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Abstract

:

This study develops a semi-empirical model of an alkaline water electrolyzer (AWE) based on thermodynamic and electrochemical principles to investigate cell voltage behavior during electrolysis. By importing polarization curve test data under specific operational conditions, eight undefined parameters are precisely fitted, demonstrating the model’s high accuracy in describing the voltage characteristics of alkaline electrolyzers. Additionally, an AWE system model is introduced to examine the influence of various operational parameters on system efficiency. This innovative approach not only provides detailed insights into the operational dynamics of AWE systems but also offers a valuable tool for optimizing performance and enhancing efficiency, advancing the understanding and optimization of AWE technologies.
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1. Introduction


Renewable energy is crucial for mitigating environmental pollution and achieving sustainable development. With the expansion of renewable energy capacity, a stable and reliable method for energy storage and supply is urgently needed to overcome the fluctuating power output from renewable energy sources [1]. Coupling water electrolyzers with renewable energy sources is considered a promising approach for achieving long-period energy storage [2]. Hydrogen, generated via water electrolysis, offers the advantages of ease of transportation and storage as an energy carrier. Furthermore, it finds extensive applications across diverse sectors, including the chemical industry, metallurgy, and transportation, due to its versatile utility [3,4,5,6,7,8,9].



Based on the electrolytes employed, water electrolysis technology is classified into three distinct types: alkaline water electrolysis (AWE), proton exchange membrane water electrolysis (PEMWE), and solid oxide electrolysis cells (SOEC) [10,11,12,13,14,15]. Alkaline water electrolysis is recognized as a well-established technology. Due to its excellent reliability, security, and up to 15-year lifetime, AWE has wide commercial applications [2,16,17]. An AWE typically incorporates a dual-electrode system immersed in an aqueous electrolyte solution, consisting of either potassium hydroxide (KOH) or sodium hydroxide (NaOH), with the concentration maintained within the range of 25 to 30% [17,18,19]. These electrodes are segregated by a porous diaphragm [15,20,21]. Hydrogen is released from the cathode, and hydroxide anions pass through the porous diaphragm, forming water and oxygen at the anode surface. The reaction of alkaline water electrolysis is demonstrated below:


  C a t h o d e :     2   H   2   O + 2   e   −   →   H   2   + 2 O   H   −    



(1)






  A n o d e :     2 O   H   −   →   H   2   O + 0.5   O   2   + 2   e   −    



(2)






  O v e r a l l :       H   2   O →   0.5   O   2   +   H   2      



(3)







The process of alkaline water electrolysis encompasses electrode reactions, ion/proton transitions, thermodynamics, mass and heat transfer theory, as well as electrochemical theory [22]. Therefore, electrolysis processing can be described as a function of various parameters, including temperature [14], cell voltage [10], current density [23], and pressure [24]. Many AWE models have been established based on these chemical and physical parameters to predict the behavior of AWE systems. Abdin et al. [25] designed a model based on the physical principles associated with the materials and configuration of its components. While offering improvements in catalyst and bubble management, Abdin’s model, however, overlooks critical parameters, such as wettability factors, charge transfer coefficients, surface roughness factors, and baseline exchange current densities. Ulleberg [26] developed an empirical model, integrating multiple foundational theories to predict cell voltage, hydrogen production, and efficiencies. The accuracy of Ulleberg’s empirical model was verified using a photovoltaic-hydrogen system. This model has played a positive role in the optimization of electrolyzer design and the development of advanced control strategies. However, temperature is the only variable considered in Ulleberg’s model. Thus, subsequent research introduces more variables to improve the accuracy of the electrolysis model. Sánchez et al. [27] take pressure into account based on Ulleberg’s model, which was verified by a 15 kW alkaline test bench.



