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Abstract. To reduce carbon emissions, solid oxide fuel cells (SOFCs) transform chemical energy into
electricity directly. Nevertheless, since SOFCs operate at very high temperatures (600 C to 1000 C), it
can be difficult to provide constant stability in electrical power output. Even more concerning is the
fact that the SOFC assembling stack is rigid, making it vulnerable to heat stress, which in turn can
cause mechanical deformation and, ultimately, a shorter lifetime for the SOFC system. The life
expectancy of a SOFC system can be increased by detecting a consistent temperature gradient all across
stack, which reduces the thermal stress distributions across the stack. The research analyses the
relationship in between the temperature gradients and thermal stress distributions, generating heat
sources, heat transfer mechanisms, and temperature gradients and heat transfers.
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1. Introduction

The endeavours towards cleaner power production technologies were bolstered by a greater understanding of the
consequences of greenhouse gases, climate change, and pollution. Fuel cells, in contrast to traditional combustion-based
power generating technologies, directly transform chemical energy - electrical power, bypassing the combustion process
altogether [1-5]. A deeper comprehension of the effects of greenhouse gases, global warming, as well as pollution has
spurred efforts to develop cleaner power generating systems. Unlike orthodox combustion-based power generating
systems, fuel cells immediately convert chemical energy - electrical power. Solid oxide fuel cells (SOFCs) have significant
potential to be employed as a power generating technology in the future because of its high fuel flexibility, efficiency, &
power reliability. Unpredictable energy fluctuations in the grid system could result in catastrophic losses for end users,
especially in the industrial sectors, if the power supply were to be interrupted [6-8]. As a result, reliable power generation
is essential for satistying consumer needs. An SOFC stack, assembled with a rivet and bolt to restrict the escape of
fuel/oxidant gases [9,10], is a promising power production for satisfying the current demand for energy. Due to the
ionic conductivity property in the electrolyte, SOFC stacks produce more power at a better efficiency while it is subjected
to high temperature (600C1000C) [11-14]. The SOFC stack is vulnerable to thermal stress generation, especially at the
sealant, since thermal stress is created when a rigid body suffers mechanical deformation owing to variation in
temperature. Mismatch in thermal expansion coefficient (TEC) [15-19] & temperature gradient [20-25] have been shown
to have a significant impact on the onset of thermal stress. Non-uniform temperature gradients create severe thermal
stress on elements with incompatible materials, hence it is crucial to choose these materials wisely during the design
phase of the cell (TEC). Deformation, creep, & cracks are examples of mechanical flaws caused by thermal stress in a
SOFC stack. The likelihood of structural failure is raised as a result of [26,27]. Below, we'll talk about what causes
temperature gradients, and how those gradients relate to heat transport in SOFCs. A deeper comprehension of the
effects of greenhouse gases, climate change, and pollution has spurred efforts to develop cleaner power generating
systems. Unlike conventional combustion-based power generating technologies, fuel cells directly convert chemical
energy into electrical power, eliminating the need for any combustion at all in the process. Efforts to create cleaner
power generating systems have been bolstered by a greater understanding of the consequences of greenhouse gases,
global warming, and pollution. In contrast to traditional combustion-based power producing systems, fuel cells instantly
convert chemical energy into electrical power. The high fuel flexibility, efficiency, and power reliability of solid oxide
fuel cells (SOFCs) make them an attractive candidate for utilisation as a power generating technology in the near future.
Power outages caused by unpredictable energy oscillations in the grid system could have devastating consequences for
end users, particularly in the industrial sectors. This means that consistent electricity output is crucial to meeting the
demands of the market. There is hope for meeting the current demand for energy through the use of power generated
by a SOFC stack, which is assembled with a tivet and bolt to restrict the escape of fuel/oxidant gases. When heated to
high temperatures (600C1000C), the ionic conductivity property of the electrolyte allows SOFC stacks to generate more
power at a higher efficiency. Since thermal stress is produced when a rigid body suffers mechanical deformation due to
temperature change, the SOFC stack is particularly susceptible to its creation at the sealant. The start of thermal stress
has been found to be significantly influenced by a mismatch in thermal expansion coefficient (TEC) and a temperature
gradient. Extreme thermal stress is placed on components made of incompatible materials by the cell's non-uniform
temperature gradients, therefore it's important to make an informed material choice eatly in the design process (TEC).
Mechanical defects in a SOFC stack include deformation, creep, and cracks due to thermal stress. Because of structural
failure is more probable. In this section, we will discuss the factors that lead to temperature differences and how these
variations impact heat transfer in SOFCs. Therefore, reliable electricity production is essential for satisfying market
needs. A SOFC stack, which is assembled using a rivet & bolt to restrict the escape of fuel/oxidant gases, offers promise
for satisfying the current need for energy. By increasing the temperature of the electrolyte to high levels (600C1000C),
SOFC stacks are able to generate more power with a higher efficiency. In the case of the SOFC stack, thermal stress is
generated at the sealant when a rigid body undergoes mechanical deformation owing to temperature change. It has been
observed that a temperature gradient and a mismatch in thermal expansion coefficient (TEC) considerably affect the
onset of thermal stress. Cell's non-uniform temperature gradients create extreme thermal stress on incompatible
components, therefore it's crucial to make an informed material choice eatly in the design process (TEC). Deformation,
creep, & cracks are all mechanical flaws caused by thermal stress in a SOFC stack. Since structural failure is more likely
to occur as a result. In this article, we'll go over what causes temperature differences and how it impacts heat transmission
in SOFCs. To reduce carbon emissions, solid oxide fuel cells (SOFCs) transform chemical energy into electricity directly.
Nevertheless, since SOFCs operate at very high temperatures (600 C to 1000 C), it can be difficult to provide constant
stability in electrical power output. Even more concerning is the fact that the SOFC assembling stack is rigid, making it
vulnerable to heat stress, which in turn can cause mechanical deformation and, ultimately, a shorter lifetime for the
SOFC system.
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The life expectancy of a SOFC system can be increased by detecting a consistent temperature gradient all across
stack, which reduces the thermal stress distributions across the stack. The research analyses the relationship in between
the temperature gradients and thermal stress distributions, generating heat sources, heat transfer mechanisms, and
temperature gradients and heat transfers. Also, computational fluid dynamics is used in estimation of convective heat
transfer coefficients in nanofluids [60].

