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Abstract 

In this study, an analytical model including electrochemical reactions and mass transfer in an anion-exchange membrane 

electrolyzer (AEMEL) has been developed by considering water sorption/desorption in electrodes. The model developed was 

used to investigate the performance of the AEMEL in terms of efficiency, transport phenomena and operating parameters. The 

numerical results revealed that the voltage losses in the AEMEL are mainly due to activation losses. The effects of important 

parameters such as membrane thickness, operating pressure on cell performance, and species transport were also investigated. 

The results also revealed that the AEMEL performance improves with decreasing membrane thickness, but the membrane 

thickness should be considered together with hydrogen permeability and differential operating pressure to operate the electrolyzer 

safely. 

© 2023 DPU All rights reserved. 
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1. Introduction 

Hydrogen is defined as the clean energy carrier of the future. Hydrogen presents several benefits over fossil fuels 

as an energy carrier; one of them is the hydrogen energy content (120 MJ/kg), which is higher than most fuels (e.g. 
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natural gas 48.7 MJ/kg). In addition, the use of hydrogen in industry has the potential to eliminate the greenhouse 

gas emission problems caused by the use of fossil fuels. 

Hydrogen can be produced from fossil-based sources as well as water by various methods such as thermal, 

photocatalytic etc. processes. Nowadays, electrolysis of water with renewable energy sources is seen as a sustainable 

and cost-effective solution for green hydrogen production and intensive research and development activities are 

carried out on electrolyzers [1,2].  

There are three important low-temperature electrolyzer technologies in hydrogen production; alkaline 

electrolyzer (AEL), proton-exchange membrane electrolyzer (PEMEL) and anion-exchange membrane electrolyzer 

(AEMEL). AELs are seen as the most mature technology. Although they are economical in initial investment cost, 

they require high electrolyte concentrations, and purification and pressurization of hydrogen at the electrolyzer exit. 

Compared to AEL technology, PEMELs have the advantage of high hydrogen outlet pressure and high purity due to 

the use of membrane as the anode-cathode separator material in their structures. However, materials, such as Pt, Pd, 

and Ir, used in PEMELs significantly increase the initial investment costs of these electrolyzers. On the other hand, 

AEMELs are seen as an alternative that combines the advantages of both alkaline and PEMELs. AEMEL, like 

PEMEL, have a membrane as separator in their structure and therefore can provide hydrogen of high purity and 

pressure at the output. Additionally, unlike AEL, they can be operated with a very low concentration of electrolyte 

solution, that reduces corrosion, and with lower priced catalysts based on Cu, Ni, Co, and Fe. Therefore, due to these 

advantages among electrolyzer technologies, intensive research and development studies are carried out on AEM 

electrolyzer in the last decades. 

Mathematical modelling is an important tool used in improving the performance and examining the behavior of 

complex physicochemical processes. Design and optimization of AEMELs, which are still at low technology 

readiness level (TRL), through mathematical modeling are gaining importance. There are limited number of 

publications in the literature on modelling AEMELs [3-8]. An et al. [3] examined the effects of liquid saturation, 

exchange current density and membrane thickness on the performance of an AEMEL. Nafchi et al. [4] investigated 

different parameters such as cell temperature and cathode pressure levels of AEM. Vidales et al. [5] developed a 

model that considers mass transfer and electrochemistry together to evaluate the effects of electrolyzer parameters. 

The model was then validated and effect of the operating parameters of electrolyzer such as electrolyte 

concentration, temperature, and operating pressure were evaluated. Liu et al. [6] presented a two-phase one-

dimensional AEMEL model that is extended from their previous work. The results indicated that electrolyte 

concentration has more impact on oxygen evolution reaction (OER) kinetics than AEM conductivity. Stainslaw et 

al. [7] analyzed the effect of electrolyte composition and they found that the conductivity of membrane has 

insignificant impact on the electrolyzer performance. Kim et al. [8] presented a deterministic model and a feasibility 

analysis of a 10 MW AEMEL system. The results revealed that the levelised cost of hydrogen (LCOH) of AEMEL 

would be comparable to that of PEMEL when the lifetime of AEMEL is brought to the same level as PEMEL. 

