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Abstract

:

Hydrogen production using polymer membrane electrolyzers is an effective and valuable way of generating an environmentally friendly energy source. Hydrogen and oxygen generated by electrolyzers can power drone fuel cells. The thermodynamic analysis of polymer membrane electrolyzers to identify key losses and optimize their performance is fundamental and necessary. In this article, the process of the electrolysis of water by a polymer membrane electrolyzer in combination with a concentrated solar system in order to generate power and hydrogen was studied, and the effect of radiation intensity, current density, and other functional variables on the hydrogen production was investigated. It was shown that with an increasing current density, the voltage generation of the electrolyzer increased, and the energy efficiency and exergy of the electrolyzer decreased. Additionally, as the temperature rose, the pressure dropped, the thickness of the Nafion membrane increased, the voltage decreased, and the electrolyzer performed better. By increasing the intensity of the incoming radiation from 125   W /  m 2    to 320   W /  m 2   , the hydrogen production increased by 111%, and the energy efficiency and exergy of the electrolyzer both decreased by 14% due to the higher ratio of input electric current to output hydrogen. Finally, machine-learning-based predictions were conducted to forecast the energy efficiency, exergy efficiency, voltage, and hydrogen production rate in different scenarios. The results proved to be very accurate compared to the analytical results. Hyperparameter tuning was utilized to adjust the model parameters, and the models’ results showed an MAE lower than 1.98% and an    R 2    higher than 0.98.
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1. Introduction


Unlike the fossil fuels available in nature, hydrogen does not have a natural source and must be produced by human-made methods [1]. Many renewable energy sources can be stored, through which hydrogen fuel can be produced. These sources can be solar energy, wind, and biomass. The method of hydrogen production introduced by Dincer [2] has been extensively researched. Other researchers have also investigated methods for hydrogen production from energy sources [3,4,5,6,7]. Hydrogen production is best carried out with water when using sustainable sources on a large scale [8]. Due to its renewable, safe, and clean nature, solar energy is considered one of the best options. As a source of thermal energy for the high-temperature process, Steinfeld [9] investigated the thermochemical production of hydrogen using solar radiation. In his study, he demonstrated that the thermochemical production of hydrogen by the electrolysis of water using electricity generated by the sun competes with conventional fossil fuel methods, since electrolysis reduces carbon dioxide production and pollution. The chemical decomposition of water, thermochemical cycles or the reforming of hydrocarbons, and electrolysis require electricity to decompose water. Many scientists are interested in combining the water electrolysis process with a renewable energy system that provides power and heat for hydrogen production [10]. The storage of oxygen and hydrogen in space for an extended period of time is impractical. Just as scientists have determined the climatic parameters needed by the body to sustain life on earth, aerospace scientists have similarly estimated the climatic parameters needed to sustain life in space. On earth, plants play an important role in removing carbon dioxide and producing oxygen, but in space, other methods are used to remove carbon dioxide and produce water and oxygen. In space shuttles, fuel cells produce electricity by combining hydrogen and oxygen. In a fuel cell, electricity is generated by a chemical reaction similar to that of a battery. However, the fuel is continuously supplied by oxygen and hydrogen. As a consequence of this reaction, water is produced, which can be used to make oxygen for breathing and hydrogen to fuel the electrolyzer. Every electrolyzer cell contains polar plates, an anode, and a cathode, as well as electrolytes and catalysts in the gas diffusion layer [11]. Electrolyzer technology is divided into four general categories: alkaline electrolyzers, whose electrolyte is a liquid (such as potassium hydroxide); proton and anion exchange membrane electrolyzers, both of which have a solid polymer electrolyte; and finally, solid oxide electrolyzers, which have ceramic membranes. Polymer membrane electrolyzers have attracted most attention due to their various advantages, including their lack of toxic material production, better systematic management, pure hydrogen generation, higher efficiency, lack of pollution generation, and higher current density [12,13,14]. A polymer membrane electrolyzer consists of three parts [15]:




	
At a local low current density, when the effects of ohmic losses can be ignored, the activation voltage drop obtained from the Volmer–Butler equation is the dominant drop.



	
In the middle of the diagram, it is linear, and ohmic drops cause the voltage drop.



	
The dominant drop is the concentration voltage drop at a high current density.








Several researchers have modeled polymer membrane electrolyzers. Koka et al. [16] investigated the impact of multi-material anode catalysts on the performance of polymer membrane electrolyzers and the effect of the catalytic layer on various types of membranes. As a steady-state and variant-temperature model, Harrison et al. [17] used a semiempirical zero-dimension model. Based on experimental results and a non-linear curve to relate current to voltage, the authors characterized 20 cells using a polymer membrane electrolyzer stack. Furthermore, Dale et al. [18] developed a semiempirical model of a polymer membrane electrolyzer based on thermodynamic laws to determine the characteristics of the electrolyzer. After conducting experimental analyses on commercial polymer membrane electrolyzers, Santarelli et al. used regression to analyze the results. A high-pressure polymer membrane electrolyzer with various levels of stack flow was investigated in [19] to determine the effect of different working parameters on the supply voltage. An experimental study by Chandesris et al. [20] investigated the effects of current density and temperature on the degradation of a membrane using a one-dimensional numerical model. As a result of their research, the authors discovered that the greatest amount of membrane destruction occurred within the container, and that the temperature had a strong influence on this process.



Other studies have investigated hydrogen production systems using photovoltaic cells and polymer membrane electrolyzers [21,22,23,24]. Scamman et al. [25] investigated the combination of solar energy systems using photovoltaic cells and polymer membrane electrolyzers in three weather conditions. Gibson and Kelley [26] investigated the combined system of photovoltaic cells and a polymer membrane electrolyzer by adjusting the voltage and maximum power. They optimized the photovoltaic output to the working voltage of the polymer membrane electrolyzer and photovoltaic cells. This optimization process raised the hydrogen production efficiency by up to 12% for this system, which provided enough hydrogen for the fuel cell used in the vehicle. Paul and Andris [27] investigated a hydrogen renewable energy system to generate power in remote areas. The preliminary experimental results showed that about 95% of the energy was transformed compared to the theoretical state. The system was also fully investigated and justified from an economic point of view.



