
 

1. Introduction 

The overuse of fossil energy has brought serious energy crisis 

and environmental pollution to the world. Fuel cells are very at-

tractive options because of their high efficiency, clean operation 

and fuel flexibility [1]. Since ammonia is safer, less expensive, 

easier to store and transport, and non-flammable at normal con-

ditions, it has become a viable fuel for fuel cells [2]. Moreover, 

the technological foundation for the production of ammonia has 

been already established. Consequently, there is a growing in-

terest in the use of ammonia in fuel cells, especially solid oxide 

fuel cells (SOFCs) [3–5]. 

Traditional methods of studying fuel cells are usually based 

on idealized assumptions. Finite time thermodynamics (FTT) 

takes into account the irreversibility and actual operating condi-

tions of the actual power and energy systems, and provides more 

realistic models for performance optimization [6]. One of the 

main purposes of FTT is to provide valuable means to optimize 

thermal and/or fluidic systems by seeking systems performance 

boundaries considering under finite time and finite size con-

straints [7]. 

The primary areas of study in finite-time thermodynamics 

include finite-time availability, optimum routes of thermody-

namic processes, and novel assessment indices [8,9]. These in-

clude conventional thermodynamic devices such as power 

plants [10], heat pumps [11], fuel cells [12,13], and so on. Ge et 

al. [14] used finite time thermodynamic theory to optimize  
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Nomenclature 

Acell ‒ active cell area, m2 

ex ‒ exergy, J/mol 

Er ‒ cell reversible voltage, V 

E0 ‒ voltage at standard pressure, V 

EPC ‒ exergetic performance coefficient  

Ex ‒ exergy, W 

F ‒ Faraday's constant, C/mol 

h ‒ molar enthalpy, J/mol 

j ‒ current density, A/m2 

𝑚̇   ‒ mass flow rate, kg/h 

𝑛H2,𝑒𝑞𝑢‒ equivalent molar flow rate of H2,  mol/s 

𝑛H2,𝑐𝑜𝑛𝑠𝑢𝑚𝑒𝑑‒ actual consumed molar flow rate of H2,  mol/s 

nfuel ‒ amount of fuel required, mol 

p ‒ pressure, atm 

pi ‒ partial pressure of i-th component, atm 

pi
TB ‒ partial pressure of i-th component at three-phase boundary, atm 

P ‒ power density, A/m2 

𝑅 ‒ gas constant, J/(mol·K) 

RΩ ‒ electrolyte resistivity, Ω m 

s ‒ molar entropy, J/(mol K) 

tele ‒ electrolyte thickness, mm 

T ‒ operating temperature, K 

Te ‒ ambient temperature, K 

TL ‒ temperature of the low-temperature heat source, K 

Uf ‒ fuel utilization, % 

Vact,an ‒ anodic activation overpotential, V 

Vact,ca ‒ cathodic activation overpotential, V 

Vcon,an‒ anodic concentration overpotential, V 

Vcon,ca ‒ cathodic concentration overpotential, V 

Vohm ‒ Ohmic overpotential, V 

W ‒ output power, W 

xi ‒ mole fraction 

 

Greek symbols 

 ‒ exergy efficiency 

 

Subscripts and superscripts 

0 ‒ standard conditions 

act ‒ activation 

an ‒ anode 

ca ‒ cathode 

con ‒ concentration 

fc ‒ fuel cell 

H2 ‒ hydrogen 

H2O  ‒ water 

O2 ‒ oxygen 

ohm  ‒ Ohmic 

 

Abbreviations and Acronyms 

DA-SOFC ‒ direct ammonia-fed solid oxide fuel cells 

EDI ‒ exergy destruction index  

ESI ‒ exergy sustainability index  

FTT  ‒ finite time thermodynamic (model) 

GA ‒ genetic algorithm  

HT-PEMFC ‒ high temperature proton exchange membrane fuel cell  

MSR ‒ methanol steam reforming  

ORC ‒ organic Rankine cycle  

PEMFC ‒ proton exchange membrane fuel cell 

the performance by setting work, power and efficiency as opti-

mization targets and configuration of an internal combustion en-

gine. Chen et al. [15] applied the finite time thermodynamic the-

ory to build a novel solar driven system and analysed the effects 

of solar irradiance on the thermodynamic performance of the 

system. Li et al. [13] developed a finite-time irreversible ther-

modynamic model of proton exchange membrane fuel cell 

(PEMFC) and produced the ecological performance coefficient 

and the finite-time ecological objective function. Guo et al. [16] 

derived finite-time thermodynamic indexes such as exergy effi-

ciency, exergy destruction index (EDI) and exergy sustainability 

index (ESI) to better evaluate the performance of the fuel cell. 