Cell voltage is a crucial parameter for assessing the performance of an AWE system. It is influenced by several operating parameters, including operation temperature, pressure, and lye flows. Optimization of the AWE system can be achieved through adjustment of these parameters. In order to investigate the voltage behavior of an alkaline electrolyzer with a hydrogen production capacity of 2 Nm3/h across a comprehensive range of operating parameters, the relationship between the electrolyzer’s voltage and the current density is rigorously analyzed employing a modeling methodology. The polarization curve of an electrolytic cell, under specified conditions in an alkaline water electrolysis cell, is measured, and a nonlinear fitting is applied to determine unidentified parameters. Subsequently, the model facilitates exploration of the impacts of current density, temperature, and pressure on the cell’s voltage behavior. Furthermore, this study also introduces an AWE model in Aspen Plus (V 8.4) for the analysis of current density, temperature, and pressure effects on the system’s efficiency and power dynamics. The modeling of electrolytic cells and AWE systems lays a robust foundation for the strategic selection and design of various system components, thereby enhancing the academic discourse on optimization strategies for AWE systems.




2. Alkaline Electrolyzer Voltage Computational Methods


Figure 1a illustrates the schematic diagram of the alkaline water electrolyzer used in this study, highlighting key components, such as the end plates, electrode plates, insulating sleeves, sealing gaskets, electrolyte inlets and outlets, and the busbar. Figure 1b shows the AWE utilized in this research, and its parameters are shown in Table 1.



The electrolytic cell is the basic structure of the AWE system, where the water electrolysis reaction occurs. The working surface area of the electrodes is a critical factor in evaluating the efficiency of the electrolysis process. Larger electrode surface areas are known to enhance electrolysis efficiency by providing more active sites for the electrochemical reactions, thereby reducing activation overpotentials and improving overall reaction kinetics [1,2]. The nickel-plated nickel mesh electrodes with surface activation treatment were specifically chosen to maximize the effective surface area. This increased surface area enhances the electrochemical reaction rate by providing more active sites for the electrolysis reactions, thereby reducing overpotential and improving overall electrolysis efficiency [10]. Additionally, the mesh structure of the electrodes helps in minimizing the inter-electrode gap, further contributing to the reduction of ohmic losses and enhancing the performance of the electrolyzer. Previous studies have demonstrated that increasing the surface area of electrodes can significantly improve hydrogen production rates in alkaline water electrolysis systems [28,29]. In this study, the type of electrode used in the alkaline electrolyzer was a nickel-plated nickel mesh with surface activation treatment. This material structure effectively reduces overpotential and improves the electrolysis efficiency due to its increased electrochemical reaction area, reduced inter-electrode gap, and overall compact structure. Additionally, mesh electrodes are easy to manufacture and convenient to assemble and maintain.



The choice of electrolyte, whether NaOH or KOH, significantly impacts the electrolysis efficiency due to differences in several key parameters. KOH solutions generally exhibit higher conductivity compared to NaOH solutions, primarily due to the higher ionic mobility of potassium ions (K+) versus sodium ions (Na+) [30]. This higher mobility facilitates more efficient ion transport, which is crucial for achieving high electrolysis efficiency. Additionally, KOH solutions tend to have lower viscosity than NaOH solutions at the same concentration, which aids in better ion transport and reduces concentration overpotentials [31]. The lower viscosity of KOH solutions further enhances the electrochemical efficiency by decreasing the energy consumption required for the electrolysis process. Although NaOH solutions are still effective, their higher viscosity and lower ionic mobility can lead to slightly lower electrochemical efficiency and higher energy consumption compared to KOH solutions [32,33]. These differences justify the preference for KOH in many industrial applications where maximum efficiency is desired.



In this experiment, the electrolyte used was a KOH solution. Alkaline electrolytes, such as KOH, are widely used in water electrolysis due to their excellent conductivity, chemical stability, and high ionic mobility. These characteristics enable KOH solutions to maintain stable electrolysis efficiency under high current densities and voltages. Additionally, the relatively low viscosity of KOH solutions facilitates ion transport, thereby increasing electrode reaction rates, reducing concentration overpotentials, and improving overall efficiency [30,31].