In the present study, an isothermal analytical model is proposed to assess the performance of an AEMEL. The 

developed model considers transport within gas phase, liquid phase and ionomer/membrane phase together with 

electrochemical effects. In contrast to the lumped models in the literature, the model was developed to include the 

ionomer phase sorption/desorption rates explicitly. In this way, it is possible to model the decrease of membrane 

water content on the cathode electrode due to increasing current density, i.e. electro-osmotic drag effect, and thus 

the loss of performance of AEMEL.  The model is then used to predict current-voltage polarization, efficiency and 

product stream compositions of the electrolyzer. The governing model equations were solved in the MATLAB 

environment and the model was validated with literature data. The performance of the electrolyzer was analyzed for 

different membrane thicknesses and different operating pressures through parametric analysis. 
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2. Mathematical model 

The AEM electrolyzer model can be obtained by combining the mass transport and the electrochemical model 

equations. The electrochemical model equations are written for prediction of the operating voltage of the cell, 

considering voltage losses in the cell, such as activation losses, ohmic losses, etc. The mass transport equations are 

used to predict the transport of water across the membrane, the consumption production rates of the components at 

the anode and at the layer, and the transport of OH
-
 and water molecules across the membrane. By solving set of 

these coupled equations, the cell voltage, efficiency and product gas stream compositions can be predicted at 

different current densities.  

A typical AEM electrolyzer cell has a membrane, anode and cathode electrodes (catalyst and diffusion layers) 

and bipolar plates on which flow channels are engraved. The electrolyte solution, i.e. typically aqueous KOH 

solution, is fed to the electrolyzer anode side while no solution is delivered to the electrolyzer cathode side. The 

water in the electrolyte solution in anode is transferred to the other side of the membrane to meet the water demand 

of the hydrogen evolution reaction (HER). The water transferred to the cathode side is reduced to hydroxide and 

hydrogen by the HER in the electrode (Equation 1). The resulting hydroxide ions pass to the anode side through the 

AEM and are oxidized in the anode electrode (Equation 2) to release oxygen (Fig. 1). Oxygen and hydrogen formed 

within the two sides of the electrolyzer leave the electrolyzer cell through the flow channels in the bipolar plates. 

Fluid flow in the anode flow channels is multiphase (i.e. mostly oxygen + KOH solution), whereas in the cathode 

flow channels, which are not supplied with KOH solution, only gas-phase flow is present (dry operation). 

Anode:    2𝑂𝐻− → 𝐻2𝑂 +
1

2
𝑂2 + 2𝑒−    (1) 

Cathode:    2𝐻2𝑂 + 2𝑒− → 2𝑂𝐻− + 𝐻2    (2) 

 

 

Fig. 1. Structure of a single cell AEMEL. 
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2.1. Electrochemical equations 

The electrochemical behavior of an electrolyzer can be described by the following current-voltage (I-V) model, 

including the most important voltage losses that determine the cell voltage, 𝐸𝑐𝑒𝑙𝑙  

𝐸𝑐𝑒𝑙𝑙 = 𝐸𝑟𝑒𝑣 + 𝜂𝑎𝑐𝑡 + 𝜂𝑜ℎ𝑚 + 𝜂𝑐𝑜𝑛𝑐        (3) 

 

where 𝐸𝑟𝑒𝑣  is the reversible cell voltage, 𝜂𝑎𝑐𝑡 is the activation losses or overpotential, 𝜂𝑜ℎ𝑚 is the ohmic losses or 

overpotential, and 𝜂𝑐𝑜𝑛𝑐  is the mass transfer losses or overpotential. The other overpotentials such as bubble 

overpotential etc. were neglected. 

The reversible cell voltage, 𝐸𝑟𝑒𝑣(𝑇, 𝑃), of an electrolyzer system in which hydrogen and oxygen evolution 

reactions present is governed by the Nernst equation 

 

𝐸𝑟𝑒𝑣(𝑇, 𝑃) = 𝐸𝑟𝑒𝑣
0 (𝑇) +

𝑅𝑇

2𝐹
𝑙𝑛 (

∏ 𝑝𝑝

∏ 𝑝𝑟
)        (4) 

 

where 𝐸𝑟𝑒𝑣
0 (𝑇) is the reversible cell voltage (V), R is the ideal gas constant, F is Faraday’s constant, 𝑝𝑟 and 𝑝𝑝 are 

reactants and products partial pressures. Reversible cell potential, 𝐸𝑟𝑒𝑣
0 (𝑇)  in voltage, can be calculated by using [9] 

𝐸𝑟𝑒𝑣
0 (𝑇) = 1.481 − 0.000846𝑇(𝐾)         (5) 

for 𝐻2𝑂(𝑙)  at 25°C. The reversible cell voltage, 𝐸𝑟𝑒𝑣(𝑇, 𝑃)  in V, is given as a function of pressure and 

temperature [9] 

