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ABSTRACT 

This study aims to comprehensively analyze the performance of solid oxide fuel cells (SOFCs) 

operating at high temperatures and converting chemical energy directly into electrical energy, 

considering the effects of multiple parameters. The cell performance was evaluated in the 

analysis performed on a cell with an active surface area of 0.01 m², a temperature range of 573–

1673 K and pore diameters of 3–15 µm. The performance evaluation involved a meticulous 

examination of activation, ohmic, and concentration losses, along with the determination of cell 

potential, power density, and thermal efficiency through theoretical analyses. The findings 

showed that the temperature increase positively affected the cell efficiency up to a certain 

threshold; it was determined that the thermal efficiency reached its peak especially in the 

temperature range of 1073 - 1273 K. A 20% efficiency increase was achieved under the 

conditions of a temperature increase of 210 K, a current density of 10000 A/m² and a pore 

diameter of 8 µm. While 33.04% and 21.41% efficiency values were obtained with 5 µm and 

10 µm pore diameters, respectively, at a constant temperature of 873 K, a 60% increase in pore 
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diameter provided only an 8% efficiency increase, which revealed that the increase in pore 

diameter had limited and negative effects on efficiency. Unlike the generally single parameter 

focused cases in the literature, this research demonstrates conclusively that the length of the 

width diameter will lead to a noticeable decrease in thermal efficiency by providing a joint 

analysis of multiple variables in the cell. 

Keywords: Solid oxide fuel cell; operating temperature; pore diameter; theoretical analysis; 

thermal efficiency 
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1. INTRODUCTION 

The current energy needs and environmental concerns have accelerated the development for 

sustainable energy production. The use of renewable energy source will contribute to a decrease 

in environmental concerns and energy costs. The most significant challenge remains in the 

initial investment costs for the utilization of renewable energy sources, which have not yet seen 

sufficient reduction. In recent years, hydrogen production from renewable sources has attracted 

the attention of many researchers. Studies, especially those focusing on the production of green 

hydrogen through the electrolysis of water using electricity generated from renewable energy 

sources, have gained momentum. Fuel cells are used for electricity generation from hydrogen, 

with proton exchange membrane (PEM) fuel cells at low operating temperatures and solid oxide 

fuel cells (SOFC) at high operating temperatures being the preferred options in today's context. 

 

In this context, solid oxide fuel cells have gained significant attention as energy conversion 

technologies. Solid oxide fuel cells are highly efficient, have low environmental impact, and 

are flexible in utilizing various fuel options [1]. The thermodynamic foundations of this 

technology are critical for understanding and optimizing the system performance [2]. Solid 

oxide fuel cells represent a crucial step towards an energy-efficient and environmentally 

friendly future [3–5] . 

 

A literature review reveals experimental and numerical studies on the performance of solid 

oxide fuel cells (SOFC). Wang et al. [6] conducted a study using a one-dimensional 

mathematical model to calculate the distributions of the key parameters in an adiabatic 

environment with different inlet gas temperatures and current densities. The results indicated 

that the optimal inlet gas temperature for SOFC operating in an adiabatic environment varied 

between 873 K and 973 K when the average current density ranged from 0.05 A cm⁻² to 0.25 

A cm⁻². Furthermore, when studying the counterflow and co-flow situations, it was observed 

that the output power of the counterflow SOFC was approximately 11.3% higher than that of 

the co-flow SOFC within the investigated range. Sahli et al. [7] performed a thermodynamic 

analysis, examining the Nernst potential arising from concentration, activation, and ohmic 

polarization using the FORTRAN program code. According to the results, the cell potential and 

power density were proportional to changes in the operating temperature and oxygen 

concentration in the oxidant. Conversely, the feed pressure changes, fuel humidity, and 

electrolyte thickness exhibited an inverse relationship. Cao et al. [8] investigated the role of 

changes in the nitrogen ratio along with two main fuel cell design parameters: the current 
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density and fuel utilization factor. They also compared the thermodynamic, economic, and 

environmental performance of two different electrolytes under the same conditions. The results 

indicated that as the input nitrogen ratio increased, the voltage output of each cell, as well as 

the energy and exergy efficiencies, electricity generation rate, and exergoeconomic factor of 

the applications decreased. Meanwhile, the unit electricity cost and carbon dioxide emissions 

increased. Additionally, the sensitivity to a performance decrease was found to be higher for 

nitrogen ratios above 0.7. 