2. The Rise and Fall of SOFC Temperatures

Generally speaking, a temperature gradient is the temperature difference between two points along the direction of
heat movement. Whether or not the gas flow in a SOFC stack is uniform from input to outlet has a knock-on effect on
the heat flow, temperature distribution, & temperature gradient within the stack. By routing the fuel & oxidant gases
through the interconnects here between electrodes, the reaction can take place in a variety of flow orientations. In SOFC,
both parallel and counter-flow orientations have been extensively researched, as shown in Figure 1. All of these
orientations transfer heat differently depending on how the heat is distributed and how steep the temperature gradients
are. All of these characteristics are affected by the heat created by the gas flow channels as fuel and oxidant are
introduced. More uniform temperature distribution is achieved in a counter-flow orientation, where Gases used as fuel
and those used to oxidise it go in opposing directions. Regardless of the boundary condition used, the temperature is
found to be greater at the outlet than the intake in a parallel-flow configuration, where both the fuel and the oxidizer
gases move in the same direction. [28-31]. Stygar et al. [32] used computational fluid dynamics (CFD) to examine the
effects of geometrical alterations on the rate of heat transfer in a SOFC with a mono-block-layer construction. In this
investigation, we used the interaction between heat input & fuel mass flow rate to calculate temperature distribution.
Results showed a substantially more uniform temperature distribution with in counter-flow orientation, even when the
inlet temperature and fuel mass flow rate were held constant. In the meanwhile [33] performed a CFD — Computational
Fluid Dynamics analysis based on the hypothesis that the distribution of the temperature is caused by the heat absorption
reaction. Mass, energy, momentum, as well as ionic conservation rules were used to create the 3D model's partial
differential equations in this research. Because the temperature gradient is steeper in the parallel-flow orientations, the
data showed that the current density distribution was less uniform there. This was the case for the counter-flow
orientations. This is why the counter-current orientation is favoured because it results in a more consistent temperature
throughout.
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Fig. 1. Orientation of gas flow in a solid-oxide fuel cell

It has been found that the thermal stress distribution is reduced in reverse flow because the temperature gradient is
not as sharp as in parallel flow. Since the ionic conductivity of the cell is temperature dependent, an uneven distribution
of temperature in the stack, especially among the contact surface of the electrodes & interconnection, can cause the
ionic conductivity to fluctuate and, in turn, the output power of the cell to be unreliable [34-37]. The link between
thermal stress & temperature gradient was also shown by Choudhary et al. [38]. The results demonstrated that preheating
the fuel & oxidant gases before they are introduced to the stack reduces the stress distribution throughout the SOFC
components. Consequently, it is crucial to assure constant endothermic reaction and efficient output performance by
reducing the steepness of the temperature gradient, which significantly effects the rate of thermal stress distribution in
SOFC stacks.
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Because the temperature gradient is not as dramatic as it is in parallel flow, the thermal stress distribution is less
extreme in reverse flow. Since the cell's ionic conductivity varies with temperature, an imbalance in the stack's
temperature, particularly at the surface of contact of the electrodes and the interconnection, can cause the ionic
conductivity to fluctuate and the cell's output power to be unreliable [34-37]. Choudhary et al. [38] also demonstrated
the connection between thermal stress and temperature gradient. The results showed that stress distribution in the
SOFC parts was reduced due to preheating the fuel and oxidant gases before they were delivered to the stack. To
guarantee a steady endothermic reaction and high output performance from SOFC stacks, it is necessary to mitigate the
steepness of the temperature gradient that has a major impact on the rate of thermal stress distribution.

