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Fossil fuels currently meet 80% of global energy demand, significantly contributing to greenhouse gas (GHG) 

emissions, such as CO2 and CH4. To address this challenge, there is a growing interest in sustainable energy 

sources with lower environmental impact, such as green hydrogen. This study aims to simulate the performance 

of a solid oxide fuel cell (SOFC) powered by green hydrogen from alkaline water electrolysis (AEW) and air. 

Simulations were conducted using Aspen Plus for thermodynamic modeling and Excel for data analysis, 

exploring different operating temperatures and pressures. Key performance metrics, including polarization 

curves, power density, and efficiency for the SOFC, and H2 production and voltaic efficiency for the AEW, were 

evaluated. The results demonstrated optimal conditions at 90 °C and 5 bar for AEW and at 1000 °C and 10 bar 

for SOFC, achieving an electrical efficiency of 66.63% and a required power input of 9.57 kW for AEW. These 

findings underscore the feasibility of integrating green hydrogen production and high-efficiency SOFCs for 

sustainable power generation. 

1. Introduction 

The increasing global energy demand and the pressing need to address environmental concerns have sparked 

significant interest in sustainable energy solutions. Fossil fuels like coal, natural gas, and oil currently account 

for 80% of global energy consumption, releasing greenhouse gases (GHGs) such as carbon dioxide (CO2) and 

methane (CH4). These emissions are linked to severe environmental challenges, including climate change, 

ozone layer depletion, acidification, and air pollution, prompting global efforts to reduce reliance on fossil fuels 

(de Fátima Palhares et al., 2018; Cartaxo et al., 2021).Hydrogen has emerged as one of the most promising 

alternatives for renewable and environmentally friendly energy due to its abundance in the universe. However, 

its availability on Earth is limited to chemically bonded forms in water, fossil fuels, and biomass, necessitating 

chemical processes for its production. Hydrogen is classified into various "colors," such as blue, gray, black, 

and green, depending on the production technology and its environmental impact. Among these, green 

hydrogen, produced via water electrolysis powered by renewable electricity, offers a carbon-free pathway for 

sustainable energy systems (Kumar and Lim, 2022).Alkaline water electrolysis (AEW) is one of the most 

established technologies for green hydrogen production. Operating at low temperatures, it utilizes a 

concentrated alkaline solution and nickel-coated stainless-steel electrodes, with porous diaphragms facilitating 

the transport of hydroxide ions (OH⁻) (Kumar and Lim, 2022).Fuel cells complement green hydrogen by 

efficiently converting its chemical energy into electricity through redox reactions, producing no harmful emissions 

or noise. Among various fuel cell types, solid oxide fuel cells (SOFCs) are distinguished by their high operating 

temperatures, which enable direct reforming of hydrocarbon-based fuels like methanol and natural gas. This 
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characteristic, combined with their resistance to fuel contaminants like CO and the possibility of utilizing residual 

heat for cogeneration, makes SOFCs highly efficient. Typically, SOFCs use yttria-stabilized zirconia (YSZ) as 

the electrolyte, with La0.8Sr0.2MnO3 (LSM) as the cathode and a cermet of NiO-YSZ as the anode (Corigliano et 

al., 2022).This study aims to simulate and evaluate the performance of an SOFC system generating 4 kW of 

power, fueled by green hydrogen produced via AEW. Simulations were conducted under various operating 

temperatures and pressures for both the SOFC and AEW systems. Key performance metrics, including thermal 

and electrical efficiency for the SOFC, as well as voltaic efficiency and power requirements for the AEW, were 

analyzed to assess the potential of this integrated approach to sustainable energy generation. The objective is 

to identify a more optimized system configuration that enhances overall efficiency and performance. 

2. Methodology 

This study simulated the solid oxide fuel cell (SOFC) powered by green hydrogen from an alkaline electrolysis 

of water (AEW) and air, AEW-SOFC simulation. The simulations were conducted using Aspen Plus 14.0 for 

thermodynamic modeling and Excel for data analysis. They were performed across various operating 

temperatures and pressures, with the SOFC evaluated at 600, 800, and 1000 °C and pressures of 3, 6.5, and 

10 bar, while the AEW was analyzed at 60, 75, and 90 °C and pressures of 5, 7, and 9 bar. 