Li et al. [17] applied finite time thermodynamic theory to ana-

lyse and optimize the power system of a vehicle mounted high 

temperature proton exchange membrane fuel cell (HT-PEMFC) 

integrating methanol steam reforming (MSR) and organic Ran-

kine cycle (ORC). The results showed that higher operating tem-

perature and anode pressures are beneficial to improve overall 

performance and that systems operating at optimum parameters 

have better thermodynamic, economic and environmental per-

formance. 

To improve the performance of fuel cells in economic and  

ecological terms, many optimization studies have been done for 

different operating parameters [18]. Hajabdollahi and Fu [19] 

set up a SOFC cogeneration system optimized with the objective 

function of maximum exergy efficiency and minimum total cost 

rate, and the optimal exergy economic configuration of the sys-

tem was obtained. Mert et al. [20] carried out multi-objective 

optimization work on a vehicle-mounted proton exchange mem-

brane fuel cell system using a genetic algorithm (GA) and opti-

mized the system with the goals of maximizing power output, 

energy efficiency and minimizing power generation costs.  

You et al. [21] used the NSGA-II method to perform two sets of 

multi-objective optimizations on the SOFC system with five key 

objectives: energy efficiency (maximization), system energy ef-

ficiency (maximization), system net output power (maximiza-

tion), freshwater production (maximization), and system total 

cost (minimization), achieving optimal system performance in 

three typical scenarios. Forough and Roshandel [22] used ge-

netic algorithms to perform multi-objective optimization of 

SOFC stacks with minimum energy cost, maximum output 

power, minimum energy cost and maximum power efficiency as 

objective functions. Mojaver et al. [23] used a genetic algorithm 

for the multi-objective optimization of the SOFC power gener-

ation system. The current density and the inlet temperature of 

the stack were used as input variables when the sum of energy 

efficiency and product unit cost were taken as the objective 

function, comparing the performance of SOFC-O based and 

SOFC-H based power generation systems under optimal operat-

ing conditions. 

In this paper, we first analyse the irreversibility of  

DA-SOFC from the point of view of finite time thermodynamics, 

and establish a mathematical model of exergetic efficiency ϕ and 
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EPC considering irreversible polarizations. Secondly, the per-

formance of DA-SOFC is analysed, and the effects of operating 

temperature, operating pressure, fuel utilisation, electrolyte 

thickness and electrode porosity on the exergetic efficiency and 

EPC of DA-SOFC are studied. The results obtained can provide 

theoretical guidance for the optimization design and practical 

application of DA-SOFCs. 

2. Exergetic performance analysis model of  

DA-SOFC 

Conventional SOFCs typically use oxygen ions as the conduct-

ing electrolyte (SOFC-O), such as the commonly used yttria sta-

bilised zirconia (YSZ). In addition, SOFC can also use protons 

as conductive electrolytes (SOFC-H). In solid oxide fuel cells 

based on oxygen ion conductivity, there are still problems to be 

solved such as low cell efficiency due to higher anode concen-

tration overpotential [24]. This paper will focus on the redox re-

action in solid oxide fuel cells based on oxygen ion conduction, 

and study the problems such as reducing the concentration over-

potential at the anode, so as to improve the oxygen ion conduc-

tion and cell efficiency.  

O2– ions must flow through the electrolyte in solid oxide fuel 

cells based on oxygen ion conducting electrolytes. Air or pure 

oxygen gas should be supplied to the fuel cell's cathode side. 

Oxygen is converted to oxygen ions at the cathode-electrolyte 

junction. At the interface between the anode and electrolyte, 

these ions go through the electrolyte and react electrochemically 

with hydrogen gas to form water vapour. Ammonia fuel ther-

mally breaks down to make hydrogen. At the anode side of the 

fuel cell, the ammonia fuel is fed in and thermally decomposes 

with the help of a catalyst to produce H2 and N2.  

Decomposition-produced hydrogen diffuses to the anode-

electrolyte interface, where it electrochemically interacts with 

oxygen ions to make water vapour. The fuel cell releases hydro-

gen, nitrogen and unreacted ammonia fuel, and produces water 

vapour. The hydrogen concentration is diluted as a result of cre-

ation of nitrogen during the thermal breakdown of ammonia, 

which lowers the fuel cell's reversible potential. At low temper-

atures and without a catalyst, the decomposition rate is slower, 

but at high temperatures and with a catalyst, the decomposition 

rate is faster.  