Although there has been much research on polymer membrane electrolyzers [28,29,30,31,32,33], none of the research in this area has involved the energy and exergy analysis of a polymer membrane electrolyzer system in combination with a solar concentrating system. This study investigated hydrogen production using a polymer membrane electrolyzer system that provides power from a concentrated solar system. Hence, it is important to introduce the system first and then analyze its energy and efficiency by stating the conditions within the system that govern its operation. Additionally, only a few studies have combined their results with the multi-disciplinary field of machine learning to propose predictive models. In this study, we used artificial neural networks to predict four important parameters in the hydrogen production process, and all models were studied thoroughly to attain the best results.




2. System Description


Figure 1 presents a schematic view of the investigated system. This system consisted of four parts: a tower, a solar thermal engine, a generator, and a polymer membrane electrolyzer. The heliostats and solar tower subsystem consisted of many mirrors arranged in a circular pattern to reflect solar radiation to a central receiver atop the solar tower. It has been demonstrated that solar tower technology is effective even at temperatures as high as 2200 K [34]. As a result of this feature, this technology is suitable for use in conjunction with other high-temperature systems. The assumptions and numerical values for this part of the system are presented in Table 1. When the solar radiation is reflected, it is focused on the central receiver and transferred to the heat engine. The engine consumes some radiation and turns it into mechanical work. Then, the mechanical work is sent to the electric generator to produce electricity and power the electrolyzer.



The membrane electrolyzer transfers polymer molecules containing water and protons and decomposes them into oxygen, protons, and electrons. The electrons leave the cell from an external circuit, combine with protons in the cathode, and release hydrogen [11]. The reactions in the cathode and anode of the polymer membrane electrolyzer are as follows:



	The anode
	   H 2  O →   2  H +  +  1 2   O 2  + 2  e −   



	The cathode
	  2  H +  + 2  e −  →  H 2   



	The whole reaction 
	   H 2   O   l    →  H 2      g    +  1 2   O 2      g     









3. Thermodynamic Analysis


The thermodynamic analysis of the cycle was carried out using Engineering Equation Solver (EES). When solving the problem, we took into account the following assumptions. Firstly, potential and kinetic energy changes were not taken into account. The system maintained a steady state. Chemical exergy was considered only for polymer membrane electrolyzers.



3.1. Solar Tower


Using Equation (1), we could determine the total solar radiation reaching the heliostat [35].


   Q h  =  A h  × I  



(1)




where    A h    is the heliostat field area in    m 2   , and I is the inlet radiation intensity in   W /  m 2   . In terms of the optical efficiency of the heliostat field, the rate of heat reflection to the receiver was defined as follows:


   η  o p t   =    Q  r e c      Q h     



(2)




where the subscripts rec and h denote the receiver and heliostat. The efficiency of the receiver could also be determined by comparing the rate of heat absorbed to the rate of heat reflected.


   η  r e c   =    Q  a b s      Q  r e c      



(3)







In Equation (3),    Q  a b s     is the absorbed heat. The exergy rate in relation to the heat flux was defined as follows [35].


  E  x h  =  Q h    1 −    T 0     T  s u n        



(4)




where    T 0    and    T  s u n     are the standard and solar temperatures. As a consequence, the reflected radiation’s exergy was expressed as:


  E  x  r e c   =  Q  r e c     1 −    T 0     T  r e c        



(5)







   T  r e c     is the receiver temperature. The following equation defines the specific exergy of the fluid in each state [35].


   e  x i  =  C P    i     T i  −  T 0    −  T 0     C P    i  ln      T i     T 0          



(6)




where    C p    is the specific heat. As a result of the absorption of heat, an exergy rate was generated.


  E  x  a b s   =  Q  a b s     1 −    T 0     T  r e c        



(7)







The solar towers had the following energy and energy efficiency.


   η  s o l a r   =    Q  a b s      Q h     



(8)






   ψ  s o l a r   =    Ex  a b s      Ex h     



(9)








3.2. Heat Engine


Mechanical work was defined using the following equations [36].


   W ˙  =  η  H E     Q ˙   a b s    



(10)






   η  H E   = 1 −   T 0   T rec    



(11)







In these equations,    η  H E     is the ideal efficiency of the Carnot cycle combustion engine, corresponding to the maximum energy received for each heat engine. A heat engine has a lower energy efficiency than the Carnot cycle, which is around 30 to 50%; thus, its efficiency is less than the Carnot cycle. In this article, this value was considered 45% [36].




3.3. Electric Generator


As defined in [36], electric generators have a high energy efficiency.


   η  G E N   =    P E     P M     



(12)







In this equation,    P E    is the electrical work, and    P M    is the mechanical work. Assuming that the electrical output and mechanical input remain constant, a generator’s energy efficiency is similar to that of an electric motor. In an electric generator, the losses include the core’s iron losses, the armature’s copper losses, and the voltage drop in the diode bridge, usually 50 to 62% [36]. The core consists of hysteresis losses and losses caused by eddy currents in the armature core, and copper losses occur due to the current passing through the armature excitation coils and other coils in the generator. The final expression for the exergy efficiency of the electric generator is presented below.


   ψ  G E N   =    P E     P M    =   V I   τ × ω   =   V I   τ ×   2 π r p m   60      



(13)







In this equation,  τ ,  ω , V, and  I  are the torque, revolutions per minute, voltage, and current, respectively.




3.4. Polymer Membrane Electrolyzer


The fixed parameters used in modeling the polymer membrane electrolyzer are presented in Table 2 [37]. A polymer membrane electrolyzer exhibits a reversible voltage based on the Gibbs free energy of the reaction. This voltage corresponds to the ideal electrolyzer cell in reversible and isothermal conditions.



All the electrical energy obtained in an external circuit is available in fuel cells. The concept for the electrolyzer is that all the driving force produced is available for hydrogen production without any loss. The remainder of the voltage drops increase the reversible voltage. The effects of the concentration were considered in terms of the Nernst equation and the concentration drops, which were omitted in this article due to their small number, and only ohmic drops and activation were considered. The Gibbs free energy is defined as shown in Equation (14).


  Δ G = Δ H − T Δ S  



(14)




where   Δ H   is the enthalpy change in J/mol, and   Δ S   is the entropy change. Under ideal conditions, the heat produced during the reaction is continuously removed from the system, so the system’s temperature stays constant. The amount of removed heat equals the entropy change multiplied by the working temperature. Equation (15) was used for calculating the reversible potential [38]. The open circuit voltage for the polymer membrane electrolyzer was obtained using the Nernst equation [39].