 

Solid oxide fuel cells (SOFCs) have a significant advantage over other fuel cells because of 

their high operating temperature, which allows the use of alternative fuels. The use of different 

fuel types in fuel cells can provide additional options for industrial applications. The 

performance and losses of various alternative fuels in thermodynamic analyses can be 

evaluated, enabling comparisons of their advantages and disadvantages compared to hydrogen-

fueled solid oxide fuel cells [9–14]. Another important advantage of oxide fuel cells is that they 

produce exhaust gases at high temperatures, allowing integration with different systems to 

enhance the overall system performance and efficiency. There are various studies in the 

literature that include thermodynamic analyses of systems created in this manner. Sinha et al. 

[15] investigated the combined use of a gas turbine and solid oxide fuel cells (SOFC). Wood 

chips were used as the gasifier feedstock, and the synthesis gas produced as a byproduct was 

processed and used in fuel cells. Irreversibility in the system leads to exergy destruction and, 

increase losses associated with the components. The maximum exergy destruction includes the 

SOFC, water heat exchanger, and gasifier. The maximum thermal efficiency of the 

implemented hybrid system was found to be 62.12% at a pressure ratio of 4 and temperature of 

1250 K. Ryu et al. [16] established a combined SOFC (Solid Oxide Fuel Cell) - Gas Turbine 

(GT) system to generate power in marine propulsion facilities. This system was designed and 

modeled using Aspen HYSYS V.12.1. The thermodynamic performance of the system was 

analyzed using the first and second laws of thermodynamics. The energy efficiencies of direct 

ammonia and hydrogen SOFCs were found to be 60.96% and 64.46%, respectively. The energy 

efficiencies of the combined systems increased by 12.37% and 13.97% compared to the stand-

alone SOFC systems when ammonia and hydrogen as fuels. The study also examined the exergy 

destruction of the essential components for each fuel and conducted a parametric study to select 

the optimal fuel utilization factor for the system. The analysis demonstrated the potential of 

ammonia as a hydrogen carrier and the effective use of waste heat recovery to enhance the 

thermodynamic performance of SOFC systems. Trujillo et al. [17] presented a comparative 
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assessment of a combined molten carbonate fuel cell and solid oxide fuel cell stack with a micro 

gas turbine. The components of the system were sized using the first law of thermodynamics to 

satisfy the thermal conditions required for the operation of the fuel cell stack. An exergetic 

analysis was also performed to evaluate the reversibility of the components. The results showed 

that MCFC stacks were more efficient than SOFC stacks but were significantly more expensive. 

Alirahmi et al. [18] proposed a new storage configuration for electricity production by 

combining a solid oxide fuel cell, compressed air energy storage, and a brine desalination unit. 

An analysis of the economic, environmental, and thermodynamic performances of the system 

was conducted. The exergy efficiency of the proposed system was determined to be 71.03%, 

with a total cost of $34.07 per hour and pollution rate of 0.184 kg/kWh. Pirkandi et al. [19] 

analyzed the thermodynamic performance of a hybrid system consisting of a steam turbine, gas 

turbine, and solid oxide fuel cell. This hybrid system stands out from other existing cycles 

because it involves the simultaneous use of three modern technologies in the same power 

generation cycle. The study initially examined nine different steam cycle configurations and, 

selects the best cycle based on the thermodynamic performance. The results indicated that the 

triple hybrid cycle, which includes the addition of a steam cycle to a gas turbine-fuel cell 

combined cycle, increased the net power produced by the triple system by 200% compared to 

a simple gas turbine cycle and by 15% compared to a gas turbine-fuel cell hybrid cycle. The 

results also showed that the triple hybrid system with 52% efficiency outperformed the gas 

turbine-fuel cell hybrid system with a 45.21% efficiency and the simple gas turbine cycle with 

25% efficiency. 

 

The losses occurring in solid oxide fuel cells and the significant impact of different operating 

conditions on the performance of solid oxide fuel cells are well-known [20–25]. Studies have 

shown that the performance of solid oxide fuel cells generally increases with the temperature 

and pressure [26–30]. Additionally, there are studies in the literature that investigate the effects 

of increasing pore size on performance [31–33]. 

 

In recent years, there are studies in the literature focusing on minimizing entropy production, 

waste heat recovery and industrial optimization strategies in order to increase the efficiency of 

SOFC systems [34–44]. 

In this article, the authors focus on the thermodynamic principles of oxide fuel cells to 

understand the fundamental principles and potential applications of this innovative energy 

conversion technology. Studies in the literature have calculated the current density, losses, and 
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power density of fuel cells within specific temperature ranges. In this study, the performance 

of the fuel cell was evaluated in the temperature range of 573 K to 1673 K. Losses will be 

calculated based on different pore sizes, thereby determining the thermal efficiency under 

optimal operating conditions. 

