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Abstract

To investigate the performance of an irreversible direct ammonia-fed solid oxide fuel cell, the direct ammonia-fed solid
oxide fuel cell based on oxygen ion conductivity was modeled using finite time thermodynamic theory. First, mathematical
expressions for the output power, output efficiency, ecological objective function and ecological coefficient of performance
of the direct ammonia-fed solid oxide fuel cell were derived. Further, the effects of parameters such as operating tempera-
ture, operating pressure, fuel utilization, and electrolyte thickness on the performance of direct ammonia-fed solid oxide
fuel cell were numerically investigated. The results show that as the operating temperature of direct ammonia-fed solid
oxide fuel cell increases, the performance of direct ammonia-fed solid oxide fuel cell including output power, output effi-
ciency, ecological objective function and ecological coefficient of performance will be improved. Under certain conditions,
increasing fuel utilization can improve output power, output efficiency and ecological performance. Increasing the elec-
trolyte thickness will decrease the finite time thermodynamic performance of direct ammonia-fed solid oxide fuel cell.
Moreover, the microstructure of the electrode also affects the performance of direct ammonia-fed solid oxide fuel cell, and
the ecological objective function is increased by 16.9% when the electrode porosity is increased from 0.4 to 0.8.
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OF THERMODYNAMICS

1. Introduction

There is an urgent need to find new clean and renewable
sources of energy for normal socio-economic development, so
solar, wind, nuclear, tidal, hydrogen have become new options
[1, 2]. Solar, wind and geothermal energy (tidal energy) have the
advantages of being renewable and non-polluting. However, the
climate, geographical location, time intermittency and other lim-
itations make the large-scale popularization of the use of large-
scale is hindered while solid oxide fuel cell (SOFC) is not lim-

ited by the above factors. The chemical energy of the fuel itself
may be transformed into electricity at any moment as long as it
is electrified. Fuel options include hydrogen, methanol, natural
gas, and biomass gas [3]. Thus, it is characterized by fuel flexi-
bility. But it is difficult to storage and transportation hydrogen
for the case of requiring high pressure vessels and good tanks
for storage of compressed hydrogen [4].

At present, ammonia is proposed to be used as a sustainable
fuel [5-7]. Ammonia is less expensive per unit volume of stored
energy than hydrogen, making it simpler to generate, store, and
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Nomenclature

Acell — active cell area, m?

Er  —cell reversible voltage, V

E® — voltage at standard pressure, V
F — Faraday's constant, C/mol

G - Gibbs free energy, J

Jo  —exchange current density, A/m?
J — current density, A/m?

N — total battery current, A/m?

LHVyy,— lower heating value of the ammonia fuel, kJ/mol
myy,— mass flow rate, kg/h

N — number of single cells

Ny, equ— €quivalent molar flow rate of Hz ,mol/s

Ny, consumea— actual molar flow rate consumed of , mol/s
nrel  — amount of fuel required, mol

pi  — partial pressures of i, atm

pi"™® — partial pressures of at the three-phase boundary, atm
P — power density, W/m?

R —gas constant, J/(mol-K)

R, - electrolyte resistivity, Q@ m

Sg  —cyclic entropy increase

T — operating temperature, K

To — ambient temperature, K

TL  —temperature of the low-temperature heat source, K
Us  — fuel utilization, %

Vact.an— anodic activation overpotential, V

Vactca— Cathodic activation overpotential, V

Vonm — ohmic overpotential, V

Veon,an— anodic concentration overpotential, V

transport. Besides, Ammonia is relatively safe to use because its
pungent odor is easily detected. Most importantly, liquid ammo-
nia is not released when used as fuel cell fuel, which is cost ef-
fective [8]. As a result, there has been increasing research into
the use of ammonia as a sustainable fuel in fuel cells, especially
in SOFCs. Ammonia fuel and solid oxide fuel cells are an ideal
combination to address decarbonization issues in transportation
sectors such as shipping, heavy vehicles, and aviation [9]. For
instance, Toyota's Mirai and Hyundai's Nexo have successfully
passed testing using the direct ammonia-fed solid oxide fuel cell
(DA-SOFC) system in Australia. In addition, Japanese company
IHI has partnered with Toyota to commercialize small cogener-
ation systems based on DA-SOFC, which can be used for power
generation in homes, factories, and other places to reduce fossil
energy[10]. Therefore, it is of great significance to study DA-
SOFC in order to achieve carbon-free transportation and other
fields.