This global reaction occurring in the AEW is represented by Eq(1): 

𝐻2𝑂 → 𝐻2 +
1

2
𝑂2                                                                                                                                                                                   (1) 

The actual voltage of the electrolytic cell (Vec) is calculated using operating parameters such as temperature (T) 

in °C, the current density of the electrolyte cell (jec) in A.m-2, the operating pressure (p) in bar, and the standard 

potential of the hydrogen cell (V0) in V, as well as the operating coefficients of the electrolytic cell (r1, r2, d1, d2, 

s, t1, t2, t3), their values are 4,445.10-5 Ω.m², 6,89.10-9 Ω.m².°C-1, -3,13 Ω.m², 4,47 Ω.m².bar-1, 0,34 V, -0,0154 

m².A-1, 2,002 m².°C.A-1 e 15,24 m².°C.A-1, respectively, as shown in Eq(2) below (Sánchez et al., 2020). 

𝑉𝑒𝑐 = 𝑉0 + [𝑟1 + 𝑑1 + 𝑟2𝑇 + 𝑑2𝑝]𝑗𝑒𝑐 + 𝑠𝑙𝑜𝑔 [(𝑡1 +
𝑡2

𝑇
+

𝑡3

𝑇2) 𝑗𝑒𝑐 + 1]                                                                                     (2) 

The definition of the electrolytic cell's power (Pec) is provided in Eq(3) below, where Aec is the electrolytic cell 

area in m² and Nec is the number of electrolytic cells (Sánchez et al., 2020).  

𝑃𝑒𝑐 = 𝑉𝑒𝑐𝑁𝑒𝑐𝐴𝑒𝑐𝑗𝑒𝑐                                                                                                                                                                                   (3) 

Furthermore, one of the key metrics for evaluating the performance of the electrolytic cell is the Faraday 

efficiency (nF), an index that varies from 0 to 100% and gauges the production quality concerning the electrolytic 

cell's target product, in this case, H2. It is computed as follows, in Eq(4). Where f11, f12, f21, f22 are operational 

coefficients and their values are 478645,74 A².m-4, -2953,15 A².m-4.°C-1, 1,0396 and -0,00104 °C-1, respectively 

(Kelly, 2014). 

ηF = (
𝑗𝑒𝑐

2

𝑓11 + 𝑓12𝑇 + 𝑗𝑒𝑐
2 ) (𝑓21 + 𝑓22𝑇)                                                                                                                                                 (4) 

The molar quantity of hydrogen produced, and consequently the amount of water converted based on the 

stoichiometry of the cell's overall reaction, can be determined using the actual potential, power, and Faraday 

efficiency of the electrolytic cell. This relationship is expressed in Eq(5), where F is Faraday's constant and ne- 

is the number of electrons transferred during the electrolysis process (Sánchez et al., 2020). 

nH2
= 𝑛𝐻2𝑂 =

𝑃𝑒𝑐

𝑉𝑒𝑐𝑛𝑒−𝐹
𝜂𝐹                                                                                                                                                                       (5) 

Furthermore, the voltaic efficiency (ηv), which is an index that goes from 0 to 100% and calculates the ratio of 

the electrolysis's operational voltage to thermoneutral voltage, is another crucial metric for assessing the 

electrolytic cell's performance. This is illustrated in Eq(6) below, where Vtm is the thermoneutral voltage and its 

value is 1,481 V (Harrison et al., 2010). 

ηv =
𝑉𝑡𝑚

𝑉𝑒𝑐
                                                                                                                                                                                                     (6) 

The global reaction occurring in the SOFC is represented by Eq(7): 

𝐻2(𝑔𝑎𝑠, 𝑎𝑛𝑜𝑑𝑒) +
1

2
𝑂2(𝑔𝑎𝑠. 𝑐𝑎𝑡ℎ𝑜𝑑𝑒) → 𝐻2𝑂(𝑔𝑎𝑠, 𝑎𝑛𝑜𝑑𝑒)                                                                                                     (7) 
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The ideal potential of the SOFC is determined by the Nernst equation, Eq(8). Where E0 is the standard potential, 

R is the universal gas constant, and PH2, PO2, and PH2O are the partial pressures of the corresponding species 

(Corigliano et al., 2022). 

𝐸𝑟𝑒𝑣 = 𝐸0 −
𝑅𝑇

2𝐹
 𝑙𝑛 (

𝑝𝐻2𝑂

𝑝𝐻2
𝑝𝑂2

1
2

)                                                                                                                                                              (8) 

However, the actual potential is reduced due to losses such as activation, ohmic, and concentration 

overpotentials. These losses are considered using Eq(9) (Corigliano et al., 2022). 