Based on series process assumptions [15,25,26]: 

 ammonia fully participates in gasification reactions, 

 by volume, air is composed of 79% non-O2 fraction and  

21% O2, 

 every gas is deemed ideal and gas leakage is negligible, 

 all reaction processes are steady-state within the stack, 

 the temperature distribution of the stack is uniform, 

 using environmental conditions (temperature and pressure 

of 25℃ and 1 atm ≈ 1,013 bar, respectively) as reference 

conditions, exergy analysis is conducted under design con-

ditions, 

the mathematical expressions for the output power, output effi-

ciency, ecological objective function and ecological coefficient 

of performance of the direct ammonia-fed solid oxide fuel cell 

were derived in [27].  

The single DA-SOFC voltage can be obtained [27]: 

 𝑉 = 𝐸𝑟 − 𝑉𝑎𝑐𝑡,𝑎𝑛 − 𝑉𝑎𝑐𝑡,𝑐𝑎 − 𝑉𝑜ℎ𝑚 − 𝑉𝑐𝑜𝑛,𝑎𝑛 − 𝑉𝑐𝑜𝑛,𝑐𝑎. (1) 

The output power density of DA-SOFC is [27]: 

 𝑃 =
𝑃𝑐𝑒𝑙𝑙

𝐴𝑐𝑒𝑙𝑙
= 𝑗𝑉𝑐𝑒𝑙𝑙 = 𝑗(𝐸𝑟 − 𝑉𝑎𝑐𝑡,𝑎𝑛 − 𝑉𝑎𝑐𝑡,𝑐𝑎+  

 +𝑉𝑐𝑜𝑛,𝑎𝑛 − 𝑉𝑐𝑜𝑛,𝑐𝑎) = 𝑗(𝐸0 +
𝑅𝑇

2𝐹
𝑙𝑛(

𝑝H2(𝑝O2)
1
2

𝑝H2O
) +  

 −
𝑅𝑇

𝐹
𝑠𝑖𝑛ℎ−1(

𝑗

𝑧𝐽𝑐𝑎
) −

𝑅𝑇

𝐹
𝑠𝑖𝑛ℎ−1(

𝑗

𝑧𝐽𝑎𝑛
) − 𝑗𝑡𝑒𝑙𝑒𝑅𝛺 +  

 −
𝑅𝑇

2𝐹
𝑙𝑛 (

𝑝H2
𝑇𝐵𝑝H2O

𝑝H2𝑝H2O
𝑇𝐵 ) −

𝑅𝑇

4𝐹
𝑙𝑛 (

𝑝O2

𝑝O2
𝑇𝐵)). (2) 

For a more detailed derivation and working scheme chart the 

reader can be referred to reference [27]. 

Energy loss and deterioration in output performance can re-

sult from heat loss and friction between the gas and the channel 

during DA-SOFC operation. The second law of thermodynam-

ics requires that exergy analysis be carried out in order to thor-

oughly assess the thermodynamic performance of DA-SOFC. 

The potential and kinetic energies of the steady state system are 

negligible. The logistical exergy mainly includes physical ex-

ergy and chemical exergy [28], which are calculated by the for-

mula: 

 𝐸𝑥 = 𝑚̇ ∙ 𝑒𝑥 = 𝑚̇(𝑒𝑥𝑐ℎ + 𝑒𝑥𝑝ℎ), (3) 

 𝑒𝑥𝑐ℎ = ∑𝑥𝑖𝑒𝑥0,𝑖
𝑐ℎ + 𝑅𝑇0 ∑𝑥𝑖𝑙𝑛𝑥𝑖, (4) 

 𝑒𝑥𝑝ℎ = (ℎ− ℎ0) − 𝑇0(𝑠 − 𝑠0), (5) 

where xi and 𝑒𝑥0,𝑖
𝑐ℎ are the mole fraction of the substance and the 

standardized chemical exergy, respectively; T0 is the ambient 

temperature; h0 and s0 are the specific enthalpy and entropy of 

the reference state, respectively; h–h0 represents the change in 

molar enthalpy and s–s0 the change in molar entropy. 

In the direct ammonia fuel cell system, the total energy input 

is: 

 𝐸𝑥𝑖𝑛
𝑓𝑐
= 𝐸𝑥NH3.,𝑖𝑛 + 𝐸𝑥O2,𝑖𝑛. (6) 

The efficient use of energy is reflected in the exergy effi-

ciency of DA-SOFC, which is expressed as follows: 

  =
𝑃

𝐸𝑥
𝑖𝑛
𝑓𝑐 =

𝑗(𝐸𝑟−𝑉𝑎𝑐𝑡,an−𝑉𝑎𝑐𝑡,𝑐𝑎−𝑉𝑜ℎ𝑚−𝑉𝑐𝑜𝑛,𝑎𝑛−𝑉𝑐𝑜𝑛,𝑐𝑎)𝐴

𝐸𝑥H2,in+𝐸𝑥O2,𝑖𝑛
. (7) 

The exergy balance equation of the steady-state system is 

expressed as: 

 𝐸𝑥𝐷 = ∑𝑄(1 −
𝑇0

𝑇
) −𝑊 + ∑𝐸𝑥𝑖𝑛

𝑓𝑐
−∑𝐸𝑥𝑜𝑢𝑡

𝑓𝑐
, (8) 

where ExD is the exergy loss rate. 