For now, researches on DA-SOFC mainly includes electro-
lyte types [11-13], electrolyte materials [14,15], electrode ma-
terials and parameter research [16]. Ni et al. [17] tested direct
ammonia fuel cells with different electrolytes. Specifically
SOFC based on proton conductivity (SOFC-H) and SOFC based
on oxygen ion conductivity (SOFC-O) were tested separately.
The large ohmic overpotential of the SOFC-H electrolyte results
in a much lower practical performance of the proton conduction
direct ammonia fuel cell than the oxygen ion conduction direct

Veonca— Cathodic concentration overpotential, V
W - output power, W
z — number of electrons

Greek symbols

a - charge transfer coefficient

Ay, — mole fraction of hydrogen, %

o —entropy production rate, W/(K-m?)
o, - electrolyte thickness, mm

T — cycle period

¢  —output exergy, kd/mol

Subscripts and Superscripts

0 — standard conditions
act — activation
an —anode

ca - cathode
con - concentration
H2 - hydrogen H2

H>O — water
O2 — oxygen
ohm — Ohmic

Abbreviations and Acronyms

DA-SOFC- direct ammonia-fed solid oxide fuel cell
ECOP - ecological coefficient of performance
FTT — finite time thermodynamics

PEMFC —proton exchange membrane fuel cell
SOFC - solid oxide fuel cell

ammonia fuel cell. The electrolyte is an important structure of
DA-SOFC, it transports oxygen ions or protons between the an-
ode and cathode to complete the electrochemical reaction of
DA-SOFC [18]. At the relevant working temperature of the fuel
cell, an ideal electrolyte should be stable. Because it is highly
conductive and stable in a variety of conditions, yttria-stabilized
zirconia (YSZ) is the most often utilized electrolyte for direct
ammonia fuel cells with oxygen ion conducting electrolyte
(SOFC-0). Kaur and Singh [19] studied the influence of cathode
materials on the operating temperature of fuel cells. The findings
indicate that the cathode material significantly impedes the re-
duction of the fuel cell's operating temperature. This is primarily
due to the dominance of cathode activation polarization when
the fuel cell's operating temperature lowers. Jiang and Chan [20]
analyzed the specific requirements of SOFC anode materials.
The results show that the anode material must have sufficient
electrical conductivity, chemical and mechanical stability and
activity for electrochemical reactions. Li et al. [21] conducted
a study to investigate the impact of operating temperature on the
performance of DA-SOFCs. The findings indicate that the effi-
ciency of the DA-SOFC is significantly influenced by the level
of breakdown of the entering NHs. Siddiqui and Dincer [8] con-
ducted a study to examine the impact of electrolyte thickness
and operating temperature on the performance of a DA-SOFC.
According to the findings, the peak power density of the fuel cell
and the performance of the battery are both able to be greatly
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enhanced by reducing the electrolyte thickness and increasing
the operating temperature, respectively. Yin et al.[22] showed
through research that increasing the temperature can increase the
reaction rate inside the fuel cell and then significantly improve
the performance of the fuel cell.

Finite time thermodynamics is an extension and promotion
of classical thermodynamics, a new branch of modern thermo-
dynamic theory, mainly studying the laws of energy flow and
entropy flow of non-equilibrium systems in finite time. In the
development process of finite time thermodynamics, the re-
search on internal reversible Carnot cycle model, efficiency at
maximum power output, basic optimization relations, unified
theory of internal reversible cycles, irreversible cycle theory and
other aspects play an extremely important role. Traditional
methods of studying fuel cells are usually based on idealized as-
sumptions, such as equilibrium conditions under infinite time.
Finite time thermodynamics (FTT) takes into account the irre-
versibility and actual operating conditions in the actual system,
thus providing a more realistic model which reflects the actual
Fuel cell performance accurately. The goal of finite time ther-
modynamics is to achieve the best performance in a given time,
which is different from the traditional approach that focuses on
the equilibrium state. This means finite time thermodynamics
can optimize the power output and efficiency of the fuel cell in
a specific time period, which is very important to many practical
applications. The purpose of FTT is to minimize the irreversi-
bility of a thermal system in a finite time constraint by seeking
performance boundaries for thermodynamic processes. The use
of finite time thermodynamics theory is to determine the best
thermodynamic efficiency of a DA-SOFC under limited time
limitations, with the objective of enhancing the actual output
performance of the fuel cell [23—25].

Sieniutycz and Poswiata [26] used finite time thermody-
namic optimization method to study the ultimate output perfor-
mance of fuel cells. Ye et al. [27] used exergy analysis theory to
study the performance of two fuel cell systems under different
operating conditions. The findings indicate that raising the op-
erational temperature of the fuel cell leads to a corresponding
enhancement in both the power output and efficiency of the sys-
tem. Conversely, the influence of relative humidity and operat-
ing pressure on the performance of the system is found to be
negligible. Ishak et al. [28] conducted their investigation of the
ammonia fuel cell system using energy and exergy analysis
methodologies. The findings indicate that there is a negative cor-
relation between the amount of fuel use and the system's energy
and exergy efficiency. By raising the temperature of the fuel
cell, one may improve both its energy efficiency and its exergy
efficiency. You et al. [29] analyzed the energy, energy effi-
ciency, economic, and environmental aspects of the SOFC pol-
ygeneration system. They then used the NSGA-II technique to
carry out two sets of multi-objective optimizations, with the goal
of optimizing the system's performance in various situations. Xu
et al. [30] developed a thermodynamic model for irreversible
proton exchange membrane fuel cells (PEMFCs) and investi-
gated the impact of several factors, including operating temper-
ature, film thickness, and operating pressure, on the perfor-
mance of the fuel cell. Enhancing the operating temperature and

pressure of a PEMFC has been shown to have a positive impact
on its performance. Similarly, it has been noted that the degree
of phosphoric acid doping may greatly enhance the fuel cell's
performance. This is mostly attributed to the influence of phos-
phoric acid doping on the proton exchange membrane's conduc-
tivity.