The viscosity of the electrolyte and the rate of diffusion of ions significantly impact the efficiency of the electrolysis process. Higher viscosity can impede ion transport, leading to increased concentration overpotentials and reduced efficiency. Conversely, lower viscosity, often achieved by increasing the temperature, improves ion mobility and enhances the electrolyzer performance. The rate of diffusion of ions is crucial for maintaining high reaction rates at the electrode surfaces. Faster diffusion rates ensure efficient ion transport to the electrodes, facilitating the electrochemical reactions necessary for hydrogen production. Studies have shown that optimizing these parameters can significantly improve the electrolyzer efficiency. For instance, reducing electrolyte viscosity through temperature control enhances mass transport, while considering ionic diffusion rates in the design process can lead to more efficient electrolyzers [32,33].



2.1. Thermodynamic Model


At normal temperature and pressure (NTP; 25 °C and 101.325 kPa), liquid water can dissociate into hydrogen and oxygen, which is shown in Equation (3). The standard molar enthalpy change, the standard molar entropy change, and the standard molar Gibbs free energy change of the electrolytic reaction are presented, as follows:


    Δ   r     H   m   θ   =   285.83   K J  /  m o l    



(4)






    Δ   r     S   m   θ   =   163.34   K J  /  m o l · K    



(5)






    Δ   r     G   m   θ   =   Δ   r     H   m   θ   − T ·   Δ   r     S   m   θ   =   237.13   K J  /  m o l    



(6)







Variation in the electrolytic voltage with temperature is shown in Figure 2. The thermoneutral and equilibrium voltage curves divide this diagram into three parts. The formulas of those curves are shown below, respectively:


    E   ∆ H   =    ∆ H   2 F     



(7)






    E   ∆ G   =    ∆ G   2 F    =    ∆ H − T · ∆ S   2 F     



(8)




where F is the Faraday constant.



The equilibrium voltage is the theoretical minimum voltage necessary for water electrolysis, while the thermoneutral voltage represents the actual minimum voltage required to facilitate the electrolysis process. In Zone 1 (below the equilibrium voltage in which the H2 generation is impossible), the electrolysis processing cannot carry on, and the value of the theoretical minimum voltage can be calculated by Equations (6) and (8), which is 1.2297 V. In Zone 2 (endothermic reaction), which is delineated by the region between the equilibrium line and the thermoneutral line, the progression of electrolysis necessitates the provision of an external heat source. In Zone 3 (exothermic reaction), situated beyond the thermoneutral voltage, electrolysis occurs with the release of heat. The thermoneutral voltage can be calculated by Equations (4) and (6), which is 1.482 V [26,34]. Usually, the operating voltage of a commercial AWE is 1.8–2.4 V, which indicates the electrolysis would be an exothermic reaction [35,36].




2.2. Alkaline Electrolyzer Voltage Model


To accurately delineate the relationship between voltage and current within an electrolytic cell, a comprehensive consideration of thermodynamic, kinetic, and resistance-related effects is essential. During the electrolysis process, the observed voltage drop across the electrolysis cell is attributed to activation overpotential, ohmic overpotential, and concentration overpotential. In the typical operating range of an alkaline electrolyzer, the concentration overpotential is negligible, so the actual cell voltage can be expressed, as follows:


    U   c e l l   =   E   r e v   +   η   o h m   +   η   a c t    



(9)







Here,     U   c e l l     is the cell voltage,     E   r e v     is the reversible voltage,     η   o h m     is the ohmic overpotential, and     η   a c t     is the activation overpotential.



