𝑖𝑛
1 ∆𝐻𝑐𝑜𝑚𝑏𝑢𝑠𝑡𝑖𝑜𝑛

× 100% (48) 

where superscript 1 means H2 is the target component; ∆𝐻𝑐𝑜𝑚𝑏𝑢𝑠𝑡𝑖𝑜𝑛 is the combustion 479 

heat of hydrogen (286 kJ/mol); E is the applied potential; 𝐹𝑖𝑛  and 𝐹𝑝,𝑁  are anode 480 

feedstock mole flow and cathode outlet mole flow, respectively; 𝑥𝑖𝑛
1  and 𝑥𝑝,𝑁

1  are 481 

hydrogen mole contents of the anode feedstock and cathode outlet, respectively. 𝐼𝐸𝐻𝑃 482 

is the average current density; A is the MEA area; RE is the hydrogen recovery rate. 483 

As shown in Figure 15(a) and (c), the hydrogen recovery rate increases with 484 
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applied potential and then reaches to constant level, which means current density 485 

reaches to hydrogen mass transport limiting value and hardly changes. Max hydrogen 486 

recovery rate under hydrogen mass transport control decreases with the increase of 487 

feedstock hydrogen content (H2 content: 20 - 80 mol%), which from 64% to 43% and 488 

63% to 39%, respectively. Although RWGS under CO2-containing feedstock can curb 489 

CL performance that higher applied potential need to be adopted to achieve same 490 

hydrogen recovery rate, but the max recovery rate hardly changes, which means the 491 

hydrogen transport limiting current density related with max hydrogen recovery rate is 492 

an intrinsic property and independent of catalyst. But energy efficiency under CO2-493 

containing feedstock is 48%, 34% and 21%, respectively, lower than no-CO2 feedstock 494 

(53%, 43% and 25%), which means higher electric energy need to be consumed to 495 

overcome the detrimental effect caused by CO poisoning. Energy efficiency peak value 496 

decreases from 53% to 25% and 48% to 21% respectively as shown in Figure 15(b) and 497 

(d), which means more hydrogen lost in anode residue with the increases of feedstock 498 

hydrogen content. In summary, the turning point between PEM resistance and GDL 499 

mass transport control is the best operating point that best energy utilization and 500 

hydrogen recovery can be achieved. 501 

The relationship between hydrogen recovery rate, applied potential and energy 502 

efficiency under cathode high pressure (20 MPa) are similar with the cathode low 503 

pressure (0.13 MPa) as shown in Figure 16(a-d). As shown in Figure 16 (a) and (c), 504 

hydrogen recovery rate under different feedstock nearly same with the cathode low 505 

pressure, but the energy efficiency peak value decreases a lot, which from 53%, 43% 506 

and 25% to 45%, 36% and 22%. The absolute difference of energy efficiency peak value 507 

(H2/CH4) under different cathode pressure is 8%, 7% and 3%, respectively, which can 508 

be seen that energy efficiency peak value difference (3%) under 80 mol% feedstock 509 

hydrogen content is much lower than 20 mol% feedstock hydrogen content (8%). 510 

Besides, obvious energy efficiency curve crossing can be seen in Figure 16(b) and (d). 511 

Higher feedstock hydrogen content (80 mol%) shows higher energy efficiency 512 

compared with low feedstock hydrogen content (20 mol%) under relatively lower 513 

hydrogen recovery rate(≤50%). Improving that high cathode pressure (20 MPa) may 514 

causes a reverse effect compared with low cathode pressure, hydrogen back-diffusion 515 

need to be analysis under hydrogen cathode pressure. 516 

In order to achieve quantitative analysis of cathode hydrogen back-diffusion 517 

behavior precisely, the hydrogen back-diffusion ratio expression is given as shown in 518 
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Eq. (49): 519 

H2 Back − diffusion ratio (%) =
∑ 𝑄𝑖

1𝑁
𝑖=1

𝐹𝑖𝑛𝑥𝑖𝑛
1 × 100% (49) 

where 𝑄𝑖
1  is the hydrogen back-diffusion mole flow in stage i; 𝑥𝑖𝑛

1   is the feedstock 520 

hydrogen mole fraction; 𝐹𝑖𝑛 is the feedstock mole flow. 521 

As shown in Figure 17(a-b), the quantitative relationship between hydrogen back-522 

diffusion rate and applied potential can be seen directly. Back-diffusion rate under low 523 

hydrogen feedstock content (20 mol%) is 4 times than high hydrogen feedstock content 524 