The main contribution of applying the FTT method in this
paper is to establish various thermodynamic evaluation index
models for performance analysis and optimization, as well as to
study the irreversible process of DA-SOFC. Firstly, the irrevers-
ibility of DA-SOFC was analyzed from the perspective of finite-
time thermodynamics, and a voltage model considering the irre-
versibility was established. From this, the finite time thermody-
namic indexes such as power, efficiency, entropy production
rate, ecological objective function and ecological coefficient of
performance (ECOP) of DA-SOFC were derived. Then, the per-
formance of DA-SOFC is analyzed, and the effects of operating
temperature, operating pressure, fuel utilization, electrolyte
thickness and electrode porosity on various finite time thermo-
dynamic indexes of DA-SOFC are studied. We believe that this
finite time thermodynamic model can provide new ideas for fu-
ture fuel cell research. The irreversibility analysis of fuel cells
can better identify the source of polarization loss in fuel cells
and provide direction for future improvements in fuel cell per-
formance. Evaluate the performance of DA-SOFC under differ-
ent operating parameters, and the results obtained can provide
theoretical guidance for the optimization design and practical
application of fuel cells.

2. Finite time thermodynamic model of irreversi-
ble DA-SOFC

2.1. Working mechanisms

The operation of solid oxide fuel cells, which rely on oxygen ion
conducting electrolytes, need the transportation of ions through
the electrolyte. Introduce either pure oxygen gas or air to the
cathode compartment of the fuel cell. At the boundary between
the cathode and electrolyte, the process of oxygen reduction oc-
curs, resulting in the formation of oxygen ions. The aforemen-
tioned ions traverse the electrolyte and engage in an electro-
chemical process with hydrogen gas at the boundary between
the anode and electrolyte, resulting in the generation of water
vapor. Ammonia fuel decomposes at the anode of an ammonia
fuel cell. This decomposition process results in the formation of
two distinct products, referred to as H, and N,. The reaction
equation is as follows:

NHzo 2Hy + 2N, . 1)

The hydrogen gas produced by decomposition reacts with
oxygen ions at the anode-electrolyte interface to produce water
vapor. The fuel cell releases hydrogen, nitrogen, unreacted am-
monia fuel, and produced water vapor. The hydrogen concentra-
tion is diluted as a result of the creation of nitrogen during the
thermal breakdown of ammonia, which lowers the fuel cell's re-
versible cell potential. At low temperatures and without a cata-
lyst, the decomposition rate is slower, but at high temperatures
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and with a catalyst, the decomposition rate is faster. Figure 1
describes the working principle of the ammonia-fed. The elec-
trochemical reactions on the anode and cathode of SOFC are as
follows:

— anode reaction:

H,+0% > H,0 + 2,- )
— cathode reaction:

%oz+2e——> 0%~ ©)

Nt
A\”LXL“L“,‘O[ l

NB- N+3ib

Anode

Electrolyte

Cathode

Fig. 1. Working mechanisms of SOFC-O.

2.2. Reversible potential of DA-SOFC

In order to calculate the maximum output power, efficiency of
DA-SOFC, the voltage of the fuel cell consists of irreversible
factors such as activation polarization, ohmic polarization, con-
centration polarization, and thermal irreversibility, which are
not considered in the ideal model. Under situations when the cir-
cuit is open, the potential (voltage) may be characterized as:

_ 0 szpoz
A = (4)
-AG
C=r (5)

where E; is the cell reversible voltage; E° is the voltage at stand-
ard pressure, R is the gas constant; T is the operating tempera-
ture; F is Faraday's constant; prz2, po2 and puzo are the partial
pressures of hydrogen, oxygen, and water on the anode side, re-
spectively; G is the Gibbs free energy; and z is the number of
electrons involved in the chemical reaction, set to a value of 2.

The irreversibility within the cell leads to energy loss, which
is represented by the overpotential. Thus, the single DA-SOFC
voltage can be expressed as:

V =E, Vact,ca ) (6)

where Vgep qn and Ve oo are the anodic and cathodic activation
overpotentials, respectively; V., is the ohmic overpotential at

- Vact,an - Vact,ca - Vohm - Vcon,an -

the electrolyte; V.o, qn @and Vger oo are the anodic and cathodic
concentration overpotentials, respectively.