   V 0  = −   Δ G   2 F    



(15)






   V 0  = 1.229 − 0.9 ×   10   − 3     T − 298   +   R T   n F   ln      P   H 2     P   O 2    0.5      P   H 2  O        



(16)







In the above relation,  T  is the electrolyzer temperature; R is the global gas constant, which is equal to 8.314   J / Kmol  ;  n  is the number of exchanged electrons; and  F  is the Faraday constant, which is equal to 96,485   C / mol  . The single-cell voltage of the electrolyzer was defined as shown in Equation (17). In Equation (17),    V  a c t     is the activation voltage drop in the anode and cathode, and    V  o h m     is the important voltage drop in volts.


  V =  V 0  +  V  a c t   +  V  o h m    



(17)







3.4.1. Activation Voltage Drop


An increase in the activation voltage indicates that the electrons are ready to participate in the electrochemical reaction. During the chemical process, some of the voltage applied to the electrolyzer is lost as electrons are transferred from the surface of the electrodes to the electrodes. Using the Volmer–Butler equation, the activation energy was modeled on both the cathode and anode sides as a function of the activation voltage drop.


    V  a c t , i   =   R T  F    sinh   − 1      J  2  J  0 , i         



(18)






    J  0 , i   =  J i  r e f   E X P   −    E  a c t , i     R T                     i = a , c   



(19)




where R is the universal gas constant, T is the temperature, F is the Faraday constant, J is the current density, and    E  a c t     is the activation energy. The material type and electrode porosity; the concentration, size, and distribution of catalyst particles on the electrodes; and the working temperature determine the current exchange density. Regarding platinum catalysts, electrodes with anodes have current exchange densities ranging from     10   − 8     to     10   − 5    , and electrodes with cathodes have current exchange densities ranging from 10 to     10   − 1       A /  m 2    [13]. According to this article, the current exchange density for an anode based on a platinum catalyst is 10   A /  m 2   , and the current exchange density for a cathode is 10   A /  m 2    [40].




3.4.2. Activation Voltage Drop


As a result of the flow of electrons, an ohmic voltage drop is created, which equates to the resistance created by the polymer membrane electrolyzer against the flow of electrons. It is important to note that the voltage drop is dependent upon the type of polymer membrane electrolyzer and the type of electrodes. The current density (  A /   cm  2   ) is linearly related to the ohmic voltage drop. The ohmic voltage drop is the resistance of the electrolyzer against the transfer of protons and is defined as follows [11].


   V  o h m   =  L   σ  m e m     J  



(20)






   σ  m e m   =   0.005139 λ − 0.00326   E X P   1263    1  303   −  1 T       



(21)




where    σ  m e m     is the ionic conductivity of the Nafion membrane in terms of   1 / Ω cm   [41]. Due to the fact that proton transfer occurs on the surface of the membrane using water molecules, the water content is a significant factor in determining the membrane’s ionic conductivity.  λ  is the water content, which is very important to determine due to the humidity changes of the membrane in fuel cells. In fuel cells, due to the abundance of water on the anode and cathode (due to the transfer phenomenon), the entire membrane can be considered humid.  λ  is usually in the range of 14 to 21; in this research, its value was considered to be 21 [13]. In order to determine the performance of the system, efficiencies were utilized.


   η  p e m   =     N ˙    H 2  , o u t   × L H  V   H 2       W  e l e c   +  Q  h e a t , p e m      



(22)






   ψ  p e m   =     N ˙    H  2 , o u t     × E  x   H 2       W  e l e c   + E  x  h e a t , p e m      



(23)







The amount of hydrogen, oxygen, and water output from the electrolyzer was obtained from Equations (24)–(26) [37].


     N ˙    H  2 , o u t     =  J  2 F   =   N ˙    H 2  O , r e a c t e d     



(24)






    N ˙    O  2 , o u t     =  J  4 F    



(25)






    N ˙    H 2  O , out   =   N ˙    H 2  O , in   −   N ˙    H 2  O , reacted   =   N ˙    H 2  O , in   −  J  2 F    



(26)






   W  e l e c   = J V  



(27)







The water flow rate to the electrolyzer was 0.005 kg/s, and the hydrogen exergy was defined as follows:


  E  x   H 2    = E  x   H 2    p h   + E  x   H 2    c h    



(28)




where   E  x   H 2    p h     is the physical exergy of hydrogen obtained from Equation (6), and   E  x   H 2    c h     is the chemical exergy of hydrogen, whose value is 236.09   kJ / kmol   [42]. Irreversibility occurs in the polymer membrane electrolyzer due to entropy generation. This parameter was calculated as follows [36].


  σ = 2 F    V  a c t , a   +  V  a c t , c   +  V  o h m      



(29)







If   σ ≥ T Δ S  , the heat produced due to the irreversibility of the system is equal to or greater than the heat required for decomposition, and no external heat is required for the polymer membrane electrolyzer. Therefore,    Q  h e a t , p e m   = E  x  h e a t , p e m   = 0  . Notably, the excess produced heat was assumed to be released into the environment through radiation. If   σ < T Δ S  , the produced heat is less than the required heat, and additional heat is required. The amount of heat input into the electrolyzer could be measured by Equation (30).


   Q  h e a t , p e m   =   T Δ S − σ    N   H 2  O , r e a c t e d   =   T Δ S − σ    J  2 F    



(30)






  E  x  h e a t , p e m   =  Q  h e a t , p e m     1 −    T 0   T       



(31)









3.5. Overall Efficiency


After calculating the efficiency of each part of the system, the overall energy efficiency and exergy of the entire solar hydrogen production system were obtained as follows:


   η  e n e r g y   =  η  s o l a r   ×  η  H E   ×  η  G E N   ×  η  p e m    



(32)






   ψ  e n e r g y   =  ψ  s o l a r   ×  ψ  H E   ×  ψ  G E N   ×  ψ  p e m    



(33)









4. Results and Discussion


4.1. Electrolyzer Validation


In order to validate the electrolyzer model investigated in this article, our results were checked against the results of experimental tests [43]. The electrolyte used in the test was Nafion, with a thickness of 50 μm, and platinum was used for the electrode on the cathode. Figure 2 shows the polarization diagram of the electrolyzer with the working conditions listed in Table 3.