𝑉𝑓𝑐 = 𝐸𝑟𝑒𝑣 − 𝜂𝑎𝑡 − 𝜂𝑜ℎ𝑚 − 𝜂𝑐𝑜𝑛𝑐                                                                                                                                                          (9) 

The activation overpotential (ηat) arises from the rate of irreversible chemical reactions occurring on the electrode 

surface. Although the Butler-Volmer equation provides a comprehensive model for calculating activation losses, 

it is inherently non-linear and computationally demanding. A simplified version, known as the Tafel equation, is 

often used, but it is only applicable when jfc > 4j0. To address this limitation, a modified form of the equation is 

applied, as shown in Eq(10). This modification assumes that the cathodic transfer coefficient is equal to the 

anodic transfer coefficient, simplifying the calculation while maintaining accuracy under the specified conditions 

(Gebregergis et al., 2008). 

𝜂𝑎𝑡 =
𝑅𝑇

2𝛼𝐹
𝑙𝑛 (

𝑗𝑓𝑐

2𝑗0
+ √(

𝑗𝑓𝑐

2𝑗0
)

2

+ 1)                                                                                                                                               (10) 

Here, α represents the charge transfer coefficient, which quantifies the fraction of the applied electrical energy 

that drives the electrochemical reaction. Its value ranges from 0 to 1 and is typically assumed to be constant, 

with a standard value of 0.5. jfc denotes the current density, while j0 refers to the exchange current density, 

which is determined using Eq(11). In this equation, 120 kJ/mol is the activation energy of the electrochemical 

reaction and A=101.2 kA/cm2 is a pre-exponential factor (Gebregergis et al., 2008). 

𝑗0 = 𝐴𝑒−
𝐸𝑎𝑐𝑡
𝑅𝑇                                                                                                                                                                                              (11) 

The ohmic overpotential arises from the resistance of materials to the flow of electric charge within the fuel cell. 

This resistance results in energy losses that are proportional to the specific area resistance (r) of the material 

and the current density (j), as described by Eq(12). Where γ = 0.2 Ω.cm², β = −2870 K, and T0 = 973 K are the 

constant coefficients of the fuel cell (Gebregergis et al., 2008). 

𝜂𝑜ℎ𝑚 =  𝑟𝑗 = 𝛾𝑒
𝛽(

1
𝑇0

−
1
𝑇

)
𝑗𝑓𝑐                                                                                                                                                                   (12) 

Concentration losses within the fuel cell primarily result from the diffusion and solubilization processes of 

reactive species, as well as the transport limitations of gaseous substances through the porous electrodes. 

These losses become significant at high current density values. Typically, when the thicknesses and 

microstructures of the cathode and anode are comparable, the concentration polarization at the anode is 

significantly smaller than that at the cathode. Consequently, the overall concentration losses are predominantly 

influenced by the cathode, and their magnitude can be calculated using the appropriate mathematical 

relationship described in Eq(13) (Shingal and Kendall, 2003). 

𝜂𝑐𝑜𝑛𝑐 = −
𝑅𝑇

2𝐹
𝑙𝑛 (1 −

𝑗𝑓𝑐

𝑗𝑐𝑠
)                                                                                                                                                                 (13) 

Here, jcs represents the limiting current density of the cathode, which is determined by the diffusion 

characteristics of the system, Eq(14). This parameter is influenced by Dc(eff), the effective gas diffusivity through 

the cathode, lc, the thickness of the cathode, and po2, the partial pressure of oxygen in the oxidant. These 

variables collectively define the cathode's ability to transport reactive gases and are critical in assessing the fuel 

cell's performance under high current density conditions (Shingal and Kendall, 2003). 

jcs =
4𝐹𝑝𝑜2

𝐷𝑐(𝑒𝑓𝑓)

(
𝑝 − 𝑝𝑜2

𝑝
) 𝑅𝑇𝑙𝑐

                                                                                                                                                                             (14) 

The evaluation of performance is based on electrical and thermal efficiencies. They are calculated using the 

ratio of the chemical power of the incoming fuel to its electrical or thermal power, as shown in Eq(15) and Eq(16) 

below (Corigliano et al., 2022). 
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𝜂𝑒𝑙 =
𝑛𝑐𝑉𝑐