2.3. Overpotential of DA-SOFC

Due to the irreversibility of electrode dynamics, the losses oc-
curring in fuel cells are referred to as activation overpotentials.
The correlation between the activation overpotential and the cur-
rent density of a fuel cell is mathematically represented by the
Butler-Volmer equation:

J=J [ex (aZF a“) exp (—

where Jo is the exchange current density, z is the number of elec-
trons involved per reaction.

This depends on the material and structure of the electrode
used [31]. This effect is described by the charge transfer coeffi-
cient (&), which is numerically between 0 and 1. It is usually
taken as 0.5. Thus, the activation overpotential can be expressed
as:

(1—a)zFVact)]' (7)

RT

Vacti = ?Sinh*( ]] ) i = cathode or anode.  (8)

ZJo,i

The ohmic overpotential (V,,,) illustrates the ionic re-
sistance of the electrolyte. The ohmic overpotential can be eval-
uated according to Ohm's law [32]. The ohmic overpotential of
DA-SOFC electrolyte is expressed as:

]O-mRQ! (9)

where on is the current density, Ry, is the electrolyte thickness;
is the electrolyte resistivity.

Water vapor is produced at the SOFC-0 anode and the con-
centration at the electrode is related to the partial pressure of the
gas. Thus the anode concentration overpotential and cathode
concentration overpotential are expressed as:

ohm

TB
RT PH,PH20
V. =—In 2 10
conan = g szpij ) (10)
__RT, (PO,
Veon,ca = _ln< TB)v (11)
4F Po,

where sz po2 and p o are the partial pressures of H,, O, and
H,0 at the three-phase boundary, respectively.
The current density J is defined by [33]:

nUfonHZ'equ

Jt
= 12
] NAcel NAcel ( )
NH, equ = Mfuel » (13)
Uf — nHZ,consumed , (14)
MHz equ

where J; is the total battery current, N and Ace are the number of
single cells and the active cell area, respectively, Us is the fuel
utilization, MUy pu is the equivalent molar flow rate of H,, Nyl
and Ay, are the amount of fuel required and the mole fraction of
hydrogen, respectively, is the actual molar flow rate
consumed.

nHz,consumed
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2.4. Finite-time thermodynamic performance analysis
of DA-SOFC

The output power density of DA-SOFC can be expressed as fol-
lows [34]:

P = ]V = ](Er - Vact,an — Vact,ca — Vohm - Vcon,an - Vcon,ca)

1
=J|E° + X1 (—pHZ(p02)2> - RF—Tsinh‘1 (i) + (15)

2F PH,0

TB
BT Ginpt () — _ BTy, (PHz2PH20) RT )  (PO;
7 sinh (Z]an) JomRo =55 1n <pH2p£§o) ar il (p?)?)]'
The output efficiency of an energy conversion device may
be determined by dividing the energy output by the total energy
intake. Therefore, the expression for the output efficiency of
DA-SOFC may be represented by the following equation [35]:

n(%) =——— =

MNH3 LHVNH;

J(Er—Vact,an—Vact,ca=Vohm—Vcon,an—Vcon,ca) (16)
MNH3 LHVNH; !

where myy, is the mass flow rate; is the lower heating value of
the ammonia fuel.

Angulo-Brown [36] proposed an ecological objective func-
tion E =P - To as an objective to discuss the performance of
finite time Carnot engines (where Ty is the temperature of the
low-temperature heat source, P is the output power of the finite
time heat engine, and ¢ is the entropy production rate). By sub-
stituting T, with To in the mathematical model, the ecological
objective function may be represented as [37]:

E=P-To, 17)
-AHO-pP
0= T (18)

where To a represents the ambient temperature. Based on the
analysis of FTT theory, references [38,39] provide unified eco-
logical optimization indicators for thermodynamic cycles:

=T (19)
where ¢ represents the cycle output exergy,  is the cycle period,
To is the ambient temperature, and AS is the entropy production
of the entire cycle.

Chen et al. [37] proposed that the actual power dissipation is
formulated as Too. When seen from the perspective of exergy
analysis, the ecological criteria function is defined as the differ-
ence between the rate at which exergy is produced and the
amount of power that is lost in the process. The following is an
expression that may be used to describe the ecological goal func-
tion of DA-SOFC:

E=p—-Tyo = (Er - Vact,an - Vact,ca +

_Vohm - Vcon,an - Vcon,ca)] - TOU' (20)

(T=1123K)

Model prediction 1

Fig. 2. Comparison of predicted model voltage
and experimental data

Ust et al. [40] introduced the concept of the ECOP as
a means to evaluate and enhance the efficiency of limited time
irreversible dual cycles. The ecological coefficient of perfor-
mance is a metric that quantifies the efficiency of a system by
measuring the ratio of power production to the loss of availabil-
ity. It may be mathematically represented as:

ECOP =

ToSqg'

(21)

Based on previous research, Ust et al. [40] proposed a hew
ecological objective function, called ECOP. In the context of
DA-SOFC, the ecological performance coefficient refers to the
proportion between the actual output power and power dissipa-
tion, which can be expressed as:

P J(Er—V, -V -V, -V, 7 )
ECOP = — JEr—Vactan—Vactca=Vorm=Veon,an—Veonca) (22)
Too Too

The new ecological coefficient of performance optimizes the
relationship between output power and power dissipation, and is
an important evaluation index for DA-SOFC.