The reversible voltage can be calculated by Nernst equations:


    E   r e v   =   E   r e v   θ     T   +    R T   2 F    I n (        P −   P   l y e       1.5   ·   P     H   2   O   *       P   l y e      )  



(10)







Here, P, T, R, and F are the operating pressure, temperature, universal gas constant, and Faraday constant, respectively.     P   l y e     is the vapor pressure of KOH solutions, which is equal to the pressure of the wet hydrogen and oxygen gases near the electrode [14,37], and     P     H   2   O     is the vapor pressure of water. The standard reversible potential varies as a function of temperature, and can be represented by the following empirical equation [37]:


      E   r e v   θ     T   = 1.50342 − 9.956 × 1   0   − 4   × T + 2.5 × 1   0   − 7   ×   T   2    



(11)







Activation overpotential and ohmic overpotential are influenced by physical parameters, such as structure and material composition. Activation overpotential arises from the initiation of the water electrolysis reaction at the electrode surface. Conversely, ohmic overpotential is associated with the resistance encountered by the electrode, diaphragm, and electrolyte. Additionally, the formation of bubbles on the electrode surface also contributes to the ohmic overpotential [38]. Physical models can accurately predict the cell voltage behavior of electrolysis cells and study the influence of different parameters on cell voltage. However, some parameters are difficult to ensure, which inhibits the application of the physical model.



In this study, a semi-empirical model was developed to accurately delineate the polarization curve, with overpotential calculations based on empirical parameters. The construction of this model is underpinned by several foundational assumptions to affirm its accuracy: (1) The model presupposes a current efficiency of 100%, ignoring any secondary reactions during electrolysis to concentrate the analysis on the principal reactions. (2) It assumes the electrochemical properties across each electrolytic cell within an alkaline electrolyzer stack to be homogeneous, thereby guaranteeing uniform current and voltage throughout all cells—a crucial factor for the model’s dependability. (3) It posits constant pressure and temperature conditions across all electrolytic cells, thereby providing a stable analytical framework. (4) It treats oxygen and hydrogen produced during electrolysis as ideal gases, which simplifies the calculations concerning gas behavior. (5) It disregards variations in the flow and temperature of the lye, focusing instead on the temperature of the lye at the inlet and outlet of the cell. This methodology obviates the need to consider dynamic shifts in lye conditions. By adopting these assumptions, the model is streamlined, reducing its complexity while preserving analytical accuracy, thus serving as an effective instrument for enhancing the efficiency of electrolysis processes.



The most representative semi-empirical model was developed by Ulleberg [26], which is based on thermodynamics and electrochemistry theory, using a nonlinear temperature function to describe the polarization curve of the electrolyzer. The formula is shown below:


    U   c e l l   =   E   r e v   +    r   A    · I + s ⋅   ln  ⁡  (      t   A    · I + 1 )  



(12)







Here, r is the parameter related to ohmic resistance, A is the area of the electrode (m2), I is the current, and s and t are the coefficient for overvoltage on electrodes (V) and coefficient for overvoltage on electrodes (m2/A), respectively, where r and t can be described as functions of temperature, and s is a constant [26]. So, Equation (12) can be modified as below:


    U   c e l l   =   E   r e v   +     r   1   +   r   2   · T   · i + s ·   ln  ⁡  ( (   t   1   +      t   2     T    +      t   3       T   2      ) · i + 1 ) )    



(13)







Here, i is the current density (A/m2). Ulleberg’s model only takes temperature into account; thus, Sánchez et al. [27], based on Ulleberg’s model, introduced parameter d into the model to improve the applicability. Here, d represents the variation in ohmic overpotential to pressure. The equation is shown below:


  d =   d   1   +   d   2   ⋅ p  



(14)







Based on the above equations, the alkaline water electrolysis voltage can be expressed as:


    U   c e l l   = 1.50342 − 9.956 ×   10   − 4   × T + 2.5 ×   10   − 7   ×   T   2   +    R T   2 F      ln  ⁡           P −   P   l y e       1.5     P     H   2   O       P   l y e           +       r   1   +   r   2   ⋅ T   +     d   1   +   d   2   ⋅ P     ⋅ i + s ⋅   ln  ⁡        t   1   +      t   2     T    +      t   3       T   2        ⋅ i + 1      



(15)







Based on Equation (15), the electrolyzer model established in Simulink (V 7.0) is shown in Figure S1.