The DA-SOFC thermodynamic performance is analysed us-

ing the exergetic performance coefficient (EPC). It is defined as 

the output power to exergy destruction rate ratio, combining 

thermodynamic and exergy performance. EPC may be described 

as follows: 
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 𝐸𝑃𝐶 =
𝑃

𝐸𝑥𝐷
=

𝑗(𝐸𝑟−𝑉𝑎𝑐𝑡,an−𝑉𝑎𝑐𝑡,𝑐𝑎−𝑉𝑜ℎ𝑚−𝑉𝑐𝑜𝑛,𝑎𝑛−𝑉𝑐𝑜𝑛,𝑐𝑎)𝐴

∑𝑄(1−
𝑇0
𝑇
)−𝑃+∑𝐸𝑥

𝑖𝑛
𝑓𝑐
−∑𝐸𝑥𝑜𝑢𝑡

𝑓𝑐 . (9) 

3. Results and discussion 

To numerically analyse and compare studied DA-SOFC per-

formance based derived models, the same data sets of a DA-

SOFC single cell as in [27] are employed. 

3.1. Effects of operating temperature on DA-SOFC per-

formance 

The operating temperature of DA-SOFC is crucial for its perfor-

mance. In a suitable high-temperature environment, the electro-

chemical reaction rate is accelerated and the electrode activity is 

improved, which helps to reduce the polarization loss inside the 

fuel cell stack and thereby increase the efficiency and power 

density of the fuel cell. Increasing the temperature is beneficial 

for the rapid conduction of electrons and oxygen ions and en-

hances the electrical conductivity of DA-SOFC. However, at ex-

cessively high operating temperatures, fuel cell components 

may be affected by corrosion and its life can be reduced. As well, 

inconsistent thermal expansion coefficients of components may 

lead to cracks and failures inside the components. In addition, 

high-temperature operation usually requires expensive special 

materials such as high-temperature alloys and ceramics, increas-

ing manufacturing costs and also requiring the introduction of 

more complex thermal management systems. Therefore, accu-

rately selecting and controlling the operating temperature is vital 

for ensuring the efficient and stable operation of DA-SOFC. 

Figures 1 and 2 present the exergy efficiency 𝜙 and EPC 

varying with current density at different operating temperatures, 

respectively. One can see that the operating temperature of DA-

SOFC has a significant impact on exergy evaluation indicators. 

The exergy efficiency  and exergy performance coefficient 

EPC of DA-SOFC both increase with the increase of operating 

temperature. In the high current density range, as the operating 

temperature increases, the electrochemical reaction rate signifi-

cantly increases, thereby improving the fuel utilization effi-

ciency, reducing fuel waste, and effectively reducing the exergy 

loss of the system. At the same time, increasing the temperature 

also leads to an increase in ionic conductivity, significantly re-

ducing the ionic conduction resistance and slowing down the 

waste heat generation caused by ionic transmission resistance. 

Therefore, during the operation of DA-SOFC, the unrecoverable 

exergy loss is significantly reduced. As shown in Fig. 2, in the 

low current density range, the improvement degree of EPC by 

increasing temperature is much smaller than that in the high cur-

rent density range. This is mainly because under low current 

density conditions, the electrochemical reaction rate is relatively 

slow, so the influence of operating temperature on the activity 

of electrons and ions is relatively limited. However, when the 

current of DA-SOFC is 15 000 A/m2 and the operating tempera-

ture is increased from 1043 K to 1103 K, EPC increases by 61%. 

Therefore, increasing the operating temperature can signifi-

cantly improve the exergy performance of DA-SOFC. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

3.2. Effects of operating pressure on DA-SOFC perfor-

mance 

As is known to all, increasing the operating pressure can signif-

icantly improve the thermodynamic performance of DA-SOFC. 