𝐸𝑟𝑒𝑣(𝑇, 𝑃) = 1.481 − 0.000846𝑇(𝐾) + 0.0000431𝑇(𝐾)𝑙𝑛 (
𝑝𝐻2𝑝𝑂2

0.5

𝑝𝐻2𝑂
)    (6) 

where 𝑝𝐻2
, 𝑝𝑂2

, and 𝑝𝐻2𝑂 are corresponding species partial pressures, respectively. The activation overpotential, 

𝜂𝑎𝑐𝑡, is the potential required to overcome the activation energies of the HER and OER occurred at cathode and at 

anode of an electrolyzer. The activation overpotential can be explicitly calculated as follows 

𝜂𝑎𝑐𝑡 = 𝜂𝑎𝑐𝑡,𝑎𝑛 + 𝜂𝑎𝑐𝑡,𝑐𝑎 =
𝑅𝑇

𝛼𝑎𝑛𝐹
 𝑎𝑟𝑐𝑠𝑖𝑛ℎ (

𝑖

2𝑗𝑜,𝑎𝑛
) +

𝑅𝑇

𝛼𝑐𝑎𝐹
 𝑎𝑟𝑐𝑠𝑖𝑛ℎ (

𝑖

2𝑗𝑜,𝑐𝑎
)    (7) 

where 𝛼 represents the charge coefficient and 𝑗𝑜 represents the apparent exchange current density value which is 

function of the physical properties of electrodes, i.e. roughness, and the exchange current density at reference 

temperature and operating temperature [10]. 

The ohmic overpotential, 𝜂𝑜ℎ𝑚, is arising due to the current-carrying components resistance to electron transport 

and ion-conducting media resistance to ion transport. The ohmic overpotential is given by Ohm’s law 

𝜂𝑜ℎ𝑚 = 𝑅𝑐𝑒𝑙𝑙𝐼 = (𝑅𝑒𝑙 + 𝑅𝑖𝑜𝑛)𝐼        (8) 

where 𝑅𝑐𝑒𝑙𝑙  is the ohmic resistance of the cell and 𝐼 is the current. In Equation 8, 𝑅𝑒𝑙 is the resistance of electron 

conducting media, i.e. bipolar plates and electrodes, and 𝑅𝑖𝑜𝑛 is the total resistance of ion conducting media, i.e. 

ionomer phase and electrolyte solution in electrodes and membrane, within cell. In this study, because electron 
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transport resistances are expected to be lower than that of ion transport resistances, for simplicity, only the resistance 

of ion conducting media is considered 

𝑅𝑖𝑜𝑛 = 𝑅𝑚𝑒𝑚 + 𝑅𝑖𝑜𝑛,𝑎𝑛 + 𝑅𝑖𝑜𝑛,𝑐𝑎        (9) 

where 𝑅𝑚𝑒𝑚 , 𝑅𝑖𝑜𝑛,𝑎𝑛 , and 𝑅𝑖𝑜𝑛,𝑐𝑎  corresponds ionic resistances of membrane, anode catalyst layer (ACL) and 

cathode catalyst layer (CCL), respectively, i.e. ionomer and electrolyte resistances for anode and only ionomer 

resistance in cathode. Resistance of membrane is given by 

𝑅𝑚𝑒𝑚 =
𝛿𝑚𝑒𝑚

𝜎𝑚𝑒𝑚𝐴
          (10) 

where 𝛿𝑚𝑒𝑚 is the membrane thickness, 𝜎𝑚𝑒𝑚 is the membrane conductivity and A represents cell active area. 

Similarly, catalyst layer (CL) ionic resistances are calculated by 

𝑅𝑖𝑜𝑛,𝑎𝑛 = [
𝛿𝐶𝐿

𝜎
𝑖𝑜𝑛
𝑒𝑓𝑓

𝐴
+

𝛿𝐶𝐿

𝜎𝐾𝑂𝐻
𝑒𝑓𝑓

𝐴
]

−1

         (11) 

𝑅𝑖𝑜𝑛,𝑐𝑎 =
𝛿𝐶𝐿

𝜎
𝑖𝑜𝑛
𝑒𝑓𝑓

𝐴
          (12) 

 

where 𝛿𝐶𝐿  is the CL thickness, 𝜎𝑖𝑜𝑛
𝑒𝑓𝑓

 and 𝜎𝐾𝑂𝐻
𝑒𝑓𝑓

 are effective ionomer and electrolyte solution conductivities, 

respectively, that are corrected by Bruggeman relation [11]. In anode catalyst layer, it is assumed that resistance of 

ionomer phase and KOH solution was considered as parallel resistances. 