The relationship between the saturated vapor pressure of lye and pure water as a function of temperature was derived from Aspen Plus and imported into the Simulink model, as shown in Figure 3a,b, respectively. Both the lye and water saturated vapor pressure increased with the temperature rise.





3. Electrolyzer Model Validation and Parameter Analysis


3.1. Experimental Validation and Parameter Fitting for the Electrolyzer Model


Eight uncontained parameters in Equation (15) could be obtained from the experiment. Operating parameters are shown in Table 2.



Ten groups of data were obtained during the 2 h test: the first hour was spent waiting for the system to reach a stable state, and the other hour was spent collecting voltage data. The corresponding voltage value for each current density condition was the average voltage for the second hour. The test data are shown in Table 3.



Via nonlinear fitting of the data in Table 1, the values of eight unknown parameters could be determined, as shown in Table 4.



To validate the accuracy of the simulation result, the polarization curve of the electrolytic cell was measured under different inlet temperatures (75, 65, and 55 °C) and operating pressures (1.6, 1.3, and 1.0 MPa), with other parameters maintained. Those test results were compared with simulation results, and the determination coefficient, R2, was applied to identify the correlation between the test results and simulation results. R2 can be calculated as follows:


    R   2   = 1 −     ∑        X   e x p   −   X   s i m       2           N   e x p   − 1    ∑        X   e x p   −   X  ¯      2         



(16)







Figure 4a,b show the cell voltage variation under different operating pressures and temperatures. The determination coefficient under two different conditions was calculated, and the average values were 99.94 and 99.82%, respectively. This indicated a good correlation between the measured values and simulation values, which means the as-established model could excellently reflect the cell voltage.




3.2. Analysis of Parameters Affecting Cell Voltage in an Alkaline Electrolyzer


After validation, we analyzed the effect of different parameters on the cell voltage, including current density, temperature, and pressure.



First, with the pressure and temperature maintained at stable levels, a simulation was conducted in the range from 0 to 12,000 A/m2 to examine fluctuations in cell voltage, reversible voltage, ohmic overpotential, and activation overpotential. The results presented in Figure 5a demonstrate the variation in these variables as current density increased. As the current density increased, the cell voltage rose, particularly in the low current density region (0–1000 A/m2). However, the reversible voltage remained constant. Additionally, both ohmic and activation potentials showed an increasing trend. Activation overpotential increased significantly in the low current density region, but the increase was not appreciable in the high current density region. On the other hand, ohmic overpotential exhibited a linear increase. The variation in activation overpotential explained the trend observed in the cell voltage variation. For this electrolyzer, a current density of 9380 A/m2 represented a critical value. When the current density surpassed this limit, the activation overpotential exceeded the ohmic overpotential. In such instances, various strategies can be adopted to decrease the activation overpotential. For example, changing the electrode material to lower the activation energy barrier is one effective approach.



Additionally, the cell voltage of the alkaline electrolyzer was analyzed across a temperature range of 5–95 °C, under constant pressure, and over a current density range from 0 to 6000 A/m2. The results depicted in Figure 5b show that the cell voltage gradually decreased with an increase in the temperature; specifically, the cell voltage dropped from 2.51 to 2.09 V as the temperature increased from 5 to 95 °C at a current density of 6000 A/m2. To elucidate the impact of temperature on cell voltage, a simulation examining the relationship between variations in reversible voltage and overpotential was conducted. The outcomes of this simulation, illustrated in Figure 5c, indicated that both the reversible voltage and overpotential exhibited a gradual decline as the temperature increased. Notably, the decrease in reversible voltage was more pronounced than that observed in ohmic and activation overpotentials. The reduction in activation overpotential with rising temperature is a critical factor that accelerates electrolysis reactions. This is because higher temperatures can enhance the kinetics of the electrochemical reactions, thereby lowering the energy barrier for activation. Additionally, an increase in temperature also improves the conductivity of the electrolyte, which contributes to a reduction in ohmic overpotential. Consequently, the thermal elevation plays a beneficial role in optimizing cell voltage by facilitating a more efficient transfer of ions across the electrolyte, further enhancing the overall efficiency of the electrolysis process. However, the benefits of higher temperatures come with the caveat of potential damage to the stability of the diaphragm within the electrolyzer. Elevated temperatures can adversely affect the mechanical and chemical stability of the diaphragm, leading to a diminished lifetime of the electrolyzer system. This presents a significant challenge, as the diaphragm’s integrity is crucial for the effective separation of gases produced during electrolysis. Balancing the positive effects of temperature on electrolysis efficiency with the need to maintain the structural integrity of critical components, such as the diaphragm, is essential for the advancement and sustainability of electrolyzer technologies.