 

2. MATERIALS and METHODS 

Fuel cells are electrochemical devices that are capable of directly producing electrical energy 

through chemical reactions. Fuel cells can be classified based on three fundamental criteria: 

operating temperature, electrolyte type, and type of hydrogen source used. Solid oxide fuel cell 

(SOFC) operate at high temperatures. This type of fuel cell generates electrical energy through 

electrochemical reactions between oxygen and the fuel mediated by a solid oxide electrolyte. 

As shown in Figure 1, the basic components of oxide fuel cells are the anode, cathode, and 

electrolyte. The fundamental operating principle can be expressed as the separation of fuel at 

the anode and oxygen at the cathode. Oxygen ions on the cathode side migrate through the 

electrolyte to interact with the fuel, such as oxidized hydrogen, methane, biogas, or 

hydrocarbons [45]. As a result of this interaction, electrons are released, and electrical energy 

is generated. During the operation of the system, by-products, such as water or carbon dioxide, 

are formed. 

 

The chemical reactions occurring at the anode and cathode are described below. The reaction 

between hydrogen and oxygen leads to water formation. The energy released during this 

reaction generates electricity at the electrodes. 

 

Anode:                            2 2 22 2 2 4H O H O e                                                  (1) 

Cathode:                          
2

2 4 2O e O                                                               (2) 

Overall cell reaction:        2 2 21/ 2 2H O H O e                                                  (3) 

 

The cell potential (V) of a solid oxide fuel cell is determined by subtracting all activation losses

 act , concentration losses (𝜂𝑐𝑜𝑛𝑐), and ohmic losses ( )ohmic , occurring in the anode and 

cathode regions during the electricity generation process from the equilibrium potential (E) of 

the cell. The cell potential is obtained by considering these losses and is used to evaluate the 

operating conditions of the solid oxide fuel cell in comparison to the equilibrium potential. 
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, , , ,conc a conc c ohmicact a act cV E                                                                       (4) 

          

 

A cell's equilibrium potential (E) signifies the state in which the electrochemical reactions are 

at equilibrium. When the cell reaches equilibrium potential, the chemical reactions and electron 

flow are in a balanced state. In this situation, no net current was generated in the electrochemical 

cell reactions, indicating that the cell had a constant electric potential. The equilibrium potential 

(E) was calculated using the Nernst equation (Eq. 5. where 0E  is the reversible potential, R is 

the universal gas constant, F is the Faraday constant, and 
2 2 2
, ,H H O OP P P represent the pressures 

of hydrogen, oxygen, and water, respectively. 

 

2 2

2

1/2

0 ln
2

H O

H O

P PRT
E E

F P

 
   

 
 

                                                 (5)    

          

The reversible potential  0E  was calculated based on temperature (T) and represented a 

standard condition [46]. 

 

4

0 1.253 2.4516 10x TE                                                         (6)    

      

To explain the activation polarization losses  act  occurring in electrochemical reactions 

within the fuel cell, the Butler-Volmer equation was utilized. The equation is, given in Eq. 7, 

varies with the current density ( )J , exchange current densities at the anode and cathode 

0, 0, )( ,  a cJ J , number of electrons (z=2), and the symmetry factor (α=0.5) [47]. 

 

 
0

1
exp exp

actact
zFzF

J J
RT RT

     
    

    
                                       (7)   

         

Activation losses in solid oxide fuel cells are a determining factor for the rate of chemical 

reactions that occur on the electrode surface. The activation losses are calculated as part of the 

Butler-Volmer equation, as shown below. This equation determines the anode ( ,act a ) and 
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cathode ( ,act c ) activation losses based on cell temperature (T), current density, and exchange 

current density [48].  

 

1

,

0,2
act a

a

RT J
sinh

F J
 

 
 
 




                                                                  (8) 

 

1

,

0,2
act c

c

RT J
sinh

F J
 

 
 
 




                                                                   (9) 

 

The exchange current density is denoted as 0J  and can be calculated in two different forms for 

the anode and cathode. 0J is influenced by pore diameter ( pD ), particle size ( sD ), electrode 

porosity (n), and pressure (P) [47]. The values of these parameters are listed in Table 1. 