The mass transfer overpotential, 𝜂𝑐𝑜𝑛𝑐, represents the losses due to diffusion processes and sometimes called as 

concentration losses or overpotential. In this study, it is assumed that concentration overpotential is negligible; 

therefore, this term is neglected in the present model. 

2.2. Mass transport equations 

The mass transfer in the AEM electrolyzer cell was obtained by writing the mass balances of each species for 

each phase in anode, cathode, and membrane. On the anode side, mass balances of 𝐻2, 𝑂2 and 𝐻2𝑂 in the gas 

phase and mass balances of KOH and water in the liquid phase were considered. On the cathode side, mass 

balances were established for 𝐻2 and 𝐻2𝑂 in the gas stream. In order to resolve 𝐻2𝑂 transport between two sides 

of the electrolyzer cell, mass balance of dissolved water in ionomer/membrane was established for ACL and CCL 

and membrane. Furthermore, the mass balances were linked to the electrochemical model by means of the 

production and consumption rate equations of hydrogen, oxygen and water in the ACL and CCL. 

The molar generation rate and consumption rate of 𝐻2, 𝑂2 and 𝐻2𝑂 can be written according to Faraday’s law. 

For the anode side where 𝑂2 and 𝐻2𝑂 generated 

𝑁𝑂2,𝑎𝑛
𝑔𝑒𝑛

=
𝐼

4𝐹
           (12) 

𝑁𝐻2𝑂,𝑎𝑛
𝑔𝑒𝑛

=
𝐼

2𝐹
          (13) 

 

and for cathode side where 𝐻2 generated and 𝐻2𝑂 consumed 
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𝑁𝐻2,𝑐𝑎
𝑔𝑒𝑛

=
𝐼

2𝐹
           (14) 

 

𝑁𝐻2𝑂,𝑐𝑎
𝑐𝑜𝑛𝑠 =

𝐼

𝐹
          (15) 

The mass balance of species in anode side can be written for gas and liquid phases separately. For gas phase, 

hydrogen balance is 

𝑁𝐻2,𝑎𝑛
𝑖𝑛 − 𝑁𝐻2,𝑎𝑛

𝑜𝑢𝑡 + 𝑁𝐻2,𝑚𝑒𝑚
𝑝𝑒𝑟𝑚

= 0        (16) 

 

where superscripts in and out represents inlet and outlet flow rates. Hydrogen crossover through the membrane, 

𝑁𝐻2,𝑚𝑒𝑚

𝑝𝑒𝑟𝑚
, is given by 

𝑁𝐻2,𝑚𝑒𝑚

𝑝𝑒𝑟𝑚
= 𝑘𝐻2

𝐴

𝛿𝑚𝑒𝑚
(𝑃𝑐𝑎 − 𝑃𝑎𝑛)        (17) 

where 𝑘𝐻2
 is the permeability of hydrogen, 𝑃𝑐𝑎  and 𝑃𝑎𝑛  are cathode and anode pressures. For gas phase, 𝑂2 

balance is 

𝑁𝑂2,𝑎𝑛
𝑖𝑛 − 𝑁𝑂2,𝑎𝑛

𝑜𝑢𝑡 + 𝑁𝑂2,𝑎𝑛
𝑔𝑒𝑛

= 0         (18) 

 

where 𝑂2 generation is given by Equation 12. Similarly, for the gas phase 𝐻2𝑂 mass balance 

𝑁𝐻2𝑂,𝑎𝑛
𝑖𝑛 − 𝑁𝐻2𝑂,𝑎𝑛

𝑜𝑢𝑡 + 𝑁𝐻2𝑂,𝑎𝑛
𝑝ℎ𝑎𝑠𝑒

= 0        (19) 

where 𝑁𝐻2𝑂,𝑎𝑛
𝑝ℎ𝑎𝑠𝑒

 account for water transfer from liquid phase to gas phase in anode side. In this model, because 

aqueous KOH solution is fed to the anode side, it is assumed that the anode outlet gas is saturated with water until 

it leaves the cell. With the aid of this assumption, the mass transfer rate from liquid phase to gas phase,  𝑁𝐻2𝑂,𝑎𝑛
𝑝ℎ𝑎𝑠𝑒

, 

was calculated during the simultaneous solution of the anode and cathode mass balances. For anode side liquid 

phase, KOH and water balances are written 

𝑁𝐾𝑂𝐻,𝑎𝑛
𝑖𝑛 − 𝑁𝐾𝑂𝐻,𝑎𝑛

𝑜𝑢𝑡 = 0         (20) 