The results of this study showed good agreement with the experimental results of [43]. The ohmic voltage drop and anode and cathode activation are shown in Figure 3. The    V 0    value was 1.17 in Figure 3. The ohmic voltage drop was very low and increased continuously with an increasing current density. The reason for this was that the ionic conductivity of the membrane was high at   λ = 21   and a working temperature of 353  K . Although the value of the capacitor activation voltage drop was higher than the ohmic voltage drop, it was much smaller than the anode activation voltage drop. This was because of the reaction’s faster kinetics on the cathode’s surface. The current density of less than 1000   A /  m 2    suddenly increased, and then the current increased uniformly with the increase in density.



As is clear from Figure 3, the cathode activation voltage drop had a small value due to the high speed of the hydrogen formation reaction, and the anode activation voltage drop had a larger value due to the low speed of the oxygen formation reaction, which determined the overall voltage drop of the electrolyzer.




4.2. Energy Efficiency and Exergy


Figure 4 shows the energy efficiency and exergy of the polymer membrane electrolyzer at 350 K. It is well-known that the energy efficiency and exergy curves are very similar. The input energy and output energy both increased with an increasing current density. This was because the input energy and output energy both increased. As the current density of the low-current generator increased, the electrical energy required rose significantly, while the input and output thermal energies increased linearly. Since an increase in current density corresponded to an increase in the input energy (electrical and thermal energy) at a faster rate than the output energy, i.e., hydrogen production, the flow of energy efficiency dropped with the rise in density. Due to the low temperature of most polymer membrane electrolyzers, the only thermal energy required is for heating the inlet water, and the electrolyzer’s energy and exergy efficiency is entirely dependent on electricity rather than the electrolyzer’s temperature. Due to the 100% exergy efficiency of electricity, the system’s energy and exergy efficiency were close, which demonstrated this system’s competency.




4.3. Effect of Functional Parameters


As shown in Figure 5, augmenting the temperature led to an increase in the energy and exergy efficiency of the electrolyzer at a 5000   mA /  m 2    current density. A higher temperature meant more reactions in the electrodes, leading to a greater current exchange density and reducing the activation voltage drop, according to Equation (20). The electrolyzer cell voltage decreased as the temperature increased, according to Equations (20) and (21); therefore, the electrical input decreased [37].



.



A polarization diagram of a polymer membrane electrolyzer at various temperatures and operating pressures is shown in Figure 6 and Figure 7. According to Figure 5, the voltage of the cell decreased with an increasing temperature, while the open circuit voltage decreased as the temperature increased. Accordingly, the difference between the Gibbs free energy and the Nernst voltage revealed the effects of the product and reactant concentrations. Higher temperatures accelerated the electrolyzer reaction, since the electrolyzer reaction is endothermic. However, polymer membrane electrolyzers are limited in their design due to the characteristics of the membrane. When the temperature and pressure increased in the Nafion membrane, the diffusion coefficient of    H +    ions increased, which was directly related to the membrane’s conductivity. At higher temperatures, the first effect was a decrease in voltage, followed by a decrease in the power required for the electrolyzer, while the Nafion membrane’s transmission properties increased. However, as a result of the opposite movement of    H +    ions from the anode to the cathode, the cathode was under a higher pressure, causing the voltage to increase and the reaction to be problematic.



Figure 8 shows the voltage of the electrolyzer in terms of the working temperatures with a current density of 5000   A /  m 2   . As the temperature increased, the cell voltage decreased due to the chemical reaction’s acceleration and the increase in the current exchange density. As a result, the activation and ohmic voltage dropped.



Figure 9 illustrates the polarization diagram of the polymer membrane electrolyzer with different membranes. At a current density of less than 1000   A /  m 2   , the change in membrane thickness had little effect on the electrolyzer voltage, but for higher values of current density, the effect of the thickness on the electrolyzer voltage increased. With the increase in the thickness of the membrane, the voltage of the polymer membrane electrolyzer increased, which was the reason for the augmentation in the ohmic voltage. The decrease in the thickness of the membrane caused a decrease in the resistance; the amount of material used; and, therefore, the price. However, if the thickness of the membrane decreased too much, it could decrease the life of the membrane, and reactive gases could pass through it.




4.4. The Effect of the Intensity of Solar Radiation


Figure 10 shows the effect of  I  on the energy and exergy efficiency of the electrolyzer. With the augmentation in solar radiation, the efficiencies decreased. This was because an increase in solar radiation caused more thermal energy to enter the receiver of the solar tower, and, as a result, more power was provided to the electrolyzer as an input. By increasing the amount of solar radiation from 125   W /  m 2    to 320   W /  m 2   , the exergy and energy efficiencies decreased by 13.7% and 12.6%, respectively.



Figure 11 shows the effect of  I  on the hydrogen production and the energy efficiency of the whole system. By increasing the intensity of solar radiation from 125   W /  m 2    to 320   W /  m 2   , the hydrogen production increased by 111%.



The generated hydrogen was directly related to the power supply of the electrolyzer. When the input power to the electrolyzer rose, the hydrogen production also increased. By increasing  I  from 125   W /  m 2    to 320   W /  m 2   , the energy efficiency of the entire system decreased by 14%, which was the reason for the decrease in the efficiency of the electrolyzer.





5. Artificial Neural Network


Using machine-learning-based algorithms to propose predictive models has recently become common in engineering problems [44,45,46]. This is mainly because the capability of these models in prediction is spectacular [47]. Among all of these models, the artificial neural network has shown the best results and is the subject of abundant research [48].



In the current research, we used the data from the analyses to propose predictive models for energy and exergy efficiency, voltage, and    H 2    production. The input parameters selected for the models were    P  c a t h o d e   ,   I ,   L ,   J ,    and    T  . The data in each output parameter were split in a 70–30% ratio, i.e., 70% of the data were employed for training, and 30% were used for testing the models. In order to better optimize the models, we used hyperparameter tuning for all the models. This procedure investigated all the available settings adjustments and selected the best model for the prediction of the output parameter. In the following, an example of this process is presented for voltage.



One of the most significant parameters of an artificial neural network is the structure of its hidden layers; thus, in Table 4, the effect of this parameter is studied. It was observed that, generally, by increasing the number of layers, the accuracy improved and then stopped at a certain point. This was basically overfitting, where the model was unable to generalize its predictions on other data and was fully focused on its training dataset. We considered the best model, which had the lowest error and presumably the highest    R 2   .