2.5. Model verification

Among various types of fuel cells, SOFC has obvious ad-
vantages in power generation efficiency, environmentally
friendly power generation and fuel flexibility [41]. This charac-
teristic makes SOFC technology attract much attention in prac-
tice. It can not only effectively reduce environmental pollution,
but also have more flexible fuel options. While hydrogen is con-
sidered an ideal fuel, its production, storage and transportation
present problems. Moreover, under different experimental con-
ditions, the power difference between solid oxide fuel cells us-
ing ammonia fuel and hydrogen is less than 4%, so ammonia
fuel is the best choice [42].

Figure 2 shows the comparison results of the voltage pre-
dicted by the established DA-SOFC model and experimental
data at 1023 K and 1123 K [42]. The operating pressure is latm
and the electrolyte thickness is 30 um. The results show that the
established model agrees well with the experimental data with
a maximum error of 5%.
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3. Results and discussion

For SOFC to be widely commercialized, a suitable fuel should
be selected. Among all fuels, ammonia has the best volume den-
sity and better hydrogen storage weight density. It has lower lig-
uefaction requirements and is easier to store and transport. Am-
monia is therefore especially suited for tiny, portable systems
and applications in automobiles. A finite time thermodynamic
evaluation index and the known model of irreversible DA-SOFC
are used to study the influence of various parameters on the per-
formance of DA-SOFC. Table 1 lists the fundamental character-
istics of the cell that will be used in the ensuing computational
investigation. The remaining parameters stay the same while
one is altered to examine its impact.

Table 1. Relevant parameters involved in DA-SOFC single cell [42-48].

Parameters Value
Fuel utilization (%) 85
Exchange current (Z:Iensity of 7x10° PH, PH,0 exp(— M)
anode, J,, (A/m?) Py Po RT
i 0.25
Dxange et Y| s (2)" -2
Operating temperature, T (K) 1073
Operating pressure, p (atm) 1
Electrode porosity, € 0.4
Electrode tortuosity, T 4.25
Average pore radius of 05

electrode, 1), (um)
10350

Resistivity of electrolyte, Ro (Qm) 2.94x10° exp(— T)

Anode thickness (um) 500
Electrolyte thickness (um) 30
Cathode thickness (ium) 30

3.1. Effect of operating temperature on DA-SOFC per-
formance

Figure 3 shows the effect of current density and temperature on
the finite time thermodynamic index of DA-SOFC. Figure 3a
illustrates the substantial impact of temperature escalation on the
power output of the fuel cell. The output power exhibits an ini-
tial rise followed by a subsequent decline as the current density
rises, given a certain operating temperature. The output power
has a positive correlation with the operating temperature while
the current density is constant. This phenomenon occurs due to
the positive correlation between temperature and exchange cur-
rent density, as well as the negative correlation between temper-
ature and activation overpotential. Additionally, a rise in tem-
perature leads to an enhanced rate of oxygen ion passage, result-
ing in a reduction of the irreversible effects caused by the ohmic
overpotential. When the magnitude of power consumption is
low, there will be a corresponding drop in the lowest entropy
production, leading to a rise in the output power. Hence, it can
be shown that the ideal output power density of a DA-SOFC
may be efficiently enhanced by raising its operating temperature
within a certain range. Figure 3b shows that the output efficiency

of the fuel cell will become lower as the current density in-
creases at a certain temperature. Because the increase in current
density leads to an increase in irreversible losses within DA-
SOFC, resulting in lower efficiency. In addition, under a certain
current density, the battery energy efficiency increases with the
increase of operating temperature.

10000
9000 H-
8000 |
7000 t LTt~
__ 6000 .
< -
= 5000
= \
a 4 Y
4000 t £ -
3000
2000+
/
1000t /
/
0
0 05 1 15 2 25
(A/m? 10
a) K )
08 . . . . .
A T=1043K
S - = =T=1073K
07 NN T=1103K
06}
os} h
0.4 ..
0.3 -
02t =
0.1
0
0 05 1 15 2 2
b) j(Am?) 10
0.12
T=1043K
- - =T=1073K
0.1 T=1103K
0.08
£ o006
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7
0.04 7
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/
002t /
/f
v
o 05 1 15 2
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Fig. 3. Variation of P with operating temperature (a), variation of »
with operating temperature (b), variation of E with operating temper-
ature (c), variation of ECOP with operating temperature (d).
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It can be seen from Fig. 3c that when the operating tempera-
ture is kept constant, the ecological objective function first in-
creases and then decreases as the current density increases. It
can be explained that as the DA-SOFC reaction continues to pro-
ceed, the electrochemical reaction rate continues to increase, and
the output power of DA-SOFC continues to increase. At this
time, power dissipation is also increasing, but its amplitude is
much smaller than the increase in output power, so the ecologi-
cal objective function is increasing. As the current density con-
tinues to increase, power dissipation has been increasing, and
the output power is decreasing, so the ecological objective func-
tion is gradually decreasing. An increase in the operating tem-
perature leads to an increase in the ecological objective function.
The main reason is that an increase in the operating temperature
increases the output power of the irreversible DA-SOFC and re-
duces the power loss due to entropy formation. Therefore, when
the operating temperature increases, the ecological objective
function of DA-SOFC also increases.