𝑁𝐻2𝑂𝑙,𝑎𝑛
𝑖𝑛 − 𝑁𝐻2𝑂𝑙,𝑎𝑛

𝑜𝑢𝑡 − 𝑁𝐻2𝑂,𝑎𝑛
𝑝ℎ𝑎𝑠𝑒

− 𝑁𝐻2𝑂,𝑎𝑛
𝑠𝑜𝑟𝑝

= 0       (21) 

where 𝑁𝐻2𝑂,𝑎𝑛
𝑠𝑜𝑟𝑝

 represent water transfer from liquid phase to ionomer phase within ACL. Because aqueous KOH 

solution was fed to the anode side, the ionomer in the ACL was considered fully saturated. Again, similar to the 

liquid-gas water transfer rate in anode, the sorption rate of water will be calculated by solving two side mass 

balances above simultaneously. 

The mass balance for cathode side of the cell can be written. For gas phase, 𝐻2 and 𝐻2𝑂 balances are given 

below 
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𝑁𝐻2,𝑐𝑎
𝑖𝑛 − 𝑁𝐻2,𝑐𝑎

𝑜𝑢𝑡 + 𝑁𝐻2,𝑐𝑎
𝑔𝑒𝑛

− 𝑁𝐻2,𝑚𝑒𝑚
𝑝𝑒𝑟𝑚

= 0       (22) 

𝑁𝐻2𝑂,𝑐𝑎
𝑖𝑛 − 𝑁𝐻2𝑂,𝑐𝑎

𝑜𝑢𝑡 + 𝑁𝐻2𝑂,𝑐𝑎
𝑑𝑒𝑠𝑜𝑟𝑝

= 0        (23) 

where 𝑁𝐻2𝑂,𝑐𝑎
𝑑𝑒𝑠𝑜𝑟𝑝

 is the desorption rate of dissolved water from ionomer phase to gas phase which is given by 

𝑁𝐻2𝑂,𝑐𝑎
𝑑𝑒𝑠𝑜𝑟𝑝

= 𝛾𝑑𝑤(𝐶𝑑𝑤,𝑐𝑎 − 𝐶𝑑𝑤,𝑐𝑎
𝑒𝑞

)𝑉𝐶𝐿,𝑐𝑎       (24) 

Rate constant for membrane/ionomer desorption/sorption process, 𝛾𝑑𝑤, is taken as 100 s
−1

 [12,13]. The actual 

and the equilibrium dissolved water concentrations are denoted by 𝐶𝑑𝑤,𝑐𝑎 and 𝐶𝑑𝑤,𝑐𝑎
𝑒𝑞

, respectively. Catalyst layer 

volume, 𝑉𝐶𝐿,𝑐𝑎, is simply product of active area and cathode catalyst layer thickness. Equilibrium dissolved water 

concentration can be calculated by [14] 

𝐶𝑑𝑤
𝑒𝑞

= 𝑝𝑚𝜆𝑒𝑞           (25) 

where 𝑝𝑚  is the product of membrane dry density, 𝜌𝑑𝑟𝑦 , and ion exchange capacity (IEC) and 𝜆𝑒𝑞  is the 

equilibrium water content, that is defined as the number of water molecules per positively charged (cationic) 

functional groups (FG) within membrane [15]. 

The dissolved water transport through membrane/ionomer can be written in terms of diffusion, electro-osmotic 

drag (EOD) effect, and hydraulic pressure (HP) effect. Thus, net rate of dissolved water transport from ACL to 

CCL 

𝑁𝐻2𝑂,𝑚𝑒𝑚
𝑛𝑒𝑡 = 𝑁𝐻2𝑂,𝑚𝑒𝑚

𝑑𝑖𝑓𝑓
− 𝑁𝐻2𝑂,𝑚𝑒𝑚

𝑒𝑜𝑑 − 𝑁𝐻2𝑂,𝑚𝑒𝑚
𝑝𝑒𝑟𝑚

      (26) 

where 𝑁𝐻2𝑂,𝑚𝑒𝑚
𝑛𝑒𝑡  is the rate of net molar transport of dissolved water, 𝑁𝐻2𝑂,𝑚𝑒𝑚

𝑑𝑖𝑓𝑓
 is the molar transport rate of 

dissolved water by diffusion from ACL to CCL, 𝑁𝐻2𝑂,𝑚𝑒𝑚
𝑒𝑜𝑑  is the rate of molar transport 𝐻2𝑂 from CCL to ACL 

due to EOD and 𝑁𝐻2𝑂,𝑚𝑒𝑚
𝑝𝑒𝑟𝑚

 is the molar transport rate of dissolved water from the CCL to the ACL due to the 

pressure differential. 