After this, the activation function was considered, and three different alternatives were employed, as can be seen in Table 5. The best model proved to be ReLU.



Based on the results, the ReLU function seemed to be the best choice for the final model due to its low MAE and    R 2   . A similar study was conducted on the batch size, which is presented in Table 6.



The results showed that 32 was the best value for the batch size, so this was selected for the final model. Finally, the number of epochs was investigated to find the best result for this parameter, as shown in Table 7.



Clearly, the selected parameter for the number of epochs was 25,000, because this had the lowest error and the highest    R 2   . After careful the examination and setting of the right hyperparameters, the final model is presented in Table 8.



5.1. ANN Model for Energy Efficiency


The results of the model for energy efficiency are presented in Figure 12. This figure presents a comparative study of the predicted and analytical results. It is clear that the model captured the problem’s physics and understood the variations in the input parameters. The evaluation of the model was carried out using the mean absolute error and R_squared [49,50,51,52,53]. The model was able to achieve an MAE of 1.98%, and its    R 2    was 0.98. Therefore, the model was very accurate, which explains the wide usage of these methods in different research.




5.2. ANN Model for Exergy Efficiency


Figure 13 shows the results of the predictions for the exergy efficiency. The results proved to be more accurate. The MAE of this model was 0.94%, and the    R 2    was 1. The HL structure was 32,64,128,128,64,32.




5.3. ANN Model for Voltage


The predictions for the voltage are presented in Figure 14. The predictive model was based on the HL structure of 32,64,128,256,128,64,32. The model was able to achieve an MAE of 1.98%, and the    R 2    was 0.98. The model was able to understand the physics behind the system and could predict the testing data satisfactorily.




5.4. ANN Model for    H 2    Production


The hydrogen gas production was the final outcome of the studied process, so being able to accurately predict this parameter value could save a lot of time for analytical modeling. Therefore, the model in Figure 15 was employed for this purpose. The model had an MAE of 1.14% and an    R 2    of 0.99. This showed how accurate the model was, and that it could be used instead of the formulations.





6. Conclusions


This article described the thermodynamic analysis of a polymer membrane electrolyzer connected to a solar tower’s concentrated solar system. The cell electrolyzer was modeled using electrochemical-mechanical equations, and the radiation intensity, current density, and electrolyzer parameters were investigated to determine how much hydrogen was produced and how well the electrolyzer performed. As the temperature increased and the pressure decreased, the electrolyzer’s performance increased. Due to the chemical reaction’s acceleration and the current exchange’s density, an increase in temperature increased the efficiency and exergy of the electrolyzer. As a result, the reduction in the activation and ohmic voltage dropped. Considering different Nafion membranes, it was found that Nafion 115 performed better than the other membranes due to its lower thickness and the subsequent decrease in the ohmic voltage drop. With an increase in the intensity of solar radiation from 125   W /  m 2    to 320   W /  m 2   , the total energy efficiencies decreased by 14%, and the amount of hydrogen produced increased by 111%. Increasing the solar radiation in the same range reduced the energy and exergy efficiencies by 13.7% and 12.6%, respectively. Finally, the data from the research were gathered and employed to propose predictive models using a machine learning algorithm. An artificial neural network was utilized for the prediction of energy efficiency, exergy efficiency, voltage, and    H 2    production. Hyperparameter tuning was used for setting the contributing parameters of the models. The results of the models proved to be very accurate, and, in general, they had an MAE lower than 1.98% and an    R 2    higher than 0.98.







Author Contributions


Conceptualization, A.E.J.; methodology, A.E.J. and R.M.A.-K.; software, A.E.J.; validation, A.E.J. and H.M.S.; investigation, A.E.J.; resources, R.M.A.-K.; data curation, A.E.J. and M.F.N.; writing—original draft preparation, A.E.J. and M.S.; supervision, M.S. and H.M.S.; project administration, M.S. All authors have read and agreed to the published version of the manuscript.




Funding


This research work was supported by the Deanship of Scientific Research at King Khalid University under the grant number GRP.2/37/43.




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


The data presented in this study are available on request from the corresponding author.




Acknowledgments


This work was supported by the King Khalid University, Abha, Saudi Arabia. The authors extend their appreciation to the Deanship of Scientific Research at King Khalid University for funding this work through Larg Groups Project under grant number (R.G.P. 2/37/43).




Conflicts of Interest


The authors declare that they have no known competing financial interests or personal relationships that could have appeared to influence the work reported in this paper.




References


	



Barbir, F. PEM electrolysis for production of hydrogen from renewable energy sources. Sol. Energy 2005, 78, 661–669. [Google Scholar] [CrossRef]

	



Dincer, I. Green methods for hydrogen production. Int. J. Hydrogen Energy 2012, 37, 1954–1971. [Google Scholar] [CrossRef]

	



Bozorgnezhad, A.; Shams, M.; Ahmadi, G.; Kanani, H.; Hasheminasab, M. The experimental study of water accumulation in PEMFC cathode channel. In Fluids Engineering Division Summer Meeting; American Society of Mechanical Engineers: New York, NY, USA, 2015; Volume 57212, p. V001T22A004. [Google Scholar]

	



Liu, W.; Zhao, C.; Zhou, Y.; Xu, X. Modeling of Vapor-Liquid Equilibrium for Electrolyte Solutions Based on COSMO-RS Interaction. J. Chem. 2022, 2022, 9070055. [Google Scholar]

	



Salehmin, M.N.I.; Husaini, T.; Goh, J.; Sulong, A.B. High-pressure PEM water electrolyser: A review on challenges and mitigation strategies towards green and low-cost hydrogen production. Energy Convers. Manag. 2022, 268, 115985. [Google Scholar]

	



Shi, M.; Wang, R.; Li, L.; Chen, N.; Xiao, P.; Yan, C.; Yan, X. Redox-active polymer integrated with MXene for ultra-stable and fast aqueous proton storage. Adv. Funct. Mater. 2023, 33, 2209777. [Google Scholar] [CrossRef]

	



Navarro, R.M.; Sánchez-Sánchez, M.C.; Alvarez-Galvan, M.C.; del Valle, F.; Fierro, J.L.G. Hydrogen production from renewable sources: Biomass and photocatalytic opportunities. Energy Environ. Sci. 2009, 2, 35–54. [Google Scholar] [CrossRef]