 

 

 
2 2 ,

0,
2 2 2

72
 exp

1 1

p p s H H O act a

a a

ref ref
s p

D D D n n P P E
J k

P P RTD D X

                 
  



  
             (10) 

 

 

 
2

0.25

,

0,
2 2 2

72
 exp

1 1

p p s O act c

c c

ref
s p

D D D n n P E
J k

P RTD D 

              
    

                     (11) 

 

Concentration losses ( conc ) in an SOFC refer to energy loss stemming from variations in the 

concentration of reactants or products at the anode and cathode. These losses occur during the 

diffusion of gases onto the electrode surface, which is typically explained by Fick's law of 

diffusion. This law elucidates how gases diffuse along the electrode surface and how this 

diffusion affects the cell performance. Concentration losses at the anode and cathode were 

calculated as follows: [46, 49, 50]: 

 

2

2

0

,

0

1
2

 ln   
2

1
2

a

eff

a H O

conc a
a

eff

a H

RTd J

FD PRT

RTd JF

FD P



 
 

 
 


 
 

                                                             (12) 
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2

,

,

1
ln

2 1 /
conc c

L O

RT

F J J


 
 
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


                                                                    (13) 

For oxygen, the limiting current density ( LJ ) can be determined using Eq. 14, where it is 

dependent on the number of electrons (z), cathode effective gas diffusion factor ( )eff

cD , cathode 

electrode thickness ( cd ), and partial pressure of O2 (
2Op ) [51] : 

 

2 2,

eff

c
L O O

c

zFD
J p

RTd
                                                                    (14) 

 

The effective gas-diffusion factors at the anode and cathode ( ,  eff eff

a cD D ) were calculated using 

the Knudsen diffusion coefficient. Where ξ represents the anode-cathode curvature, and n 

represents the anode-cathode porosity [46]. 

 

2 2 2 ,

1 1 1
eff

a H H O H kD n D D





 
  

 
 

                                                  (15) 

 

2 2 2 ,

1 1 1
eff

c O N O kD n D D





 
  

 
 

                                                     (16) 

 

The binary diffusion coefficient of O2 in an O2-N2 air mixture is denoted as
2 2O ND  . The 

diffusion gas volume ( v ) for the selected gas type, fuel cell temperature (T ), and reference 

pressure ( refP ) are included in Fuller's diffusion equation [52]. 

 

 
2 2

2 2 2 2

1.75

2
1/2 1/3 1/3

0.00143 

   
O N

O N O N

T
D

M v v P


 
                                                (17) 

 

The expression for 
2 2O NM   given in Eq. 18 is calculated as follows, depending on the molecular 

weights of oxygen gas 
2OM  and nitrogen gas 

2NM  : 
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2 2

2 2

1

1 1
2O N

O N

M
M M





 
  

 
 

                                                     (18) 

 

The diffusion coefficient expressed by Knudsen for O2 in an air mixture was determined 

according to Eq. 19. This value varies depending on the pore diameter ( pD ), cell temperature (

T ), and molecular weight of the gas (
2HM ) [46].  

 

2

2

, 97 O k p

H

T
D D

M
                                                              (19) 

 

Ohmic losses in SOFC are energy losses that occur owing to the resistance of the electric 

current. These losses arise depending on factors such as the electrolyte thickness (L), cell 

temperature (T), and current density ( J ) in the fuel cell, as given below [53]. 

 

11 10300
2.99 10    ohmic J Lexp

T
   

   
 

                                        (20) 

 

Thermal efficiency is an important parameter for assessing the performance of fuel cells. In a 

solid oxide fuel cell, the thermal efficiency represents the ratio of the power density obtained 

from electrochemical reactions in the cell to the energy taken from the fuel. Mathematically, it 

can be defined as: 

 

 

 
thermal

Power Density

Fuel Energy
                                                           (21) 

 

3. RESULTS AND DISCUSSIONS 

This study was conducted to evaluate the performance of solid oxide fuel cells at different 

temperatures (573-1673 K) and pore sizes (3 µm, 5 µm, 8 µm, 10 µm, 15 µm). The activation, 

ohmic, and concentration losses affecting SOFC performance were calculated under various 

operating conditions. In additionally, power density and thermal efficiency were determined. 

These calculations are crucial for optimizing the performance of a solid oxide fuel cell operating 

under various conditions. 
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The activation losses in the cell were calculated for different operating temperatures while 

maintaining the pore size of the SOFC constant at 3 µm, as shown in Fig. 2. The variation in 

operating temperature has a significant impact on the activation losses at the cathode and anode. 

As seen in Eqs. 10 and 11, an increase in the operating temperature led to an increase in the 

exchange current density. Because the temperature change is exponential in these equations, 

any increase or decrease in the temperature results in a noticeable change in the exchange 

current density. Eq. 7 expresses the influence of the exchange current density and temperature 

on activation losses. Because the substantial effect of temperature change on the exchange 

current density, activation losses are highly affected. 