𝑓𝑐
𝑖𝑓𝑐

∑ 𝑛𝑐𝑚𝑖𝑛,𝑓𝐿𝐻𝑉𝑟,𝑓𝑓
                                                                                                                                                                       (15) 

𝜂𝑡ℎ =
−

𝑛𝑐𝑖𝑓𝑐

2𝐹
[∆ℎ̃𝑟,𝑓 + (2𝐹𝑉𝑐

𝑓𝑐
)] 

∑ 𝑛𝑐𝑚𝑖𝑛,𝑓𝐿𝐻𝑉𝑟,𝑓𝑓
                                                                                                                                                    (16) 

Where nc is the number of cells, Δℎ̃𝑟 is the reaction enthalpy of the fuel fed and its value for hydrogen is -286 

kJ/mol, LHVr represents the lower heating value of the fuel and its value for hydrogen is 120.106 J/kg and min 

represents the mass flow rate and can be calculated as shown in Eq(17) below, where MWH2 is the molecular 

weight of the H2 and Uf is the fuel utilization factor (Corigliano et al., 2022). 

𝑚𝐻2
=

𝑖𝑓𝑐𝑀𝑊𝐻2

2𝑈𝑓𝐹
                                                                                                                                                                                    (17) 

3. Results and discussion 

The AEW-SOFC simulations was performed as shown in Figure 1 bellow. 

 

Figure 1: Simulation process of AEW-SOFC in Aspen Plus. 

The AEW structure was modeled based on Sánchez et al. (2020), and the SOFC system was developed 

following the framework proposed by Bendaikha-Touafek et al. (2007). In the AEW module, water undergoes 

alkaline electrolysis, accompanied by electrolyte recycling. The resulting streams, primarily composed of 

hydrogen and oxygen, are then cooled using a heat exchanger and purified in a separator. 

Subsequently, the hydrogen and air streams are compressed to increase their pressure. Their temperatures are 

elevated by passing them through heat exchangers, where energy integration is achieved by utilizing heat from 

the exhaust gases of the combustor. Once preheated, the streams enter the SOFC, with hydrogen directed to 

the anode and air to the cathode. The remaining hydrogen exiting the SOFC is burned in the combustor to 

produce H₂O. For simplicity, the electrolyte is not explicitly modeled in this system; however, its effects are 

incorporated through the loss parameters. Finally, a heater is employed to recover energy in the form of heat, 

further optimizing the system's efficiency. 

 

Figure 2: The (a) polarization curve and (b) power density curve for the five scenarios. 

The SOFC generation power was set at 4 kW, and five different scenarios were analyzed under different 

combinations of temperature and pressure. They were at 600 °C and 3 bar, 1000 °C and 3 bar, 600 °C and 10 
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bar, 1000 °C and 10 bar, and 800 °C and 6.5 bar, named 1, 2, 3, 4 and 5, respectfully. Based on these 

simulations, polarization curves and power density were evaluated, with their results illustrated in Figure 2, while 

electrical and thermal efficiency were assessed and presented in Figure 3. 

 

Figure 3: The (a) electrical and (b) thermal efficiency curves for the five scenarios. 

The results demonstrated that increasing the SOFC operating temperature led to significant improvements in 

polarization and power density curves, while thermal efficiency exhibited a slight decline. This behavior was 

expected since higher temperatures directly influence overpotential values but have a limited impact on 

theoretical potential. Similarly, increasing the operating pressure of the SOFC resulted in minor performance 

improvements across most metrics, except for thermal efficiency, which remained largely unaffected. 

Intermediate values of temperature and pressure produced corresponding intermediate outcomes. 

The AEW simulations followed a similar approach, with five scenarios created under different operating 

conditions: 60 °C and 5 bar, 90 °C and 5 bar, 60 °C and 9 bar, 90 °C and 9 bar, and 75 °C and 7 bar. Each 

AEW scenario was paired with each SOFC scenario, and the results are summarized in Table 1. 

Table 1: Results from the scenarios simulated setting the SOFC generation power equal to 4 kW. 