First of all, increasing the operating pressure helps to increase 

the gas diffusion rate and makes it easier for reactants to be 

transported inside the fuel cell flow field, so that fuel and oxygen 

can be used more effectively, thereby improving the overall ef-

ficiency. Secondly, a higher operating pressure is conducive to 

reducing the flow resistance and improving the response speed 

of the fuel cell. However, increasing the operating pressure will 

consume more power from auxiliary equipment such as com-

pressors, requiring higher costs, and the manufacturing and 

maintenance costs of the system may also increase. Therefore, 

when considering increasing the operating pressure, multiple 

factors such as performance improvement, system cost, and ma-

terial strength must be comprehensively considered to find the 

best operating parameters to meet the needs of specific applica-

tion scenarios. In general, optimizing the operating pressure is 

one of the important strategies to improve the performance of 

fuel cell systems, but various factors need a careful trade-off. 

Figures 3 and 4 reflect the changes of exergy efficiency  

and exergy performance coefficient EPC with the current den-

sity under different operating pressures p. As can be seen from 

 

Fig. 1. ϕ varying with current density at different 𝑇. 

 

Fig. 2. EPC varying with current density at different 𝑇. 
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the figures, the exergy efficiency  and exergy performance co-

efficient EPC of DA-SOFC both increase with the increase of 

operating temperature. When the current density is 15 000 A/m2 

and the operating pressure changes from 1 atm to 2 atm, the ex-

ergy efficiency  and exergy performance coefficient EPC in-

crease by 11.1% and 22.5%, respectively. Therefore, when the 

current density and operating temperature are constant, increas-

ing the operating pressure can significantly improve the exergy 

performance indicators of DA-SOFC. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

3.3. Effects of fuel utilization on DA-SOFC performance 

Fuel utilization rate Uf has an important impact on the per-

formance of fuel cells. A higher fuel utilization rate Uf means 

more efficient conversion of fuel into electrical energy, thereby 

improving the overall efficiency of the fuel cell. By maximizing 

the available portion of fuel chemical energy, the economy and 

sustainability of the fuel cell system can be significantly im-

proved. This has positive significance for realizing clean energy 

conversion and mitigating climate change in the field of sustain-

able energy. However, multiple aspects such as fuel supply, re-

action kinetics, and system design need to be comprehensively 

considered to achieve optimal fuel utilization rate Uf. Therefore, 

in the development and optimization of fuel cell technology and 

applications, maximizing the fuel utilization rate is one of the 

key considerations for achieving efficient, economical and sus-

tainable energy conversion. 

Figures 5 and 6 present the influence of fuel utilization rate 

Uf on the exergy performance indicators of DA-SOFC under dif-

ferent operating pressures when the inlet flow rate and the oper-

ating temperature are constant. The exergy efficiency  and ex-

ergy performance coefficient EPC of DA-SOFC both increase 

with the increase of fuel utilization rate Uf. Increasing the fuel 

utilization rate Uf can reduce the consumption of underutilized 

fuel in the system through non-electrochemical pathways, there-

by reducing unnecessary heat generation. A higher fuel utiliza-

tion rate Uf also means a more effective power generation pro-

cess, reducing the energy loss caused by electrochemical reac-

tions inside the system and helping to slow down the tempera-

ture rise of the system and further reducing the release of waste 

heat. When the operating temperature is 1073 K, the current den-

sity is 15 000 A/m2 and the fuel utilization rate is 0.9, the ex-

ergetic performance coefficient is increased by 22.2%. There-

fore, improving fuel utilization can reduce cell heat loss and im-

prove the exergetic performance coefficient. In summary, under 

certain conditions, increasing fuel utilization can improve the fi-

nite time thermodynamic performance of DA-SOFC. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

3.4. Effects of electrolyte thickness on DA-SOFC per-

formance 

Electrolyte thickness is a key design parameter for fuel cells and 

has an important impact on system performance. When the elec-

 

Fig. 3. ϕ varying with current density at different p. 

 

Fig. 4. EPC varying with current density at different p. 

 

Fig. 5. ϕ varying with fuel utilization at different p. 

 

Fig. 6. EPC varying with fuel utilization at different p. 
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trolyte thickness is too large, the internal resistance of the fuel 

cell also increases due to the increase in the resistance of the ion 

transport path. This will increase the resistance of current trans-

mission in the electrolyte and reduce the overall conductivity of 

the fuel cell, thus affecting the output power. A thicker electro-

lyte may also lead to an increase in the voltage drop between 

electrodes, thus affecting the fuel cell system efficiency. Sec-

ondly, a thicker electrolyte increases the gas diffusion path and 

hinders the effective transportation of fuel and oxygen. This af-

fects the utilization efficiency of reactants and reduces the rate 

of electrochemical reactions. Therefore, the response speed of 

the fuel cell is slower, affecting its dynamic performance, which 

may be limited, especially in applications that require a quick 

response. Therefore, when designing a fuel cell, it is necessary 

to carefully balance the influence of electrolyte thickness on re-

sistance and reaction rate. 