 

This phenomenon occurred because a decrease in temperature led to a reduction in the exchange 

current density, causing the chemical reactions to proceed more slowly. The minimum 

activation loss in the cell was calculated as 0.01264 V at 1373 K. At a constant current density 

of 20,000 A/m², the total activation loss of the cell was 0.3874 V at a working temperature of 

1173 K and, 2.4835 V at 573 K. As the current density in the fuel cell increase d, the activation 

losses also increased. With an increase in the current density from 2500 A/m² to 17500 A/m² at 

a cell temperature of 973 K, the total activation loss of the cell was 0.3913 V and 0.9907 V, 

respectively. In a study conducted by Chan et al. [46], calculations were performed on various 

parameters in solid oxide fuel cells (SOFCs), whether anode-supported or cathode-supported. 

An increase in current density increased the activation losses in the cell. At an operating 

temperature of 1073 K, a 50% increase in the current density increased the total activation loss 

in both the anode and cathode by 33.3%.  

 

The change in activation losses with temperature variation in the range of 1273-1673 K is 

provided in Table 2. When the temperature is increased from 1273 K to 1573 K, activation 

losses at a current density of 2500 A/m2 decrease by approximately 83%. Upon raising the 

operating temperature from 1573 K to 1673 K the activation losses are decreased by 36.58%. 

Increasing the operating temperature from 1273 K to 1373 K decreased the activation losses by 

approximately 50%. Similarly, increasing the temperature from 1373 K to 1473 K leads to a 

decrease of approximately 45% in the activation losses. Under high-temperature operating 

conditions, the rate of concentration loss reduction diminishes with every 100 K increase. 

Activation losses play a significant role in material selection, particularly under high-

temperature operating conditions in Solid Oxide Fuel Cells (SOFCs). Chan et al. [54] conducted 
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a performance analysis of an SOFC with an active surface area of 0.027 m2, anode and cathode 

thicknesses of 0.00015 and 0.002 m, respectively, under various operating temperatures and 

pressures. The study revealed a pronounced contrast between the temperature and activation 

losses. The highest losses were observed at the lowest operating temperatures. For instance, 

increasing the operating temperature by 200 K at a current density of 75 mA/cm2 resulted in an 

approximate 0.14 V increase in activation loss. 

 

 

 

The SOFC pore size represents the number of voids present in the internal structure of the 

material within the cell. These pores are critical areas that influence the movement of gases and 

reactants within a material. Changes in the pore size significantly affected the gas transfer and 

reaction kinetics of the cell. An increase in pore size noticeably reduced the exchange current 

density. For example, the variation in current density at a pore size of 3 µm is 19.43%, 42.4%, 

and 52% higher than that at pore sizes of 5 µm, 8 µm, and 10 µm, respectively. As seen in 

Figure 3, an increase in the pore size of a solid oxide fuel cell leads to an increase in activation 

losses. Additionally, larger pores increase the time required for gas molecules to reach the 

electrode surface, making gas diffusion more challenging. 

 

The largest activation loss in the cell was observed at a pore size of 15 µm, amounting to 1.075 

V. At a constant current density of 10,000 A/m², the activation loss is 0.52 V for a pore size of 

5 µm, while it increases to 0.70 V with a pore size of 10 µm. A 50% increase in the pore size 

of the fuel cell results in a 0.126 V increase in activation losses. Ni et al. [47] investigated the 

impact of the operating temperature and pore size on the performance of SOFC at varying 

current densities. The study includes a comparison between the experimental data and modeled 

fuel cells. An increase in pore size has a significant effect on concentration losses, leading to a 

0.18 V increase in concentration loss when the pore radius increases from 3 µm to 10 µm. 

 

The impact of the temperature variation on the concentration losses is shown in Figure 4. The 

limiting current density significantly influences the concentration losses in SOFCs. As the 

temperature increased, the limiting current density decreases noticeably. When the temperature 

increased from 873 to 1273 K, the limiting current density decreased by 43.23%. The 

concentration losses in the fuel cell, at a constant current density were, 0.0542 V when the 

operating temperature was 673 K and increased to 0.1885 V at an operating temperature of 
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1173 K. Unlike activation losses, concentration losses increase with increase in temperature, as 

showen in Eq. 12, where R and F are constants, making the temperature change more 

pronounced compared to the logarithmic expression. Additionally, because pressure changes 

do not have a significant impact on SOFC performance, the concentration losses are 

predominantly affected by temperature. Ni et al. [47] calculated the cell losses, voltage, and 

power density of a high-temperature SOFC under varying parameters and compared the 

experimental and model data. The comparison values showed similar similarities. Moreover, 

an increase in operating temperature also increased the concentration loss. At a constant current 

density of 15,000 A/m2, the concentration loss at 873 K is 0.1 V, whereas it is 0.2 V at a 

temperature of 1273 K. 