The diffusion rate of water is calculated by Fick’s law in the CCL assuming fully hydrated conditions for 

membrane 

𝑁𝐻2𝑂,𝑚𝑒𝑚
𝑑𝑖𝑓𝑓

= 𝑁𝐻2𝑂,𝑐𝑎
𝑑𝑖𝑓𝑓

= 𝐷𝑤𝐴(𝐶𝑑𝑤,𝑚𝑒𝑚
𝑒𝑞

− 𝐶𝑑𝑤,𝑐𝑎)/𝛿𝐶𝐿,𝑐𝑎
𝑒𝑓𝑓

      (27) 

where 𝐷𝑤 is the water diffusion coefficient of in the ionomer phase, 𝛿𝐶𝐿,𝑐𝑎
𝑒𝑓𝑓

 is the effective diffusion path within 

CCL, which is taken to be half of the thickness of the cathode catalyst layer. 𝐶𝑑𝑤,𝑚𝑒𝑚
𝑒𝑞

 is the equilibrium dissolved 

water concentration within wet membrane and 𝐶𝑑𝑤,𝑐𝑎 is the dissolved water concentration in the ionomer phase of 

CCL. 

The 𝐻2𝑂 transport due to EOD is related to the flux of hydroxides migrating from the CCL to ACL through the 

AEM and can be expressed as 

𝑁𝐻2𝑂,𝑚𝑒𝑚
𝑒𝑜𝑑 = 𝑛𝑑

𝐼

𝐹
          (27) 

where 𝑛𝑑 is the EOD coefficient (mol H2O / mol OH
-
). Electro-osmotic drag coefficient is function of 𝐻2𝑂 

content of ionomer/membrane and for the simplicity it is taken as 5 mol H2O / mol OH
-
 [16]. 

The 𝐻2𝑂 transport rate from the CCL to the ACL through the membrane can be calculated using Darcy’s law 
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𝑁𝐻2𝑂,𝑚𝑒𝑚
𝑝𝑒𝑟𝑚

= 𝐾𝐷
𝐴

𝛿𝑚𝑒𝑚
(𝑃𝑐 − 𝑃𝑎)

𝜌𝐻2𝑂

𝜇𝐻2𝑂
        (28) 

where 𝐾𝐷 is the 𝐻2𝑂 permeability of membrane. 

Dissolved water balance for anode side can be written in terms of net molar transport rate of dissolved water as 

𝑁𝐻2𝑂,𝑎𝑛
𝑠𝑜𝑟𝑝

+ 𝑁𝐻2𝑂,𝑎𝑛
𝑔𝑒𝑛

− 𝑁𝐻2𝑂,𝑚𝑒𝑚
𝑛𝑒𝑡 = 0        (29) 

where 𝑁𝐻2𝑂,𝑎𝑛
𝑔𝑒𝑛

 is the generation of water by Equation 1 in anode. Similarly, for cathode dissolved water balance 

can be written 

𝑁𝐻2𝑂,𝑚𝑒𝑚
𝑛𝑒𝑡 − 𝑁𝐻2𝑂,𝑐𝑎

𝑐𝑜𝑛𝑠 − 𝑁𝐻2𝑂,𝑐𝑎
𝑑𝑒𝑠𝑜𝑟𝑝

= 0        (30) 

where 𝑁𝐻2𝑂,𝑐𝑎
𝑐𝑜𝑛𝑠  is the consumption of water by Equation 2 in cathode. 

2.3. Solution methodology 

Mass transport model and electrochemical model given in the previous section were solved by MATLAB. The 

baseline model and operating parameters are given in Table 1 and Table 2, respectively. In the next section, the 

validation of model and series of parametric analysis regarding the AEMEL performance are presented. 

Table 1. The model parameters. 

Parameter Value Unit Reference 

R 8.314 J mol
−1

 K
−1

  

F 96,485.3 A s mol
-1 

 

Density of water, 𝜌𝐻2𝑂 998.04 kg m
-3 

 

Water viscosity, 𝜇𝐻2𝑂 5.465×10
-4

 kg m
-1

 s
-1 

 

Membrane Darcy water permeability, 𝐾𝐷 1×10
-20

 m
2 

[17], [18] 

Vapor equilibrated membrane water content, 𝜆 Eqns. 27-29 in [16] 
𝑚𝑜𝑙 𝐻2𝑂

𝑚𝑜𝑙 𝐹𝐺
 [16] 

Wet membrane water content, 𝜆𝑒𝑞  18.5 
𝑚𝑜𝑙 𝐻2𝑂

𝑚𝑜𝑙 𝐹𝐺
 [16] 