(80 mol%), which is corresponding to the Eq. (42) that high transmembrane pressure 525 

difference results more hydrogen diffusion flow. Besides, from the view of membrane 526 

material, the new membrane materials with anti-diffusion function to decrease 527 

membrane permeability can curb this phenomenon, which requires more scholars to 528 

conduct membrane research furtherly. 529 

 530 

4.3.Hydrogen purity 531 

Due to the existence of differential pressure on both sides of PEM, anode 532 

impurities diffuse to cathode, resulting in impure hydrogen. Besides, the hydrogen 533 

production process is affected by the current density directly, which means the hydrogen 534 

yield follows Faraday's law. Hydrogen production and impurity permeate process can 535 

affect hydrogen purity like a double-edged sword. Therefore, some operating 536 

parameters (operating temperature, anode feedstock and cathode pressure) that can 537 

affect current density need to be analysis here. In order to make the change of hydrogen 538 

purity obviously, the impurity content (ppm, 1 ppm = 1 × 10−6) is used in the figures. 539 

As shown in Figure 18(a-d), the effects of feedstock pressure and operating 540 

temperature on hydrogen purity is different with the feedstock hydrogen content. 541 

Obvious boundary between PEM resistance and GDL hydrogen transport resistance 542 

control can be seen in Figure 18(a). When operating temperature on the left of the 543 

boundary, impurity content decreases with the operating temperature, which means that 544 

PEM resistance is the main limiting factor. Once operating temperature over than 545 

boundary, impurity content increases with the increase of the operating temperature, 546 

which means that EHP operating point reaches to hydrogen mass transport control area. 547 

Current density is limited by GDL mass resistance and decreases with the increase of 548 

temperature, which decreases hydrogen production and results in low hydrogen purity. 549 

With the increase of feedstock hydrogen content (40 - 60 mol%), the boundary between 550 
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PEM resistance and hydrogen transport resistance control disappear and PEM 551 

resistance become an only limiting factor as shown in Figure 18(b-d), higher operating 552 

temperature is good for increasing hydrogen purity. 553 

Besides, hydrogen purity also increases with the increase of the feedstock 554 

hydrogen content, which lowest impurity content decreases from 1977 ppm to 924 ppm 555 

as shown in Figure 18(a-d). However, impurity content decreases with the increase of 556 

the feedstock pressure in Figure 18(c-d), which is abnormal according to Eq. (42). It is 557 

probably because the high feedstock pressure decreases Nernst potential according to 558 

Eq. (17) and Eq. (18), which increases current density and hydrogen purity under high 559 

hydrogen feedstock content (60 - 80 mol%). 560 

With the increase of the cathode pressure (0.5 - 1 MPa), the lowest impurity 561 

content increases from 1977 ppm to 3930 ppm under feedstock hydrogen content is 20% 562 

as shown in Figure 18(a) and Figure 19(a). Impurity change trend under high hydrogen 563 

content (80 mol%) feedstock also shows the same behavior, which means that high 564 

cathode pressure can increase Nernst potential that causes lower current density and 565 

hydrogen production according to Eq. (17) and Eq. (18). Besides, the partial pressure 566 

difference hardly changes, which means the permeate flow of impurities hardly changes. 567 

Based on the joint action of two reasons, resulting the high impurity content under 568 

cathode high pressure. 569 

As the core of EHP, PEM provides proton transport channel for electrochemical 570 

hydrogen separation process. In addition, gas molecules can also pass through PEM, 571 

which is related to PEM permeability. According to Eq. (42), the gas permeate flow 572 

increases with the differential pressure. As shown in Figure 20(a-b), the hydrogen purity 573 

increases with the permeability under the constant PEM resistance. However, PEM 574 

resistance also has a huge influence on hydrogen purity under constant permeability. 575 

Because low PEM resistance under constant operating applied potential means high 576 

current density, which results higher hydrogen production. Raising the applied potential 577 

(150 mV to 400 mV) can improve hydrogen purity under other operating conditions do 578 

not change, that the impurity content is decrease significantly. In summary, PEM with 579 

low gas permeability and resistance can improve hydrogen purity effectively. 580 

 581 

 582 

 583 

 584 
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5. Conclusions 585 

In this work, a partial element stage cut electrochemical hydrogen pump (EHP) 586 

mathematical model which embed real factors (anode impurity diffusion, hydrogen 587 

back-diffusion and anode catalyst deactivation) was established to study EHP 588 

performance accurately. Then, four gas systems (H2/N2, H2/CH4, H2/He and H2/CO2) 589 

were used to verify the effectiveness of the model. The simulation results of current 590 

density distribution, polarization curve, hydrogen purity and recovery rate are 591 

consistent with experiment data (polarization curve relative error: H2/N2: 7.69%; 592 