 

In Figure 5, the variation of cell potential with current density for SOFC with a constant pore 

size at different temperatures is presented. A decrease in the temperature of the fuel cell results 

in a reduction in the cell voltage. This is attributed to the fact that lower temperatures increase 

the cell loss. The increase in losses leads to deductions from the equilibrium potential of the 

cell, as indicated in Equation 4, thereby causing a decrease in the cell voltage. While the cell 

potential tends to increase with temperature in solid oxide fuel cells, the impact of this increase 

on the cell efficiency diminishes after a certain temperature. Therefore, in solid oxide fuel cells 

operating at either low (T < 873 K) or high temperatures (T > 1273 K), the cell potential does 

not reach the desired levels. Designs and improvements that reduce activation losses are needed 

for SOFCs operating at high or low temperatures. Additionally, low temperatures struggle to 

provide the energy necessary for the initiation of chemical reactions, further lowering the cell 

voltage. 

 

With a current density of 10,000 A/m², increasing the operating temperature from 973 to 1373 

K resulted in a 71.55% increase in the cell potential. For a constant operating temperature in a 

solid oxide fuel cell (1173 K), the cell voltage was 0.9219 V at a current density of 5000 A/m², 

which decreased to 0.6250 V at a current density of 15,000 A/m². Singhal [55] compared the 

theoretical and actual operational performances of SOFC under various operating parameters 

such as temperature and pressure. Although the cell potential increases with temperature, an 

increase in the current density has a negative effect on the potential. At a constant operating 

temperature of 900 °C, a 200 mA/cm² increase in the current density reduces the voltage by 

0.28 V. Furthermore, current density250 mA/cm², a 25% increase in temperature results in a 

0.36 V increase in voltage. 
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Lin et al. [56] extensively examined important parameters such as the cell voltage and cell flow 

rate of an SOFC with 20 cells under various operating conditions. At a current density of 5000 

A/m², the cell potential is 0.79 V, 0.7 V, and 0.5 V at operating temperatures of 850 °C, 800 

°C, and 750 °C, respectively. While an increase in the current density reduces the cell voltage, 

an increase in temperature elevates the voltage. 

 

 

Figure 6 illustrates the impact of pore size on the cell potential in the SOFC. An increase in the 

pore size of the fuel cell negatively affects the exchange current density, leading to an increase 

in activation losses. This increase in activation losses results in a decrease in cell potential. In 

addition, the larger pores restrict gas diffusion. At a constant current density of 12,500 A/m², 

the cell voltages for pore sizes of 5 µm and 10 µm were 0.3978 and 0.2189 V, respectively. The 

maximum cell potential value was calculated as 0.9348 V for a 3 µm pore size in a solid oxide 

fuel cell at an exchange current density of 2500 A/m². 

 

In this study, at a constant current density, increasing the pore size threefold led to a 36.78% 

increase in the fuel cell voltage. For an 8 µm pore size in the SOFC fuel cell, the cell potential 

was 0.8395 V at 2500 A/m² and a current density of 0.6431 V at 5000 A/m² current density. 

This indicates that an increase in the current density resulted in a decrease in the cell voltage. 

In their study, Ni et al. [47] calculated the concentration, ohmic, and activation losses, cell 

potential, and power density of SOFC at three different operating temperatures and five 

different pore sizes. The cell potential was highest in cells with a small pore size. Increasing 

the pore size from 3 µm to 10 µm resulted in a 33.3% voltage loss. 

 

  

The primary goal of SOFCs is to maximize cell voltage by minimizing losses. If the activation 

and ohmic losses increase exessively owing to the high operating temperatures, it adversely 

affects the voltage. Figures 7 and 8 illustrate the variation in the power density obtained at 

different current densities with the temperature and pore size. For a current density of 5000 

A/m² in a solid oxide fuel cell, the power density at a cell temperature of 1173 K was 4609.63 

W/m², whereas it decreased to 640.886 W/m² at 873 K. The maximum power density was 

achieved at a working temperature of 1373 K and current density of 20,000 A/m², with a value 

of 13696.1 W/m². A decrease in the operating temperature below 873 K adversely affects the 
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performance of the solid oxide fuel cell. Tsai and Barnett [57] conducted detailed calculations 

of cell losses, cell voltages, and power densities for SOFC with various electrolyte thicknesses, 

material porosities, and operating temperatures. The study reveals that every 50 °C increase in 

temperature leads to an approximately 0.20 V increase in cell voltage. 