	



Wu, L.; Ma, D.; Wang, Z.; Zhang, J.; Zhang, B.; Li, J.; Liao, J.; Tong, J. A deep CNN-based constitutive model for describing of statics characteristics of rock materials. Eng. Fract. Mech. 2023, 279, 109054. [Google Scholar]

	



Steinfeld, A. Solar thermochemical production of hydrogen––A review. Sol. Energy 2005, 78, 603–615. [Google Scholar]

	



Wu, L.Y.; Ma, D.; Wang, Z.; Zhang, J.W. Prediction and prevention of mining-induced water inrush from rock strata separation space by 3D similarity simulation testing: A case study of Yuan Zigou coal mine, China. Geomech. Geophys. Geo-Energy Geo-Resour. 2022, 8, 202. [Google Scholar] [CrossRef]

	



Hasheminasab, M.; Bozorgnezhad, A.; Shams, M.; Ahmadi, G.; Kanani, H. Simultaneous investigation of PEMFC performance and water content at different flow rates and relative humidities. In International Conference on Nanochannels, Microchannels, and Minichannels; American Society of Mechanical Engineers: New York, NY, USA, 2014; Volume 46278, p. V001T07A002. [Google Scholar]

	



Zaboli, S.; Alimoradi, H.; Shams, M. Numerical investigation on improvement in pool boiling heat transfer characteristics using different nanofluid concentrations. J. Therm. Anal. Calorim. 2022, 147, 10659–10676. [Google Scholar]

	



He, Y.; Wang, F.; Du, G.; Pan, L.; Wang, K.; Gerhard, R.; Plath, R.; Rozga, P.; Trnka, P. Revisiting the thermal ageing on the metallised polypropylene film capacitor: From device to dielectric film. High Volt. 2022, 1–10. [Google Scholar] [CrossRef]

	



Janssen, H.; Bringmann, J.; Emonts, B.; Schroeder, V. Safety-related studies on hydrogen production in high-pressure electrolysers. Int. J. Hydrogen Energy 2004, 29, 759–770. [Google Scholar] [CrossRef]

	



Godula-Jopek, A. Hydrogen Production: By Electrolysis; John Wiley & Sons: Hoboken, NJ, USA, 2015. [Google Scholar]

	



Kokoh, K.; Mayousse, E.; Napporn, T.; Servat, K.; Guillet, N.; Soyez, E.; Grosjean, A.; Rakotondrainibé, A.; Paul-Joseph, J. Efficient multi-metallic anode catalysts in a PEM water electrolyzer. Int. J. Hydrogen Energy 2014, 39, 1924–1931. [Google Scholar] [CrossRef]

	



Harrison, K.W.; Hernández-Pacheco, E.; Mann, M.; Salehfar, H. Semiempirical model for determining PEM electrolyzer stack characteristic. J. Fuel Cell Sci. Technol. 2006, 3, 220–223. [Google Scholar] [CrossRef]

	



Dale, N.; Mann, M.; Salehfar, H. Semiempirical model based on thermodynamic principles for determining 6kW proton exchange membrane electrolyzer stack characteristics. J. Power Sources 2008, 185, 1348–1353. [Google Scholar] [CrossRef]

	



Santarelli, M.; Medina, P.; Calì, M. Fitting regression model and experimental validation for a high-pressure PEM electrolyzer. Int. J. Hydrogen Energy 2009, 34, 2519–2530. [Google Scholar] [CrossRef]

	



Chandesris, M.; Médeau, V.; Guillet, N.; Chelghoum, S.; Thoby, D.; Fouda-Onana, F. Membrane degradation in PEM water electrolyzer: Numerical modeling and experimental evidence of the influence of temperature and current density. Int. J. Hydrogen Energy 2015, 40, 1353–1366. [Google Scholar] [CrossRef]

	



Alimoradi, H.; Soltani, M.; Shahali, P.; Moradi Kashkooli, F.; Larizadeh, R.; Raahemifar, K.; Adibi, M.; Ghasemi, B. Experimental investigation on improvement of wet cooling tower efficiency with diverse packing compaction using ANN-PSO algorithm. Energies 2021, 14, 167. [Google Scholar] [CrossRef]

	



Li, S.; Wang, F.; Wang, Q.; Ouyang, L.; Chen, X.; Li, J. Numerical Modeling of Branching-Streamer Propagation in Ester-Based Insulating Oil Under Positive Lightning Impulse Voltage: Effects from Needle Curvature Radius. IEEE Trans. Dielectr. Electr. Insul. 2022, 30, 139–147. [Google Scholar] [CrossRef]

	



Rong, G.; Cheng, M.; Sheng, Z.; Liu, X.; Zhang, Y.; Wang, J. Investigation of counter-rotating shock wave and wave direction control of hollow rotating detonation engine with Laval nozzle. Phys. Fluids 2022, 34, 056104. [Google Scholar] [CrossRef]

	



Tributsch, H. Photovoltaic hydrogen generation. Int. J. Hydrogen Energy 2008, 33, 5911–5930. [Google Scholar] [CrossRef]

	



Scamman, D.; Bustamante, H.; Hallett, S.; Newborough, M. Off-grid solar-hydrogen generation by passive electrolysis. Int. J. Hydrogen Energy 2014, 39, 19855–19868. [Google Scholar] [CrossRef]

	



Gibson, T.L.; Kelly, N.A. Optimization of solar powered hydrogen production using photovoltaic electrolysis devices. Int. J. Hydrogen Energy 2008, 33, 5931–5940. [Google Scholar] [CrossRef]

	



Paul, B.; Andrews, J. Optimal coupling of PV arrays to PEM electrolysers in solar–hydrogen systems for remote area power supply. Int. J. Hydrogen Energy 2008, 33, 490–498. [Google Scholar] [CrossRef]

	



Wu, L.-Y.; Wang, Z.; Ma, D.; Zhang, J.-W.; Wu, G.; Wen, S.; Zha, M.; Wu, L. A continuous damage statistical constitutive model for sandstone and mudstone based on triaxial compression tests. Rock Mech. Rock Eng. 2022, 55, 4963–4978. [Google Scholar] [CrossRef]

	