Finally, the simulation of cell voltage in an alkaline electrolyzer across a pressure range from 0.1 to 2.8 MPa was conducted under constant temperature and within a current density range from 0 to 6000 A/m2, as shown in Figure 5d. It was observed that, at a current density of 6000 A/m2, the cell voltage experienced an increase from 2.06 to 2.16 V as the pressure rose from 0.1 to 2.8 MPa. According to Jang et al. [14], an increase in pressure led to a rise in reversible voltage, and both ohmic and activation overpotentials decreased as a consequence of diminished bubble coverage resulting from the increased pressure. Although the reversible voltage increased because of the elevated pressure—likely due to the enhanced solubility of gases and improved reaction dynamics—the simultaneous decrease in overpotentials acted to moderate this effect. Consequently, these competing phenomena resulted in only a slight overall increase in cell voltage.



These investigations underscore the complex interplay of current density, temperature, and pressure in optimizing the electrolyzer performance, highlighting the need to balance these factors for enhanced efficiency and sustainability.



The semi-empirical model developed in this study provided valuable guidance for the practical selection of cathode and anode materials in alkaline water electrolyzers (AWEs). The model revealed the impacts of activation overpotential and ohmic overpotential on cell voltage during electrolysis and highlighted the regulatory effects of temperature and pressure on these overpotentials. When selecting cathode and anode materials, priority should be given to those that can reduce activation overpotential, such as nickel–molybdenum or nickel–iron alloys [28,29]. Additionally, materials with high electrical conductivity, such as nickel or stainless steel [39,40], should be chosen to minimize ohmic overpotential. The materials must also remain stable at the higher operational temperatures and pressures predicted by the model to achieve optimal performance. This decision-making process should balance the performance benefits with material costs, based on the simulation results from the model, to maximize electrolysis efficiency and optimize system performance.





4. Computational Method and Simulation-Based Analysis of Operational Parameter Impact on AWE System Efficiency


4.1. Model Description


During alkaline water electrolysis processing, about 70–90% of the input energy is used for electrolysis of water [41], while the rest is used to overcome internal resistance and convert into heat:


  P = W + Q  



(17)







Here, P is the input power, W is the electrolytic power, and Q is the thermal power, as follows:


  P = n ⋅ I ⋅ E  



(18)






  W = n ⋅ I ⋅   E   Δ H    



(19)






  Q = P − W  



(20)







Here, E is the input voltage,     E   Δ H     is the equilibrium voltage, and n is the number of electrolyzer cells.



Thermal efficiency is a commonly used index to evaluate the electrolytic efficiency of an electrolytic cell. It is defined as the ratio of electrolytic power to the actual input power, which can equivalently be expressed as the ratio of equilibrium voltage to the actual electrolytic voltage [34], as shown below:


  η =    W   P    =      E   Δ H     E     



(21)







It is necessary to confirm     E   Δ H     to calculate the efficiency of the electrolysis system. Under NTP, the     E   Δ H     was 1.481 V, but the AWE system would not operate under these conditions. To confirm the     E   Δ H     under different operating parameters, an AWE system model was established in Aspen Plus to simulate the efficiency of the AWE system. The model is shown in Figure S2.