 

Chan et al. [46] performed performance analyses on an anode or electrolyte-supported SOFC 

under a constant operating temperature of 1073 K and 1 atm pressure. In this study, the power 

density of an anode-supported SOFC with a thickness of 750 µm is calculated at various current 

densities. Power density initially increased and then decreased with increasing current density, 

exhibiting a parabolic trend. The maximum power density was calculated at 12,000 A/m² 

current density, reaching 5100 W/m². 

 

An increase in the pore size of SOFC leads to cell losses, resulting in a low power density. A 

70% increase in the pore size of the fuel cell leads to a decrease in power density of 2391.55 

W/m². In this study, doubling the current density with a pore size of 5 µm resulted in a 24% 

increase in power density. For a constant current density of 15,000 A/m² in the fuel cell, the 

power density was 2996.03 W/m² with an 8 µm pore size, whereas it dropped to 103.14 W/m² 

with a pore size of 15 µm. The fuel cell performed significantly better with smaller pore sizes. 

Studies in the literature also show that an increase in pore size negatively affects power density, 

with a 1.5-fold increase in pore size leading to a 44.4% decrease [47].  

 

 

 

In fuel cells, thermal efficiency is calculated in accordance with the first law of 

thermodynamics. This represents the useful work obtained from the fuel cell as power density. 

The primary goal of a fuel cell is to achieve the highest voltage at a specific current density to 

achieve the maximum power density. The energy expended to achieve this power density is 

part of the denominator of thermal efficiency. The thermal efficiency is directly proportional to 

the increase in the power density. To increase power density, it is crucial to reduce ohmic, 

concentration, and activation losses. Any measure taken to reduce these losses will positively 

impact the thermal efficiency. The increase in power density is a significant step in improving 

the system efficiency, contributing to more effective energy utilization. 
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As shown in Figure 9, an increase in temperature resulted in an increase in thermal efficiency 

in the SOFC. With the operating temperature rising from 873 K to 1473 K, the thermal 

efficiency increased by 43.67%. At a constant current density of 7500 A/m², thermal 

efficiencies are 57.64% and 44.52% for operating temperatures of 1573 and 1073 K, 

respectively. Sinha et al. [58] analyzed the performance of a SOFC operating at high 

temperatures and fueled by biomass through simulation. According to these findings, an 

increase in thermal efficiency was observed with the rise in the operating temperature. For 

instance, at a temperature of 1150 K, the thermal efficiency was 66.2%, whereas it was 

determined to be 67.9% at an operating temperature of 1275 K. 

 

The change in pore size in the SOFC was significantl, as shown in Figure 10. An increase in 

pore size linearly decreased the thermal efficiency. At a current density of 12500 A/m², 

doubling the pore size resulted in a 12.03% increase in thermal efficiency. Under a constant 

operating temperature in SOFC, the thermal efficiency was 56.59% with an 8 µm pore size, 

while it decreased to 47.99% with a pore size of 15 µm. 

 

The variation in the thermal efficiency with the current density at elevated operating 

temperatures is presented in Table 3. As the temperature increased from 1273 K to 1673 K, the 

thermal efficiency decreased at low current densities (2500 A/m2 – 7500 A/m2). The operating 

temperature at which maximum efficiency occurs changes as the current density increases. 

Therefore, material selection in SOFC design should consider the relationship between the 

operating temperature and current density. 

 

 

4. CONCLUSIONS 

• In this study, SOFC performance was evaluated under different operating temperatures (573- 

1673 K) and pore sizes (3- 15 µm). 

• The activation, ohmic and concentration losses were analyzed over cell potential, power 

density and thermal efficiency. 

• It was observed that activation losses increased at low temperatures and negatively affected 

cell performance. Therefore, solutions should be developed to reduce the activation losses in 

systems that will operate at low temperatures. 
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• The concentration losses increased significantly as temperature increased; for example, a 

temperature increase of 200 K increased this loss by approximately 50% at constant current 

density. 

• Reducing the pore diameter reduced activation losses; a 50% decrease in pore size provided a 

decrease in losses of 0.178 V. 