The decrease in the ecological coefficient of performance is
seen in Fig. 3d. The phenomenon of power dissipation is seen to
be on the rise, while the output power is concurrently experienc-
ing a decline. Furthermore, the ratio between the output power
and power dissipation is also observed to be falling. Hence, the
ecological coefficient of performance is seen to be diminishing
as the operation of the DA-SOFC progresses. Raising the oper-
ational temperature has the ability to enhance the exchange cur-
rent density, diminish the activation overpotential, and augment
the rate of oxygen ion passage. Consequently, this mitigate the
irreversible consequences associated with the ohmic overpoten-
tial. Consequently, increasing the operational temperature has
the potential to enhance the ecological coefficient of perfor-
mance.

3.2. Effect of operating pressure on DA-SOFC perfor-
mance

Figure 4 shows the effect of operating pressure on the FTT index
of DA-SOFC when the current density is 15 000 A/lcm?. It is
clear from looking at Fig. 4a that when the operating pressure of
the DA-SOFC is raised, the power density will also rise. This is
due to the fact that if the operating pressure is increased, the ex-
change current density will keep growing, as will the reversible
potential, and the irreversibility of the DA-SOFC will decrease.
As a consequence of this, the power density of DA-SOFC con-
tinues becoming better. When the operating temperature is
1073 K and the operating pressure is increased to 3 atm, the
corresponding power density is 9 395.4 W/m?2. When the current
density is 15 000 A/cm?, the operating temperature is 1 073 K,
and the DA-SOFC operating pressure is increased from latm to
3atm, the DA-SOFC power density increases by 33.8%. This
observation demonstrates that the performance of DA-SOFC is
significantly influenced by the operating pressure.

Figures 4b—4d illustrates how the DA-SOFC's output effi-
ciency, ecological objective function, and ECOP will all im-
prove with an increase in operating pressure. When the operat-
ing pressure of DA-SOFC with an operating temperature of
1073 K and a current density of 15000 A/cm? was increased
from 1atm to 3 atm (101.33 —303.98 kPa), the output effi-

ciency, ecological objective function, and the ecological coeffi-
cient of performance of DA-SOFC increased by 33.9%, 85.5%,
and 65.3%, respectively.
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Fig. 4. Variation of P with operating pressure (a), variation of 5
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(c), variation of ECOP with operating pressure (d).

The ecological objective function increases with increased
operating pressure. This is primarily because increasing operat-
ing pressure lowers power loss from entropy creation and boosts
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the irreversible DA-SOFC's output power. As a result, as oper-
ating pressure increases, the ecological goal function of the DA-
SOFC also increases. Increasing operating pressure can also
mitigate the irreversible consequences associated with ohmic
overpotentials, thereby improving ECOP.

Based on the numerical analysis, increasing the operating
pressure significantly improves the finite time thermodynamic
performance of the DA-SOFC. First, increasing operating pres-
sure helps increase gas diffusion rates, making it easier for reac-
tants to transport inside the cell. By enhancing gas transfer, cells
can use fuel and oxygen more efficiently, increasing overall ef-
ficiency. Secondly, higher operating pressure helps reduce the
resistance of the gas flow channel, thereby reducing internal re-
sistance. This is critical to improving the battery's power output
and response speed. However, it is important to note that exces-
sive operating pressures may result in increased system engi-
neering complexity as stronger materials and construction are
required to withstand the greater pressures. In addition, increas-
ing the operating pressure consumes the power of ancillary
equipment such as compressor, which requires higher cost, and
the cost of manufacturing and maintaining the system may also
increase. Therefore, when considering increasing operating
pressure, multiple factors such as performance improvement,
system cost, and material strength must be comprehensively
considered to find optimal operating parameters to meet the
needs of specific application scenarios. Overall, optimizing op-
erating pressure is one of the important strategies to improve
fuel cell system performance, but requires a careful balance of
various factors.