H2/CH4: 2.27%; H2/He: 3.32%; H2/CO2: 5.00%), which verifies the effectiveness of the 593 

model. 594 

Furtherly, H2/CH4 (hydrogen mixed natural gas) and H2/CO2 (biomass gasification 595 

and reforming gas) with typical industrial application background were selected as the 596 

target analysis system to study EHP performance (polarization, hydrogen recovery rate, 597 

energy efficiency and hydrogen purity). PEM resistance and GDL hydrogen transport 598 

resistance control area under different operating temperatures (25 - 90 mol℃) and 599 

feedstock hydrogen content (20 - 80 mol%) were determined. Increasing operating 600 

temperature can increase current density when EHP operating point in PEM resistance 601 

control area, but this behavior is contrary when operating point in GDL mass transfer 602 

resistance control area. RWGS can curb anode catalyst performance, but the limiting 603 

current density hardly changes, which demonstrated that the hydrogen transport limited 604 

current density is an intrinsic property Hydrogen recovery rate and energy efficiency 605 

analysis results show that high cathode pressure (20 MPa) can causes high hydrogen 606 

back-diffusion ratio (5.14%) than cathode low pressure (0.13 MPa), which results low 607 

energy efficiency under low hydrogen feedstock content (20 mol%). The variation law 608 

of hydrogen purity under multi-operating conditions (temperature, feedstock pressure 609 

and cathode pressure) was studied. Obvious boundary between PEM resistance and 610 

hydrogen transport resistance control can be seen under low hydrogen feedstock content 611 

(20 mol%) and applied potential (300 mV), which will disappear under high feedstock 612 

hydrogen content (80 mol%). Due to the existence of higher Nernst potential, hydrogen 613 

impurity content is higher under cathode high pressure (1 MPa, 2275 - 3930 ppm) 614 

compared with cathode low pressure (0.5 MPa, 924 - 1977 ppm). Besides, PEM with 615 

low gas permeability and resistance can improve hydrogen purity effectively. 616 

In summary, this work provides a feasible prediction method for EHP performance 617 

from the perspective of mathematical model. In future works, the technical and 618 
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economic evaluation method based on proposed model for EHP hydrogen production 619 

process will be established to form a systematic EHP optimization design method. 620 

 621 

Notation 622 

*The variable unit in all tables used in calculation process are converted to international system of 623 

units (SI) according to the following table. 624 

 625 

CL= Catalyst layer 626 

EE= Energy efficiency 627 

EHP= Electrochemical hydrogen pump 628 

EHC= Electrochemical hydrogen compressor 629 

GDL= Gas diffusion layers 630 

HOR= Hydrogen oxidation reaction 631 

HER= Hydrogen evolution reaction 632 

MEA= Membrane electrode assembly 633 

PEM= Proton exchange membrane 634 

RWGS= Reverse water gas shift 635 

 636 

𝐴= MEA area, cm2 637 

𝐶𝑎= Mole concentration of hydrogen in anode gas flow channel, mol/cm3 638 

𝐶𝐺= Mole concentration of hydrogen in GDL, mol/cm3 639 

𝐶𝑐𝑎𝑡= Mole concentration of hydrogen in CL, mol/cm3 640 

𝐶𝑟𝑒𝑓= Reference hydrogen mole concentration, mol/cm3 641 

𝐶𝐷𝐿
𝑎 = Anode double layer capacitance, C/cm2 642 

𝐶𝐷𝐿
𝑐 = Cathode double layer capacitance, C/cm2 643 

𝐷𝐻= Gas flow channel hydraulic diameter, cm 644 

𝐷𝑒= Effective diffusion coefficient in the GDL, cm2/s 645 

𝐷𝑎,𝑏= Gas binary diffusivity of hydrogen (a) and others component (b), cm2/s 646 
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𝐸= Applied potential, mV 647 

𝐸𝑁= Nernst potential, mV 648 

𝐹= Faraday’s constant, 96485 C/mol 649 

𝐹𝑎= Anode mole flowrate, mol/s 650 

𝐹𝑐= Cathode mole flowrate, mol/s 651 

ℎ𝑐ℎ𝑎𝑛𝑛𝑒𝑙= Gas flow channel height, cm 652 

ℎ𝑑= GDL thickness, cm 653 

𝐼𝐸𝐻𝑃= EHP average current density, mA/cm2 654 

𝑗=Current density (including exchange current density 𝑗0
𝑎, stage current density 𝑗𝑎,𝑖), mA/cm2 655 