Figures 7 and 8 demonstrate the influence of electrolyte 

thickness tele on the exergy performance indicators of DA-SOFC 

when the operating temperature is constant.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The exergy efficiency φ and exergy performance coefficient 

EPC of DA-SOFC both decrease with the increase of electrolyte 

thickness. Increasing the electrolyte thickness of DA-SOFC has 

a significant impact on waste heat generation. There are multiple 

reasons for the increase in waste heat generation in DA-SOFC 

due to an increase in electrolyte thickness. First, increasing the 

electrolyte thickness will significantly increase the internal re-

sistance of the fuel cell, leading to greater Ohmic losses. Sec-

ondly, due to the increase in electrolyte thickness, the diffusion 

path of fuel and oxygen in the fuel cell becomes longer, increas-

ing the resistance to mass transfer. This leads to more diffusion 

limitations, reducing the utilization efficiency of fuel, thereby 

increasing the proportion of chemical energy that is not con-

verted into electrical energy and is converted into thermal en-

ergy. Therefore, although an increase in electrolyte thickness is 

beneficial to some aspects of performance, it simultaneously 

brings greater resistance and diffusion limitations, resulting in 

additional waste heat generation. All these reasons will lead to 

an increase in exergy loss, resulting in a decrease in exergy effi-

ciency  and exergy performance coefficient EPC. 

3.5. Effects of porosity on DA-SOFC performance 

The porosity of fuel cell electrodes greatly affects DA-SOFC 

performance. Moderate porosity can improve gas diffusion and 

electron conduction, and promote the effective transmission of 

reactants in the electrode. Higher porosity helps to increase gas 

passage in the electrode, provides more active surfaces and pro-

motes catalytic reactions. However, too high porosity may also 

lead to a loose electrode structure and reduce the effective elec-

trode surface area, thereby affecting the reaction rate. Too high 

or too low porosity may lead to the concentration of mechanical 

stress and affect the stability of the electrode structure, thus af-

fecting DA-SOFC life. An increase in porosity may lead to an 

extension of the gas flow path and an increase in gas diffusion 

resistance. Therefore, when optimizing the porosity value of fuel 

cell electrodes, factors such as gas diffusion, electron conduc-

tion and reaction rate need to be comprehensively considered to 

achieve the appropriate performance. 

Figures 9 and 10 present the influence of electrode porosity 

ε on the exergy performance indicators of DA-SOFC when the 

operating temperature is constant. The exergy efficiency  and 

exergy performance coefficient EPC of DA-SOFC both de-

crease with the increase of electrode porosity ε. A moderate pore 

structure can improve the uniform distribution of fuel in the 

electrode, improve the utilization efficiency of fuel, help to max-

imize the conversion of chemical energy into electrical energy, 

and reduce the proportion of unused energy converted into ther-

mal energy, thereby improving the thermal efficiency of the fuel 

cell. When increasing the porosity, EPC increases. When the 

current density is 15 000 A/m2 and the porosity increases from 

0.6 to 0.8, EPC increases by 6.8%. From this analysis, it can be 

seen that the exergy performance and ecological performance of 

the fuel cell can be improved by adjusting the microstructure of 

the electrode, thereby improving the finite time thermodynamic 

performance of DA-SOFC. 

4. Conclusions 

A novel finite time thermodynamic model formulating the ex-

ergy efficiency and EPC is derived for a DA-SOFC. The effects 

of parameters including the operating temperature, operating 

pressure, fuel utilization, electrolyte thickness and electrode po-

rosity  on  the  finite  time  thermodynamic  performance  of  the  

 

Fig. 7. ϕ varying with current density at different tele. 

 

Fig. 8. EPC varying with current density at different tele. 
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studied irreversible DA-SOFC are investigated. The main re-

sults of this work could be concluded as follows: 

1) Increasing the operating temperature T, inlet pressure p, and 

fuel utilization rate Uf  is beneficial for reducing waste heat 

generation of DA-SOFC, decreasing exergy loss and entropy 

production rate, and thereby improving performance indica-

tors such as exergy efficiency and exergy performance coef-

ficient of DA-SOFC. The increase in inlet pressure will con-

sume additional external power, leading to a more complex 

system, increased cost and weight. 

2) Reducing the electrolyte thickness (tele) can improve the ther-

modynamic performance of DA-SOFC. However, in practi-

cal work, a thinner electrolyte will make it difficult to effec-

tively isolate the heat between the electrodes, which may 

lead to uneven temperature distribution and even thermal 

runaway, affecting the stack stability and lifespan. In the real 

design of DA-SOFC, a reasonable electrolyte thickness and 

electrode porosity need to be selected for DA-SOFC accord-

ing to specific application scenarios. 