3.3. Effect of fuel utilization on DA-SOFC performance

Figure 5 illustrates the impact of fuel utilization on the finite
time thermodynamic index of a DA-SOFC under the conditions
of a current density of 15 000 A/cm? and an operating tempera-
ture of 1 073 K. The observed variations in power density ex-
hibit distinct patterns at varying pressures, as seen in Fig 5a. The
power density exhibits an upward trend as the fuel utilization
ranges from 0.65 to 0.95, while maintaining a pressure of
1.5 atm (151.99 kPa) and 2 atm (202.65 kPa). As fuel utilization
rises, it is seen that the output voltage lowers while the current
density increases. The rise in current density surpasses the drop
in voltage, resulting in an overall gain in power density. When
the operating pressure is set at 1, a rise in fuel utilization from
0.65 to 0.95 results in a non-linear relationship with power den-
sity. Initially, the power density experiences an increase, fol-
lowed by a subsequent reduction. The power density attains its
greatest value when the fuel utilization is around 0.88. The pri-
mary factor contributing to this occurrence is the substantial
drop in fuel mass flow into the fuel compressor under specified
circumstances, resulting from the rise in fuel utilization. When
the fuel mass flow reaches a certain value, the increase in polar-
ization loss dominates the change in battery voltage and causes
the battery output power to decrease.

Figures 5b—5d shows the corresponding output efficiency,
ecological objective function and ECOP of DA-SOFC with fuel
utilization at different pressures. The results indicate that the
performance index of the DA-SOFC has a positive correlation

with the fuel utilization, seen at both 1.5 atm and 2 atm pres-
sures. When U;=0.65 and p = 1.5 atm, the output efficiency,
ecological objective function and ecological coefficient of per-
formance are 0.37, 0.15 and 2.14, respectively. When Us = 0.95
and p = 1.5 atm, they are 0.43, 0.21 and 2.69, respectively, and
the three finite time thermodynamic indexes are improved by
14.7%, 35.3% and 25.7%.
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The ecological objective function increases with the increase
in fuel utilization. This is mainly because an increase in fuel uti-
lization increases the overall energy conversion efficiency of the
fuel cell. Higher utilization means that more energy is efficiently
converted from fuel to electricity, reducing energy waste, reduc-
ing entropy-generated power loss, and increasing the output
power of the irreversible DA-SOFC. Therefore, the eco-objec-
tive function of the DA-SOFC increases as the operating pres-
sure increases. In summary, under certain conditions, increasing
the fuel utilization can improve the finite time thermodynamic
performance of DA-SOFC.

Fuel utilization has an important impact on fuel cell perfor-
mance. Higher fuel utilization means more efficient conversion
of fuel into electricity, increasing the overall efficiency of the
battery. By maximizing the use of available energy in the fuel,
unnecessary waste of resources can be reduced, thereby improv-
ing the economy and sustainability of the system. High fuel uti-
lization also helps reduce fuel costs, driving wider adoption of
fuel cell technology in commercial and industrial applications.
However, multiple aspects such as fuel supply, reaction kinetics,
and system design need to be considered comprehensively to
achieve optimal fuel utilization and maintain the long-term sta-
bility of the battery while improving efficiency. Therefore, in
the development and optimization of fuel cell technology, max-
imizing fuel utilization is one of the key considerations to
achieve efficient, economical and sustainable energy conver-
sion.

3.4. Effect of electrolyte thickness on DA-SOFC perfor-
mance

Figure 6 shows the effect of electrolyte thickness (g,,) on the
finite time thermodynamic index of DA-SOFC when the current
density is 15000A/m?and the operating temperature is 1073 K.
As can be seen from Fig. 6(a), the power density and fuel cell
performance significantly increase as the pressure increases and
the electrolyte thickness decreases. When P=1atm and the elec-
trolyte thickness is 30um, the power density of DA-SOFC is
7141.4W/m?. When the electrolyte thickness is 90um, it is
1006.3.4W/m?, which is reduced 7 times. This is mainly be-
cause an electrolyte layer that is too thick will produce a large
ohmic resistance, and the number and speed of ions in the elec-
trolyte passing through the electrolyte will be reduced. The
ohmic loss increases, and the internal resistance generated by
the ohmic overpotential increases. Since the entropy production
rate caused by ohmic resistance becomes larger, the power dis-
sipation becomes larger, so the output power density becomes
smaller.

Figures 6b-6d shows the output efficiency, ecological objec-
tive function and ECOP corresponding to DA-SOFC with elec-
trolyte thickness at different pressures. When the electrolyte
thickness increases, the three finite time thermodynamic indexes
decrease significantly. As the electrolyte thickness increases, the
power dissipation due to ohmic resistance becomes larger, the
output efficiency becomes smaller, and the irreversible DA-
SOFC ecological objective function becomes smaller. Increas-
ing the thickness of the electrolyte, the irreversible losses be-
come larger and thus the ecological coefficient of performance
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of the DA-SOFC decreases with increasing the thickness of the
electrolyte.