Apparent OER exchg. current density,  𝑗0,𝑎𝑛 1.9 mA cm
−2

 [19] 

Apparent HER exchg. current density, 𝑗0,𝑐𝑎 5.6×10
-2 

mA cm
−2

 [20] 

Diffusion coefficient of water, 𝐷𝑤 Eqns. 30-31 in [16] m
2
 s

−1
 [16] 

Electro-osmotic drag coefficient, 𝑛𝑑 5 
𝑚𝑜𝑙 𝐻2𝑂

𝑚𝑜𝑙 𝑂𝐻−
 [16] 

Thickness of membrane, 𝛿𝑚𝑒𝑚 28 𝜇𝑚 [16] 

Membrane IEC 1.8 meq g
-1

 [16] 

ACL thickness, 𝛿𝐶𝐿,𝑎𝑛 30 𝜇𝑚 Assumption 

CCL thickness, 𝛿𝐶𝐿,𝑐𝑎 15 𝜇𝑚 Assumption 

ACL porosity, 𝜖𝐶𝐿,𝑎𝑛 0.2  Assumption 

CCL porosity, 𝜖𝐶𝐿,𝑐𝑎 0.1  Assumption 

Ionomer volume fraction of ACL, 𝜖𝑖𝑜𝑛,𝐶𝐿,𝑎𝑛 0.6  Assumption 

Ionomer volume fraction of CCL, 𝜖𝑖𝑜𝑛,𝐶𝐿,𝑐𝑎 0.6  Assumption 

Hydrogen permeability, 𝑘𝐻2
 5.6×10

-17
 

mol s
-1

 cm
-1

 Pa
-

1 [21] 
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Conductivity of KOH solution Eqn. 2 in [22] S cm
-1

 [22] 

Cell active area, A 25 cm
2 

 

Table 2. AEMEL operating parameters. 

Parameter  Value Unit 

Temperature, T 50 °C 

Anode pressure, 𝑃𝑎 1 bar 

Cathode pressure, 𝑃𝑎 1 bar 

Concentration of KOH solution 10 mM 

Feed flow rate of KOH solution 20 ml min
-1

 

3. Results and discussions 

In this part, firstly, the validation of the model using literature data is presented. Then, the effects of parameters 

such as membrane thickness and operating pressure on the cell performance and species transport are presented. 

3.1. Model validation  

Before performing parametric analysis with the developed model, the predictive ability of the model was 

evaluated by comparing the polarization curve generated by the model with the experimental polarization curve of 

the dry cathode AEM electrolyzer in [23] under the same conditions. Fig. 2 shows that the polarization curve 

predicted by the model is in good agreement with the experimental data. In the next part, numerical results for the 

effects of operating pressure and of membrane thickness and are presented, respectively. 

 

Fig. 2. Developed model polarization curve and experimental data [23]. 

3.2. Effect of membrane thickness  

In AEMELs, membrane thickness has an impact on the ionic resistance of the cell, water transport, and hydrogen 

permeability through the membrane. While reducing the membrane thickness, it improves performance by reducing 
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the ionic resistance and increasing the amount of 𝐻2𝑂 transported from the ACL to the CCL. It can also increase 

hydrogen transfer from the cathode side to the anode side for cells operating with a pressure difference between the 

cathode and anode. This could pose a safety issue and reduce Faraday efficiency. Therefore, cell polarization curves 

were estimated by using the validated model for two different cases where the membrane thickness was halved and 

doubled compared to the initial case. According to Fig. 3, the cell performance improves inversely proportional to 

the membrane thickness and the increase in performance with decreasing membrane thickness has been observed in 

many modeling [3, 5] and experimental studies [24-26] in the literature. Improvement is mainly due to ionic 

resistance, i.e. ohmic overpotential and this is evident from the increase in the slope of the polarization curve at high 

current densities. The effect of thickness of membrane was also studied for cells operating with a pressure difference 

between the cathode side and anode side. In this case, electrolyzer performance was predicted for 30 bar pressure 

difference (Δ𝑃 =  𝑃𝑐 − 𝑃𝑎 = 30 𝑏𝑎𝑟) between cathode and anode (Fig. 4). The results in Fig. 4(a) show that both 

Faraday efficiency and DC efficiency of the cell (based on higher heating value, HHV, of H2) decreases with 

decreasing membrane thickness as a result of increasing hydrogen crossover (Fig. 4(b). At 0.5 mA cm
-2

 current 

density and with 28 𝜇𝑚 membrane thickness, anode product gas may contain 3.9% vol. hydrogen (Fig. 4(b)) which 

is very close to lower explosive limit (LEL) limit [27], 4% in 1 bar. For atmospheric operation, the amount of H2 in 