TAEL (°C) PAEL (bar) TSOFC (°C) PSOFC (bar) nH2O (kmol/h) nf Pec (kW) nvolt 

60 5 600 3 0,162 0,9455 18,14 0,7476 

90 5 600 3 0,162 0,9241 17,31 0,8015 

60 9 600 3 0,162 0,9455 18,19 0,7456 

90 9 600 3 0,162 0,9241 17,36 0,7992 

75 7 600 3 0,162 0,9349 17,76 0,7724 

60 5 1000 3 0,093 0,9455 10,45 0,7476 

90 5 1000 3 0,093 0,9241 9,97 0,8015 

60 9 1000 3 0,093 0,9455 10,47 0,7456 

90 9 1000 3 0,093 0,9241 10,00 0,7992 

75 7 1000 3 0,093 0,9349 10,23 0,7724 

60 5 600 10 0,154 0,9455 17,29 0,7476 

90 5 600 10 0,154 0,9241 16,50 0,8015 

60 9 600 10 0,154 0,9455 17,34 0,7456 

90 9 600 10 0,154 0,9241 16,55 0,7992 

75 7 600 10 0,154 0,9349 16,93 0,7724 

60 5 1000 10 0,089 0,9455 10,03 0,7476 

90 5 1000 10 0,089 0,9241 9,57 0,8015 

60 9 1000 10 0,089 0,9455 10,06 0,7456 

90 9 1000 10 0,089 0,9241 9,60 0,7992 

75 7 1000 10 0,089 0,9349 9,82 0,7724 

60 5 800 6,5 0,110 0,9455 12,33 0,7476 

90 5 800 6,5 0,110 0,9241 11,77 0,8015 

60 9 800 6,5 0,110 0,9455 12,36 0,7456 

90 9 800 6,5 0,110 0,9241 11,80 0,7992 

75 7 800 6,5 0,110 0,9349 12,07 0,7724 

The table shows that an increase in AEW temperature leads to slightly better results, while an increase in AEW 

pressure causes a slight deterioration. The variation in SOFC temperature leads to better results, and an 

increase in SOFC pressure also results in slightly better results. Intermediate pressure and temperature values 

in both AEW and SOFC result in intermediate results. With this, the best results found were with the AEW at 90 

°C and 5 bar and the SOFC at 1000 °C and 10 bar, where an electrical efficiency in the SOFC of 66.63% and a 

necessary power in the AEW of 9.57 kW were obtained. 
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4. Conclusions 

The analyses in this study determined the optimal operating conditions for maximizing overall efficiency and 

performance: AEW at 90 °C and 5 bar, and SOFC at 1000 °C and 10 bar. Under these conditions, the SOFC 

achieved an electrical efficiency of 66.63%, while the AEW required a power input of 9.57 kW. Notably, similar 

results were observed under the same AEW conditions when the SOFC operated at 1000 °C and 3 bar. This 

highlights the need for a comprehensive economic analysis to determine the most cost-effective scenario, taking 

into account not only system efficiencies but also operational and capital costs. Future studies should focus on 

this aspect to further optimize the integration of AEW and SOFC systems for sustainable energy generation. 

Nomenclature

Aec – electrolytic cell area 

Dc(eff) – effective gas diffusivity through the cathode 

E0 – standard potential of the fuel cell 

Erev – ideal potential of a fuel cell 

F – Faraday's constant 

f11, f12, f21, f22 – operational coefficients 

j0 – exchange density 

jcs – limiting current density of the cathode 

jec – current density of the electrolyte cell 

jfc – current density of the fuel cell 

lc – thickness of the cathode 

LHVr – lower heating value of the fuel 

m – mass flow rate 

MWH2 – molecular weight 

nc – number of cells 

nH2 – molar amount of hydrogen produced 

nH2O – molar amount of water converted 

p – operational pressure 

Pec – electrolyte cell’s power 

PH2, PO2, PH2O – partial pressures of the corresponding 

species 

pO2 – typical partial pressure of oxygen in the oxidant 

R – universal gas constant 

r – specific area constant 

r1, r2, d1, d2, s, t1, t2, t3 – operational coefficients of the 

electrolytic cell 

T – operational temperature 

Uf – fuel utilizational factor 

V0 – standard potential of the electrolytic cell 

Vec – voltage of the electrolytic cell 

Vfc – real potential of the fuel cell 

Vtm – thermoneutral voltage 

α – charge transfer coefficient 

γ, β, T0 – constant coefficients of the fuel cell 

Δℎ̃𝑟 – reaction enthalpy of the fuel fed 

ηat – activation overpotential 

ηconc – concentration overpotential 

ηele – electrical efficiency 

ηF – Faraday efficiency 

ηterm – thermal efficiency 

ηohm – ohmic overpotential 

ηv – voltaic efficiency 
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