3) The derived finite time thermodynamic model can be further 

employed to obtain optimal operating parameters and struc-

tural parameters under different application scenarios. These 

optimization results can be used to guide engineering design 

and operation control. 

Acknowledgements 

We gratefully acknowledge the financial support of the Scien-

tific Research Foundation of Nanjing Forestry University (No. 

GXL2018004). 

References 

[1] Sanaye, S., & Katebi, A. (2014). 4E analysis and multi objective 

optimization of a micro gas turbine and solid oxide fuel cell hy-

brid combined heat and power system. Journal of Power Sources, 

247, 294–306. doi: 10.1016/j.jpowsour.2013.08.065 

[2] Ma, Q., Peng, R., Tian, L., & Meng, G. (2006). Direct utilization 

of ammonia in intermediate-temperature solid oxide fuel cells. 

Electrochemistry Communications, 8(11), 1791–1795. doi: 

10.1016/j.elecom.2006.08.012  

[3] Ni, M., Leung, D.Y., & Leung, M.K. (2008). Mathematical mod-

eling of ammonia-fed solid oxide fuel cells with different electro-

lytes. International Journal of Hydrogen Energy, 33(20), 5765–

5772. doi: 10.1016/j.ijhydene.2008.07.021 

[4] Fuerte, A., Valenzuela, R.X., Escudero, M.J., & Daza, L. (2009). 

Ammonia as efficient fuel for SOFC. Journal of Power Sources, 

192(1), 170–174. doi: 10.1016/j.jpowsour.2008.11.037 

[5] Baniasadi, E., & Dincer, I. (2011). Energy and exergy analyses 

of a combined ammonia-fed solid oxide fuel cell system for ve-

hicular applications. International Journal of Hydrogen Energy, 

36(17), 11128–11136. doi: 10.1016/j.ijhydene.2011.04.234  

[6] Ahmadi, M.H., Ahmadi, M.-A., & Pourfayaz, F. (2017). Thermal 

models for analysis of performance of Stirling engine: A review. 

Renewable and Sustainable Energy Reviews, 68, 168−184. doi: 

10.1016/j.rser.2016.09.033  

[7] Andresen, B., & Salamon, P. (2022). Future Perspectives of Fi-

nite-Time Thermodynamics. Entropy, 24(5), 690. doi: 10.3390/ 

e24050690  

[8] Ghasemkhani, A., Farahat, S., & Naserian, M.M. (2018). Multi-

objective optimization and decision making of endoreversible 

combined cycles with consideration of different heat exchangers 

by finite time thermodynamics. Energy Conversion and Manage-

ment, 171, 1052‒1062. doi: 10.1016/j.enconman.2018.06.046  

[9] Dai, D., Liu, Z., Yuan, F., Long, R., & Liu, W. (2019). Finite time 

thermodynamic analysis of a solar duplex Stirling refrigerator. 

Applied Thermal Engineering, 156, 597‒605. doi: 10.1016/j.ap-

plthermaleng.2019.04.098  

[10] Li, Y., He, Y., & Wang, W. (2011). Optimization of solar-pow-

ered Stirling heat engine with finite-time thermodynamics. Re-

newable Energy, 36(1), 421‒427. doi: 10.1016/j.renene.2010. 

06.037  

[11] Tierney, M. (2020). Minimum exergy destruction from en-

doreversible and finite-time thermodynamics machines and their 

concomitant indirect energy. Energy, 197, 117184. doi: 10.1016/ 

j.energy.2020.117184  

[12] Li, C., Liu, Y., Xu, B., & Ma, Z. (2019). Finite Time Thermody-

namic Optimization of an Irreversible Proton Exchange Mem-

brane Fuel Cell for Vehicle Use. Processes, 7(7), 419. doi: 

10.3390/pr7070419  

[13] Li, D., Li, S., Ma, Z., Xu, B., Lu, Z., Li, Y, & Zheng, M. (2021). 

Ecological Performance Optimization of a High Temperature 

Proton Exchange Membrane Fuel Cell. Mathematics, 9(12), 1332. 

doi: 10.3390/math9121332  

 

Fig. 9. ϕ varying with current density at different porosity ε. 

 

Fig. 10. EPC varying with current density at different porosity ε. 



Shang A., Song H., Ma Z. 
 