𝑘𝑘= PEM permeability, mol/(m ∙ s ∙ Pa) 656 

𝐿𝑐ℎ𝑎𝑛𝑛𝑒𝑙= Gas flow channel length, cm 657 

𝑙𝑚= PEM thickness, cm 658 

𝑀= Molecular weight, g/mol 659 

𝑁= Total stage cut numberop= Anode electrode overpotential/Total overpotential 660 

Q= Gas diffusion flow rate, mol/s 661 

𝑃𝑎= Anode pressure, Pa 662 

𝑃𝑐= Cathode pressure, Pa 663 

𝑅= Ideal gas constant, J/(mol ∙ K)  664 

𝑟= PEM resistance, Ω ∙ cm2 665 

s= Liquid saturation 666 

𝑇= Operating temperature, K 667 

𝑇𝑟𝑒𝑓= Electrochemical kinetic reference temperature, K 668 

𝑢𝑎= Gas flow channel velocity, cm/s 669 

𝑉𝐹= Feedstock gas volume flowrate, cm3/s 670 

∑𝑉= Molecule diffusion volume, cm3/mol 671 

𝑤𝑐ℎ𝑎𝑛𝑛𝑒𝑙= Gas flow channel width, cm 672 

𝑥𝑎= Mole flow channel of anode gas flow channel  673 

𝑥𝑐= Mole flow channel of cathode gas flow channel 674 
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𝑍= Charge transfer number 675 

 676 

Greek letters 677 

𝜂= Anode and cathode overpotential, mV 678 

𝜀= GDL porosity 679 

𝜏= GDL tortuosity 680 

𝜇= Gas mixture viscosity, Pa ∙ s 681 

𝛼= Charge transfer coefficient 682 

𝜃= CL surface coverage 683 

δ= Relative deviation 684 

Σ= Sum 685 

 686 

Subscripts 687 

a= Anode gas flow channel 688 

𝑐ℎ𝑎𝑛𝑛𝑒𝑙= Anode gas flow channel 689 

cat= Catalyst layer 690 

c= Cathode gas flow channel 691 

d= Gas diffusion layer 692 

F= Feedstock 693 

G= Gas diffusion layer  694 

𝑖= Stage number subscript (𝑖 = 1, 2, 3…𝑁 − 1,𝑁) 695 

𝑖𝑖= Number of electrode reaction rate (𝑖 = 3,4,6) 696 

mix= Gas mixture 697 

m= Proton exchange membrane 698 

n= Number of components 699 

𝑁= Nernst potential 700 

ref= reference value 701 

𝑘= Component number subscript (k=1 means H2) 702 
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Appendix A: RWGS kinetic expressions and parameters 844 

𝑘3, 𝑘−3, 𝑘4, 𝑘−4, 𝑘6 and 𝑘−6 are electrode reaction rate constants and affected by 845 

anode Nernst potential 𝐸𝑁,𝑎(𝑥), which are shown as follows: 846 

𝑘𝑖𝑖 = 𝑘𝑖𝑖
0exp [

(1 − 𝛼𝑎
𝑎)𝐹𝐸𝑁,𝑎(𝑥)

𝑅𝑇
] (A1) 

𝑘−𝑖𝑖 = 𝑘−𝑖𝑖
0 exp [

−𝛼𝑎
𝑎𝐹𝐸𝑁,𝑎(𝑥)

𝑅𝑇
] (A2) 

𝐸𝑁 𝑎(𝑥) =
𝑅𝑇

𝑍𝐹
ln [
101325

𝑃𝑎,𝐻2(𝑥)
] (A3) 

where 𝑖𝑖 = 3,4 and 6 ; 𝛼𝑎
𝑎  is the anode charge transfer coefficient; F is the Faraday 847 

constant; R is the ideal gas constant; T is the EHP operating temperature; 𝑃𝑎,𝐻2(𝑥) is 848 

the anode gas flow channel pressure; 𝐸𝑁,𝑎(𝑥) is the anode electrode Nernst potential. 849 

 850 

Appendix B: Data comparison and error analysis 851 

The simulation and experiment results of polarization curves and hydrogen 852 

impurity content under different systems are compared. The results are shown in Figure 853 

B1, B2, B3 and B4. The relative error of polarization curve under different feedstock 854 

systems is 7.69%, 2.27%, 3.32% and 5.00% respectively. All decisive indicators (𝑅2) 855 

of model verification in this work are greater than 0.96. 856 

 857 

 858 
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