O2 was experimentally found to be about 0.14% vol. [23], however, H2 permeation will be much higher for a 

pressure difference of 30 bar. Considering that the H2 flux increases in direct proportion to the pressure difference, 

H2 in O2 is likely to be around 4% for 30 bar pressure difference operation, which agrees with the 3.9% value 

obtained from this modeling study. In order to reach hydrogen content in anode gas below LEL limit, current density 

values greater than approximately 1 A/cm
2
 is required. For the safe operation of the AEM electrolyzer with a 

reasonable threshold, i.e. 2% below LEL limit, nearly 1 A cm
-2

 is required for membrane thickness of 28 𝜇𝑚. 

 

 

Fig. 3. Polarization curves for different membrane thicknesses. 

 



 Obut, S., (2024) / Journal of Scientific Reports-A, 58, 27-39  

37 

 

 

Fig. 4. (a) Faraday efficiency (continuous line) and DC efficiency (dashed line), (b) hydrogen mole percentages for different membrane 

thicknesses at 30 bar pressure difference between cathode side and anode side. 

3.3. Effect of operating pressure 

Another operating parameter that affects the performance of an AEM electrolyzer operating in dry cathode mode 

is the cathode and anode side pressure difference at the same membrane thickness. The cathode side pressure of 

AEMELs is tried to be kept high to prevent the need for additional pressurization of the produced hydrogen. 

However, this situation has negative effects. First, as it can be seen by the Nernst equation, the electrolyzer cell 

operating voltage increases as the effect of the increasing pressure difference. Additionally, increasing differential 

pressure increases the hydrogen cross-over from the cathode to the anode, reducing the Faraday efficiency. Finally, 

due to the increasing cathode-anode differential pressure, water transfer increases from cathode side to the anode 

side, and this can reduce the cathode side ionomer water content along with the decreasing relative humidity 

especially at high current densities. This increases the cell resistance to ion transport and causes performance 

decrease. 

Effect of cathode-anode pressure difference on AEM electrolyzer performance is shown in Fig. 5(a). Because a 

high operating pressure directly increases the open circuit voltage, the cell polarization curve tends to increase at 

high pressure differences. However, while this effect is evident up to 15 bar pressure difference from atmospheric 

operation, it is not evident between 15 and 30 bar pressure difference.  In their study, Nafchi et al. [4] also found that 

the cell operating voltage increased with increasing cathode side pressure and this increase was much less 

pronounced after 10 bar cathode pressure. Besides the effects of pressure increase, the increasing cathode-anode 

pressure difference increases the amount of water hydraulically passing from the cathode side to the anode side, 

thereby reducing the 𝐻2𝑂 content of the cathode side ionomer phase and thus increasing the ohmic polarization. 

Additionally, the humidity of the cathode product gas will decrease as an effect of decreasing net water transport to 

the CCL. Water content of the CCL ionomer phase is shown in Fig. 5(b). As can be seen, with increasing cathode-

anode pressure difference, the water content and therefore the conductivity of the cathode ionomer phase decreases. 

This can be understood from the fact that the polarization curves in Fig. 5(a) slope upward in the high current 

density region. 
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Fig. 5. (a) Polarization curves, (b) cathode side ionomer phase water contents for various pressure differential between cathode and anode. 

4. Conclusions 

In this study, an analytical model was developed to predict the performance of an AEMEL fed with aqueous 

KOH solution to anode. The developed model was validated with literature data and then analyses were carried out 

with the help of the model for two important parameters that determine the AEM electrolyzer performance. 

Accordingly, as the membrane thickness decreases, both the AEMEL cell voltage and the Faraday and DC 

efficiency of the cell decreases. Higher operating pressure of cathode side is one of the advantages of AEMEL 

technology, however, at high pressure differences between the cathode and anode side, such as 30 bar, a gas mixture 

with H2 content above 4% vol. may form at the anode outlet, which poses a safety risk. Therefore, the most suitable 

membrane thickness should be selected according to the operating conditions by considering the compromise 

between cell voltage, efficiency and cell operating safety. On the other hand, when the pressure is increased at 

constant membrane thickness, it is found that the AEMEL polarization curves tend to increase upward more at high 

current densities above 1 A cm
-2

 as a result of decreased cathode side membrane water content. Thus, especially for 

large active area electrolyzer stacks drying of cathode side should be properly handled and this requires higher 

dimensional model of AEMEL to see the local drying effects. In order to better understand local effects at the cell 

level, studies are ongoing to adapt the model to two-dimensions and eventually to three-dimensions. 
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