Li, H.-M.; Li, G.-X.; Li, L. Comparative investigation on combustion characteristics of ADN-based liquid propellants in inert gas and oxidizing gas atmospheres with resistive ignition method. Fuel 2023, 334, 126742. [Google Scholar] [CrossRef]

	



Chand, K.; Paladino, O. Recent developments of membranes and electrocatalysts for the hydrogen production by anion exchange membrane water electrolysers: A review. Arab. J. Chem. 2023, 16, 104451. [Google Scholar] [CrossRef]

	



Chen, L.-Q.; Zhao, Y. From classical thermodynamics to phase-field method. Prog. Mater. Sci. 2022, 124, 100868. [Google Scholar] [CrossRef]

	



Wang, Z.; Dai, L.; Yao, J.; Guo, T.; Hrynsphan, D.; Tatsiana, S.; Chen, J. Improvement of Alcaligenes sp. TB performance by Fe-Pd/multi-walled carbon nanotubes: Enriched denitrification pathways and accelerated electron transport. Bioresour. Technol. 2021, 327, 124785. [Google Scholar] [CrossRef]

	



Bazarah, A.; Majlan, E.H.; Husaini, T.; Zainoodin, A.; Alshami, I.; Goh, J.; Masdar, M.S. Factors influencing the performance and durability of polymer electrolyte membrane water electrolyzer: A review. Int. J. Hydrogen Energy 2022, 47, 35976–35989. [Google Scholar] [CrossRef]

	



Kalogirou, S.A. Solar thermal collectors and applications. Prog. Energy Combust. Sci. 2004, 30, 231–295. [Google Scholar] [CrossRef]

	



AlZahrani, A.A.; Dincer, I. Design and analysis of a solar tower based integrated system using high temperature electrolyzer for hydrogen production. Int. J. Hydrogen Energy 2016, 41, 8042–8056. [Google Scholar] [CrossRef]

	



Joshi, A.S.; Dincer, I.; Reddy, B.V. Solar hydrogen production: A comparative performance assessment. Int. J. Hydrogen Energy 2011, 36, 11246–11257. [Google Scholar] [CrossRef]

	



Ni, M.; Leung, M.K.; Leung, D.Y. Energy and exergy analysis of hydrogen production by a proton exchange membrane (PEM) electrolyzer plant. Energy Convers. Manag. 2008, 49, 2748–2756. [Google Scholar] [CrossRef]

	



Biaku, C.; Dale, N.; Mann, M.; Salehfar, H.; Peters, A.; Han, T. A semiempirical study of the temperature dependence of the anode charge transfer coefficient of a 6kW PEM electrolyzer. Int. J. Hydrogen Energy 2008, 33, 4247–4254. [Google Scholar] [CrossRef]

	



García-Valverde, R.; Espinosa, N.; Urbina, A. Simple PEM water electrolyser model and experimental validation. Int. J. Hydrogen Energy 2012, 37, 1927–1938. [Google Scholar] [CrossRef]

	



Rivero, R.; Garfias, M. Standard chemical exergy of elements updated. Energy 2006, 31, 3310–3326. [Google Scholar] [CrossRef]

	



Springer, T.E.; Zawodzinski, T.A.; Gottesfeld, S. Polymer electrolyte fuel cell model. J. Electrochem. Soc. 1991, 138, 2334–2342. [Google Scholar] [CrossRef]

	



Marangio, F.; Santarelli, M.; Calì, M. Theoretical model and experimental analysis of a high pressure PEM water electrolyser for hydrogen production. Int. J. Hydrogen Energy 2009, 34, 1143–1158. [Google Scholar] [CrossRef]

	



Ioroi, T.; Yasuda, K.; Siroma, Z.; Fujiwara, N.; Miyazaki, Y. Thin film electrocatalyst layer for unitized regenerative polymer electrolyte fuel cells. J. Power Sources 2002, 112, 583–587. [Google Scholar] [CrossRef]

	



Eskandari, E.; Alimoradi, H.; Pourbagian, M.; Shams, M. Numerical investigation and deep learning-based prediction of heat transfer characteristics and bubble dynamics of subcooled flow boiling in a vertical tube. Korean J. Chem. Eng. 2022, 39, 3227–3245. [Google Scholar] [CrossRef]

	



Alimoradi, H.; Eskandari, E.; Pourbagian, M.; Shams, M. A parametric study of subcooled flow boiling of Al2O3/water nanofluid using numerical simulation and artificial neural networks. Nanoscale Microscale Thermophys. Eng. 2022, 26, 129–159. [Google Scholar] [CrossRef]

	



Zhao, D.; He, Q.; Yu, J.; Guo, M.; Fu, J.; Li, X.; Ni, M. A data-driven digital-twin model and control of high temperature proton exchange membrane electrolyzer cells. Int. J. Hydrogen Energy 2022, 47, 8687–8699. [Google Scholar]

	



Alimoradi, H.; Zaboli, S.; Shams, M. Numerical simulation of surface vibration effects on improvement of pool boiling heat transfer characteristics of nanofluid. Korean J. Chem. Eng. 2022, 39, 69–85. [Google Scholar] [CrossRef]

	



Zhao, D.; Xia, Z.; Guo, M.; He, Q.; Xu, Q.; Li, X.; Ni, M. Dynamic hierarchical modeling and control strategy of high temperature proton exchange electrolyzer cell system. Int. J. Hydrogen Energy 2022, 47, 22302–22315. [Google Scholar]

	



Nejadian, M.M.; Ahmadi, P.; Houshfar, E. Comparative optimization study of three novel integrated hydrogen production systems with SOEC, PEM, and alkaline electrolyzer. Fuel 2023, 336, 126835. [Google Scholar]

	



Salari, A.; Hakkaki-Fard, A.; Jalalidil, A. Hydrogen production performance of a photovoltaic thermal system coupled with a proton exchange membrane electrolysis cell. Int. J. Hydrogen Energy 2022, 47, 4472–4488. [Google Scholar] [CrossRef]

	



Alimoradi, H.; Shams, M.; Ashgriz, N. Enhancement in the pool boiling heat transfer of copper surface by applying electrophoretic deposited graphene oxide coatings. Int. J. Multiph. Flow 2023, 159, 104350. [Google Scholar] [CrossRef]

	



Alimoradi, H.; Shams, M.; Ashgriz, N. Bubble behavior and nucleation site density in subcooled flow boiling using a novel method for simulating the microstructure of surface roughness. Korean J. Chem. Eng. 2022, 39, 2945–2958. [Google Scholar]

	



Lei, J.; Liu, X.; Chen, X.; Guan, P.; Feng, W.; Zhang, J.; Luo, H.; Liu, F.; Zhang, Y. Multi-length-scale heterogeneous structured ion exchange membranes for cost-effective electrolysis and hydrogen production. Chem. Eng. J. 2021, 431, 133994. [Google Scholar]








[image: Molecules 28 02649 g001 550] 





Figure 1. Schematic view of the system investigated in this article. 
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Figure 2. Comparison between experimental results of [43] and modeling results of this article. 
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Figure 3. Polarization of polymer membrane electrolyzer. 