Electrolyte thickness is a key design parameter in fuel cells
and has a significant impact on cell performance. When the
thickness of the electrolyte is too large, firstly, the resistance in-
side the battery also increases due to the increased ion transmis-
sion path. This will increase the resistance of current transmis-
sion in the electrolyte, reduce the overall conductivity of the bat-
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tery, and thus affect the output power of the battery. Excessive
electrolyte thickness may also lead to an increase in voltage drop
between electrodes, thereby affecting battery efficiency. Sec-
ondly, an electrolyte that is too thick increases the path for gas
diffusion, hindering the efficient transport of fuel and oxygen in
the battery. This affects the battery's utilization efficiency of
reactants and reduces the rate at which electrochemical reactions
occur. As a result, the battery's response speed is slower, affect-
ing its dynamic performance, which may be limited especially
in applications that require fast response. Therefore, when de-
signing fuel cells, the effects of electrolyte thickness on re-
sistance and reaction rate need to be carefully balanced while
considering improved stability and loss resistance to achieve op-
timal cell performance. This requires system engineers to make
precise adjustments and optimizations based on specific appli-
cation requirements when weighing these factors.

3.5. Effect of porosity on the performance of DA-SOFC

In addition to the operating parameters, the microstructure of the
electrode also affects the performance of DA-SOFC. Figure 7
illustrates the impact of electrode porosity on the finite time
thermodynamic index of DA-SOFC when the current density is
15 000 A/m? and the operating temperature is 1 073 K. As can
be seen from Fig. 7a, the output power of DA-SOFC increases
with the increase of porosity.

When the DA-SOFC operates in the low-current region,
there is basically little change in the output power of the DA-
SOFC as the porosity increases. Because the electrochemical re-
action rate is slow at the beginning, the number of ions in the
electrolyte is low and the operation speed is slow, so the impact
of porosity on power density is minimal. As the electrochemical
reaction proceeds, the effect on power density gradually be-
comes larger. The reason for this phenomenon is that the rise in
porosity results in a corresponding rise in the diffusion coeffi-
cient. This increase in diffusion coefficient facilitates the move-
ment of reactants towards the triple-phase boundary (TPB) lo-
cated at the interface between the electrode and electrolyte. Ad-
ditionally, it facilitates the outward transport of products from
the TPB interface.

Figures 7b—7d shows the corresponding finite time thermo-
dynamic indexes of the DA-SOFC with the change of current
density at different porosities. When the current density is
15 000 A/m?, the operating temperature is 1 073 K, and the po-
rosity is increased from 0.4 to 0.8, the corresponding output ef-
ficiencies, ecological objective functions, and ecological coeffi-
cient of performance are increased by 8.3%, 16.9%, and 11.1%,
respectively. Therefore, modifying the microstructure of the
electrode may boost the efficiency of an irreversible DA-SOFC.

The porosity of fuel cell electrodes has an important impact
on performance. Moderate porosity can improve gas diffusion
and electron conduction, promote the effective transport of re-
actants in the electrode, and thus enhance the cell performance.
Higher porosity helps to increase the passage of gases in the
electrodes, providing more active surfaces and facilitating the
catalytic reaction. However, too high a porosity may also lead
to a loose electrode structure and reduce the effective electrode
surface area, thereby affecting the rate of the reaction. In addi-

tion, an increase in porosity may lead to a prolongation of the
gas flow path and an increase in the gas diffusion resistance.

Therefore, when optimizing the fuel cell electrode porosity,
factors such as gas diffusion, electron conduction and reaction
rate need to be considered comprehensively to achieve the best
cell performance.
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4. Conclusions

In this paper, a finite time thermodynamic model of DA-SOFC
is developed after considering the effect of polarization loss. The
effects of parameters such as operating temperature, operating
pressure, fuel utilization, electrolyte thickness and electrode po-
rosity on the finite time thermodynamic performance of DA-
SOFC are investigated in detail.

When the current density of the irreversible DA-SOFC is
15 000 A/m?, the output power density, output efficiency, eco-
logical objective function and ECOP rise by 57.1%, 57.4%,
311% and 113%, respectively with the increase of operating
temperature from 1043 K to 1103 K. When p=1 atm
(101.33 kPa), the power density first goes up and then decreases
in the wake of fuel utilization. When the fuel utilization rate is
about 0.88, the power density reaches the maximum value. Un-
der certain conditions, improving fuel utilization can improve
the finite time thermodynamic performance of DA-SOFC.
When the electrolyte thickness increases from 30 um to 90 um,
the power density decreases by nearly 7 times and it found that
increasing the electrolyte thickness will reduce the finite time
thermodynamic performance of DA-SOFC. The microstructure
of the electrode also affects the performance of DA-SOFC.
When the electrode porosity increases from 0.4 to 0.8, the cor-
responding output efficiency, ecological objective function and
ecological coefficient of performance increase by 8.3%, 16.9%
and 11.1% respectively.

Based on the finite time thermodynamic theory analysis, the
finite time thermodynamic performance of DA-SOFC can be
further improved when the operating temperature, operating
pressure, the electrode porosity and fuel utilization increase and
the thickness of the electrolyte decrease.
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