• At a constant current density of 5000 A/m², a significant decrease in activation losses was 

observed as the operating temperature increased: the loss, which was 2.097 V at 573 K, 

decreased to 0.0053 V at 1673 K. 

• However, a decreasing trend in thermal efficiency began at temperatures above 1273 K; for 

example, increasing the temperature from 1273 K to 1373 K led to a 2.70% efficiency loss. 

• Exergy analyses should be performed to optimize cell design and operating conditions; thus, 

energy losses due to entropy production can be determined more accurately. 

• This study clearly demonstrates the effects of different temperatures and pore structures on 

SOFC performance and paves the way for data-based improvement strategies for cell design. 

Recommendations 

Studies can be conducted on hybrid systems that will increase exergy efficiency in the energy 

production processes of SOFCs. 

Studies can be conducted to develop catalysts that will reduce the activation energy for systems 

operating at low temperatures. 
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Fig. 1 Basic structure and operating principle of a Solid Oxide Fuel Cell 
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Fig. 2 Activation cell loss at different operating temperatures in a SOFC ( pD  3 µm) 
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Fig. 3 Activation cell loss at different pore sizes in a solid oxide fuel cell (T=1073 K) 

 



 

28 
 

0 2500 5000 7500 10000 12500 15000 17500 20000

0.0

0.1

0.2

0.3

η
co

n
c

Current density (A/m2)

 1373 K

 1273 K

 1173 K

 1073 K

 973 K

 873 K

 773 K

 673 K

 573 K

 

Fig. 4 Concentration cell loss at different operating temperatures in SOFC ( pD  3 µm) 
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Fig. 5 Cell voltage at different operating temperatures in SOFC ( pD  3 µm) 
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Fig. 6 Cell voltage at different pore sizes in SOFC (T=1073 K) 
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Fig. 7 Power density at different current densities in SOFC ( pD  3 µm) 
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Fig. 8 Power density at different current densities in SOFC (T=1073 K) 
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Fig. 9 Thermal efficiency at different operating temperatures in SOFC( pD  3 µm) 
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Fig. 10 Thermal efficiency at different pore sizes in SOFC (T=1073 K) 
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Table 1. Parametric Values for Solid Oxide Fuel Cell 

Parameter Unit Value 

Faraday constant, F [C/mol] 96485 

Universal gas constant, R [J/mol K] 8.3145 

Operating temperature, T  [K] 573-1673 

Operating pressure, P  [bar] 1 

Activation energy for anode, ,act aE  [J/mol] 101.344 10  

Activation energy for cathode, ,act cE  [J/mol] 92.051 10  

Anode porosity, n  - 0.48 

Anode tortuosity,   - 5.4 

Average length of grain contact, X - 0.7 

Average pore radius, pD  [m] 63 15 10   

Average grain size, sD  [m] 61.5 10  

Anode thickness, ad  [m] 61000 10  

Cathode thickness, cd  [m] 620 10  

Electrolyte thickness, L [m] 68 10  

Active cell area, A [m] 0.01 
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Table 2. Variation of activation losses at high temperatures 

J (A/m2) 1273 K 

ηact (V) 

1373 K 

ηact (V) 

1473 K 

ηact (V) 

1573 K 

ηact (V) 

1673 

ηact (V) 

2500 0.0254 0.0126 0.0069 0.0041 0.0026 

5000 0.0507 0.0252 0.0139 0.0083 0.0053 

7500 0.0759 0.0378 0.0208 0.0125 0.0080 

10000 0.1007 0.0504 0.0278 0.0166 0.0106 

12500 0.1251 0.0630 0.0348 0.0208 0.0133 

15000 0.1491 0.0755 0.0417 0.0250 0.0160 

17500 0.1726 0.0879 0.0486 0.0291 0.0186 

20000 0.1955 0.1003 0.0556 0.0333 0.0213 

 

 

 

 

 

 

 

Table 3. Variation of thermal efficiencies at high temperatures 

J (A/m2) 1273 K 1373 K 1473 K 1573 K 1673 K 

2500 68.88% 68.32% 67.21% 65.85% 64.35% 

5000 64.66% 64.47% 63.24% 61.52% 59.52% 

7500 60.67% 60.92% 59.64% 57.64% 55.26% 

10000 56.89% 57.62% 56.33% 54.13% 51.44% 

12500 53.30% 54.51% 53.28% 50.92% 47.97% 

15000 49.87% 51.59% 50.43% 47.96% 44.80% 

17500 46.60% 48.81% 47.76% 45.21% 41.88% 

20000 43.47% 46.16% 45.25% 42.64% 39.16% 
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