Figure S3 displays the parameter setting interface of the alkaline electrolyzer module. The AWE module calculated physical quantities, such as electric power and heat load, iteratively through parameters such as current and voltage. The voltage value was defined by using the design provisions found in Aspen process options, with efficiency from the input parameters serving as the control variable.



Via the simulation, the value of     E   Δ H     under different temperatures was obtained, which is indicated in Figure 6. The thermoneutral voltage declined as the operating temperature increased.




4.2. Simulation Influence of Operational Parameters on AWE System Efficiency


Based on the established model, we investigated how different parameters affected the efficiency of the alkaline water electrolysis (AWE) system.



Maintaining constant pressure and temperature, a simulation was conducted within a current density range from 500 to 6000 A/m2 to examine the variations in thermal efficiency and electrolytic power, with the results depicted in Figure 7. As illustrated in Figure 7a, thermal efficiency declined from 93.65 to 70% as the current density increased from 500 to 6000 A/m2. This trend suggests that higher current densities resulted in a significant decrease in thermal efficiency. Figure 8a further shows that with the increase in current density, there was a corresponding rise in input power, electrolytic power, and thermal power. However, it is crucial to note that the proportion of thermal power within the total input power increased, which negatively affected the thermal efficiency.



To ensure consistent operating conditions, with both current density and pressure held constant, a simulation spanning a temperature range from 5 to 95 °C was performed. This investigation aimed to explore the fluctuations in thermal efficiency and electrolytic power, thereby providing insights into the temperature-dependent performance characteristics of the system. Figure 7b clearly demonstrates that thermal efficiency increased as the temperature rose. The increase in temperature created a more favorable environment for electrolysis by reducing the activation energy required for the electrochemical reactions, thereby improving overall efficiency. However, Figure 8b shows that a notable consequence of this temperature increase was the elevated system heat production, which in turn raised the thermal load on the AWE system. This increase in thermal load necessitates effective heat management strategies to prevent any potential negative impacts on system components and to ensure the sustained high-efficiency operation of the AWE system.



With the operating current density and temperature held constant, a simulation was conducted across a pressure range of 0.1 to 2.8 MPa to examine the variations in thermal efficiency and electrolytic power. Figure 7c illustrates a decline in thermal efficiency concurrent with an increase in pressure, a phenomenon attributable to the escalation in thermal power depicted in Figure 8c. Meanwhile, both the input and electrolytic power exhibited negligible variations in response to the heightened pressure. This suggests that higher pressures in the AWE system could adversely affect its efficiency by elevating the thermal power, indicating an increase in energy lost as heat. Despite the increase in pressure, the stability of input and electrolytic power remained largely unaffected. However, the efficiency loss due to higher thermal power underlines the critical balance between the operating pressure and system performance. Therefore, operating the AWE system at elevated pressures could lead to diminished efficiency and increased energy consumption, highlighting the necessity of optimizing pressure settings to ensure energy-efficient and cost-effective hydrogen production.



The semi-empirical model developed in this study stands out from existing models by providing a more comprehensive and practical approach to the selection of electrode materials for alkaline water electrolyzers (AWEs). Unlike traditional models, which often narrowly focus on single factors, such as activation overpotential or ohmic overpotential, our model integrated these factors and considered the regulatory influences of temperature and pressure. This holistic approach enabled more precise predictions of cell voltage and efficiency under varying operational conditions. Additionally, the model’s ability to guide the selection of materials that optimize both performance and cost represents a significant advancement. By incorporating practical considerations, our model offers a robust tool for designing more efficient and cost-effective electrolyzers, thereby pushing the boundaries of current electrolysis technology.