Figure 3. Polarization of polymer membrane electrolyzer.



[image: Molecules 28 02649 g003]







[image: Molecules 28 02649 g004 550] 





Figure 4. The energy and exergy efficiency of the polymer membrane electrolyzer in terms of current density. 
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Figure 5. The effect of temperature on the energy and exergy efficiencies at a current density of 5000   A /  m 2   . 
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Figure 6. Polarization curve of polymer membrane electrolyzer at different temperatures with   P = 1   bar  , electrode catalyst of platinum, and membrane of Nafion. 
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Figure 7. Polarization curve of polymer membrane electrolyzer at different pressures with   T = 350   K  , electrode catalyst of platinum, and membrane of Nafion. 
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Figure 8. The effect of temperature on the electrolyzer’s cell voltage with a current density of 5000   A /  m 2   ,   P = 1   bar  , electrode catalyst of platinum, and membrane of Nafion. 
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Figure 9. Polarization of polymer membrane electrolyzer for different membrane thicknesses with   P = 1   bar  ,   T = 350   K  , electrode catalyst of platinum, and membrane of Nafion. 
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Figure 10. The trend of energy and exergy in terms of radiation intensity. 
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Figure 11. The effect of solar radiation on hydrogen production and overall energy efficiency. 
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Figure 12. The ANN model of energy efficiency with an HL structure of (32,64,64,32). 
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Figure 13. The ANN model of exergy efficiency with an HL structure of (32,64,128,128,64,32). 
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Figure 14. The ANN model of voltage with an HL structure of (32,64,128,256,128,64,32). 
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Figure 15. The ANN model of    H 2    production with an HL structure of (32,64,128,64,32). 
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Table 1. Important parameters used to model the solar tower.
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	Solar Tower Parameter
	Value





	Heliostat efficiency
	70%



	Receiver’s efficiency
	88%



	Heliostat area
	6100    m 2   
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Table 2. Fixed parameters for modeling the polymer membrane electrolyzer [37].
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	Parameter
	Value





	Water pressure (   P   H 2  O    )
	1 bar



	Hydrogen pressure (   P   H 2     )
	1 bar



	Oxygen pressure (   P   O 2     )
	1 bar



	Membrane thickness ( L )
	183    μ m   



	Electrolyzer temperature ( T )
	353 K



	Lower heating value of hydrogen (  L H  V   H 2     )
	224   kJ / mol  



	The cathode activation energy (   E  a c t , c    )
	18   kJ / mol  



	The anode activation energy (   E  a c t , a    )
	76   kJ / mol  
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Table 3. Electrolyzer working conditions for validation.
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	Parameter
	Value





	Hydrogen pressure (   P   H 2     )
	   1    bar    



	Oxygen pressure (   P   O 2     )
	   1    bar    



	Water pressure (   P   H 2  O    )
	   1    bar    



	Electrolyzer temperature ( T )
	   353    K    



	Membrane thickness ( L )
	50    μ m   
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Table 4. Hyperparameter tuning for the layer structure.
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	Model
	Layer Structure
	Mean Absolute Error (%)
	     R 2     





	1
	(32)
	3.14%
	0.96



	2
	(32,64)
	2.98%
	0.97



	3
	(32,64,32)
	2.86%
	0.97



	4
	(32,64,64,32)
	2.61%
	0.98



	5
	(32,64,128,64,32)
	2.43%
	0.98



	6
	(32,64,128,128,64,32)
	2.21%
	0.98



	7 *
	(32,64,128,256,128,64,32)
	2.05%
	0.98



	8
	(32,64,128,256,256,128,64,32)
	2.09%
	0.98



	9
	(32,64,128,256,512,256,128,64,32)
	2.13%
	0.98







* is the selected model.
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Table 5. Hyperparameter tuning for the activation function.
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	Model
	Activation Function
	Mean Absolute Error (%)
	     R 2     





	1
	Linear
	2.87%
	0.97



	2 *
	ReLU
	2.05%
	0.98



	3
	Sigmoid
	2.46%
	0.98







* is the selected model.
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Table 6. Hyperparameter tuning for batch size.
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	Model
	Batch Size
	Mean Absolute Error (%)
	     R 2     





	1
	2
	2.98%
	0.97



	2
	4
	2.47%
	0.98



	3
	8
	2.36%
	0.98



	4
	16
	2.39%
	0.98



	5 *
	32
	2.05%
	0.98



	6
	64
	2.86%
	0.97







* is the selected model.
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Table 7. Hyperparameter tuning for epochs.
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	Model
	Epochs
	Mean Absolute Error (%)
	     R 2     





	1
	1500
	5.21%
	0.89



	2
	2500
	4.76%
	0.92



	3
	6000
	3.15%
	0.96



	4
	15,000
	2.55%
	0.98



	5 *
	25,000
	1.98%
	0.98



	6
	35,000
	2.05%
	0.98



	7
	45,000
	2.08%
	0.98



	8
	55,000
	2.09%
	0.98







* is the selected model.
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Table 8. The ANN settings for the final model.






Table 8. The ANN settings for the final model.





	Hyperparameter
	Energy Efficiency
	Exergy Efficiency
	Voltage
	    H 2     Production





	Layer structure
	(32,64,64,32)
	(32,64,128,128,64,32)
	(32,64,128,256,128,64,32)
	(32,64,128,64,32)



	Batch size
	32
	8
	32
	16



	Epochs
	45,000
	35,000
	25,000
	35,000



	Activation function
	ReLU
	Sigmoid
	ReLU
	ReLU
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