200 
 

[14] Ge, Y., Chen, L., & Sun, F. (2016). Progress in Finite Time Ther-

modynamic Studies for Internal Combustion Engine Cycles. En-

tropy, 18(4), Article 139. doi: 10.3390/e18040139  

[15] Chen, Y., Zhao, D., Xu, J., Wang, J., & Lund, P.D. (2021). Per-

formance analysis and exergo-economic optimization of a solar-

driven adjustable tri-generation system. Energy Conversion and 

Management, 233, 113873. doi: 10.1016/j.enconman.2021. 

113873  

[16] Guo, X., Xu, B., Ma, Z., Li, Y., & Li, D. (2022). Performance 

Analysis Based on Sustainability Exergy Indicators of High-

Temperature Proton Exchange Membrane Fuel Cell. Interna-

tional Journal of Molecular Sciences, 23(17), 10111. doi: 

10.3390/ijms231710111 

[17] Li, Y., Li, D., Ma, Z., Zheng, M., Lu, Z., Song, H., & Shao, W. 

(2022). Performance analysis and optimization of a novel vehic-

ular power system based on HT-PEMFC integrated methanol 

steam reforming and ORC. Energy, 257, 124729 doi: 10.1016/ 

j.energy.2022.124729  

[18] Ramadhani, F., Hussain, M.A., Mokhlis, H., & Hajimolana, S. 

(2017). Optimization strategies for Solid Oxide Fuel Cell (SOFC) 

application: A literature survey. Renewable and Sustainable En-

ergy Reviews, 76, 460‒484. doi: 10.1016/j.rser.2017.03.052  

[19] Hajabdollahi, Z., & Fu, P.-F. (2017). Multi-objective based con-

figuration optimization of SOFC-GT cogeneration plant. Applied 

Thermal Engineering, 112, 549‒559. doi: 10.1016/j.applthermal-

eng.2016.10.103  

[20] Mert, S. O., Ozcelik, Z., Ozcelik, Y., & Dincer, I. (2011). Multi-

objective optimization of a vehicular PEM fuel cell system. Ap-

plied Thermal Engineering, 31(13), 2171‒2176. doi: 10.1016/ 

j.applthermaleng.2011.04.031  

[21] You, H., Han, J., Liu, Y., Chen, C., & Ge, Y. (2020). 4E analysis 

and multi-objective optimization of a micro poly-generation sys-

tem based on SOFC/MGT/MED and organic steam ejector refrig-

erator. Energy, 206, 118122. doi: 10.1016/j.energy.2020.118122 

[22] Forough, A.B., & Roshandel, R. (2013). Multi objective optimi-

zation of solid oxide fuel cell stacks considering parameter effects: 

Fuel utilization and hydrogen cost. Journal of Renewable and 

Sustainable Energy, 5(5), 053124. doi: 10.1063/1.4822253  

[23] Mojaver, P., Chitsaz, A., Sadeghi, M., & Khalilarya, S. (2020). 

Comprehensive comparison of SOFCs with proton-conducting 

electrolyte and oxygen ion-conducting electrolyte: Thermoeco-

nomic analysis and multi-objective optimization. Energy Conver-

sion and Management, 205, 112455. doi: 10.1016/j.enconman. 

2019.112455  

[24] Ishak, F., Dincer, I., & Zamfirescu, C. (2012). Energy and exergy 

analyses of direct ammonia solid oxide fuel cell integrated with 

gas turbine power cycle. Journal of Power Sources, 212, 73‒85. 

doi: 10.1016/j.jpowsour.2012.03.083  

[25] Beyrami, J., Chitsaz, A., Parham, K., & Arild, O. (2019). Opti-

mum performance of a single effect desalination unit integrated 

with a SOFC system by multi-objective thermo-economic opti-

mization based on genetic algorithm. Energy, 186, 115811. doi: 

10.1016/j.energy.2019.07.141  

[26] Wang, J., Cui, Z., Yao, W., & Huo, S. (2023). Regulation strate-

gies and thermodynamic analysis of combined cooling, heating, 

and power system integrated with biomass gasification and solid 

oxide fuel cell. Energy, 266, 126430. doi: 10.1016/j.energy. 

2022.126430  

[27] Song, H., Lu, Z., Ma, Z., Guo, X., & Guo, Q. (2024). Thermody-

namic analysis of the performance of an irreversible ammonia-

fed solid oxide fuel cell. Archives of Thermodynamics, 45(2), 

279−290. doi: 10.24425/ather.2024.150872 

[28] Maffei, N., Pelletier, L., Charland, J.P., & McFarlan, A. (2006). 

An ammonia fuel cell using a mixed ionic and electronic conduct-

ing electrolyte. Journal of Power Sources, 162(1), 165‒167. doi: 

10.1016/j.jpowsour.2006.06.056  

 