5. Conclusions


This study presented a comprehensive approach to modeling and analyzing an alkaline water electrolyzer (AWE) system using Simulink and Aspen Plus. The integration of these tools allowed for an in-depth examination of the factors influencing cell voltage and overall electrolysis efficiency. A semi-empirical voltage model based on thermodynamic and electrochemical principles was developed and validated using experimental data, achieving high accuracy, with determination coefficients (R2) of 99.82% and 99.94%. The model considered critical operational parameters, including current density, temperature, and pressure, and their effects on cell voltage and system efficiency. Simulations revealed that lower current densities significantly improved thermal efficiency, while elevated temperatures enhanced electrolysis efficiency but may compromise diaphragm stability. Increased pressure slightly raised the cell voltage due to the higher reversible voltage, despite the reduced overpotentials. The study also included a hydrothermal analysis of the AWE system, confirming the thermoneutral voltage at different operating temperatures. The findings underscore the importance of optimizing operational parameters to maximize energy efficiency and system performance. This dual-model approach not only enhances the understanding of AWE systems but also provides a valuable tool for optimizing their design and operation, promoting more efficient and sustainable hydrogen production.
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Figure 1. (a) Schematic of the alkaline water electrolyzer stack and (b) picture of the alkaline water electrolyzer stack. 
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Figure 2. Change of electrolytic voltage with temperature [34]. 
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Figure 3. Saturated vapor pressure of (a) lye and (b) pure water changed with temperature. 
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Figure 4. Comparison diagram between simulated and measured voltage values under different operating (a) pressures and (b) temperatures. 
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Figure 5. Variations in cell voltage, reverse voltage, ohmic overpotential, and activation overpotential against (a) current density and (c) temperature. Polarization curves of electrolytic cells under different (b) temperatures and (d) pressures. 
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Figure 6. Thermoneutral voltage values at different reaction temperatures. 
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Figure 7. Variations in thermal efficiency under different (a) current densities, (b) temperatures, and (c) pressures. 
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Figure 8. Variations in power under different (a) current densities, (b) temperatures, and (c) pressures. 
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Table 1. Basic parameters of the alkaline electrolyzer.
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	Parameters
	Value
	Unit





	Hydrogen production
	2
	Nm3/h



	Current
	200
	A



	Effective reaction area
	0.0333
	m2



	Current density
	6000
	A/m2



	Cell number
	24
	Pcs



	Operation temperature
	85
	°C



	Operation pressure
	1.6
	MPa










 





Table 2. Operating parameters of the electrolyzer.
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	Parameters
	Value





	Inlet temperature (°C)
	75



	Outlet temperature (°C)
	85



	Operating pressure (MPa)
	1.6



	Lye flow (L/h)
	280



	Current density (A/m2)
	6000–1500

(decreases in steps of 500 A/m2 until 1500 A/m2)



	Time (h)
	2










 





Table 3. Electrolyzer polarization curve test data.
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	Current (A)
	Voltage (V)
	Current Density (A/m2)
	Cell Voltage (V)





	199.97
	50.89
	6000
	2.12



	184.31
	49.91
	5500
	2.08



	166.65
	49.21
	5000
	2.05



	149.98
	48.25
	4500
	2.01



	134.32
	47.03
	4000
	1.96



	116.65
	46.33
	3500
	1.93



	99.99
	45.11
	3000
	1.88



	84.32
	44.16
	2500
	1.84



	66.66
	42.97
	2000
	1.79



	49.99
	41.77
	1500
	1.74










 





Table 4. Parameters’ fitting values.
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	Parameters
	Value
	Unit





	r1
	4.825747 × 10−5
	Ω·m2



	r2
	5.674751 × 10−8
	Ω·m2·°C−1



	d1
	6.230508 × 10−7
	Ω·m2



	d2
	9.828342 × 10−7
	Ω·m2·bar−1



	s
	0.082272
	V



	t1
	0.013255
	m2·A−1



	t2
	4.151465
	m2·°C⋅A−1



	t3
	176.488351
	m2·°C⋅A−1
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