3. SOFC Heat Transfer

The two main categories for the heat source in SOFC applications are Heat is provided from the outside and created
within. There are three primary ways in which heat can be transmitted: conduction, convection, and radiation. Radiative
heat exchange between the fuel/oxidant and gas flow channels just at interconnects has not been taken into account
when determining the temperature gradient in solid oxide fuel cells [39]. In SOFC applications, there are two primary
types of heat sources: Hot air is generated both externally and internally. Heat can be transferred in three main ways: by
conduction, by convection, and by radiation. When calculating the temperature gradient in SOFCs, researchers have
only considered convective heat transfer between the fuel/oxidant & gas flow channels at interconnects. However, the
energy that is introduced into the SOFC stack in the form of fuel and oxidant is converted into conductive and
convective energy. Figure 2 shows this procedure in detail. Concentration polarisation, activation polarisation, and
ohmic polarisation are all examples of electrochemical and chemical reactions that have been examined in the literature
[40—42] and contribute to the internal heat generation of a system. Concentration and activation polarizations, both of
which produce heat, were disregarded in their writings. The results demonstrated that the endothermic reaction
generates negligible amounts of heat. Moreover, the oxygen ion's conductivity across the electrode is responsible for
the Joule effect's heat generation. In this study, the Joule effect is explored in further depth in Section 4. Maintaining a
uniform temperature distribution is essential for efficient heat transfer, and this can be accomplished by keeping
temperature gradients as small as possible. The consequences of temperature distribution & heat transport in SOFC
have been the subject of recent research [43-49]. The steepness of temperature gradient all across stack can be reduced
and the cell performance can improve with the help of a heat pipe if it is implemented in SOFC.
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Fig. 2. SOFC heat transport diagram along the x-axis (side view)

Using CFD for validation, Dillig et al. [50] recently shown that the temperature gradient in SOFC might be reduced
by as much as 50%. Whenever the rate of heat extraction from the SOFC stack was raised, the temperature disparities
between the SOFC elements decreased, which improved efficiency of heat (16 percent). Zeng et al. [51] used a similar
method to assess the connection between heat transport and temperature gradients. The results of the studies by Dillig
et al. [50] and Zeng et al. [51] ate consistent with one another. Microcracking in the cell was further evaluated by
observing its cross-section.
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The huge temperature disparity typically has a deleterious effect on the cell, leading to the development of micro-
cracks. Relative to simulation, wherein the factor was only based on assumption, the aforementioned work reveals
greater benefits in measuring the areas of effectiveness & precision in the analysis, as shown in the actual state of the
cell. In the next section, we'll dive deeper into the role that temperature gradients play in heat transmission, in particular
as they pertain to the SOFC context.

3.1. Transfer of Heat by Convection

When energy is transferred from an external heat source, such as the fuel/oxidant (fluid), to the surface of the
interconnect and electrodes, this process is known as convection heat transfer (solid). See how easy it is to calculate
convective heat transfer with Newton's Law of Cooling

Qconv = hA(Ts — Tr)

dar
Qconv = hA (a)

where A is the area in contact with moving fluid, Ts is indeed the temperature of solid, and TF is indeed the
temperature of fluid.

When a solid object absorbs heat from a fluid, the heat transfer equation (1) is used. To determine the heat exchange
between fluid flow & the contact surface all along gas flow channels, Eq (2). The relationship among the temperature
distribution, temperature gradient, and efficiency of cell performance has been studied by Steilen et al. [52] using a
computational technique using convective heat exchange as loss of heat from the system. The heat transmission is a
major factor in determining the temperature distribution. Consequently, heat transfer has a major impact on output
voltage, output power, & efficiency of performance. The heat transfer equation (1) is utilised to describe the process of
heat transfer from a fluid to a solid. Transfer of heat between the fluid and the surface of contact is calculated along the
gas flow channels using Eq (2). Steilen et al. [52] used a computational method that relied on convective heat exchange
as a loss of heat from the system to investigate the connection between the temperature distribution, the temperature
gradient, and the efficiency of cell performance. One of the most important aspects of temperature distribution is heat
transmission. Therefore, heat transmission significantly affects output voltage, output power, and performance
efficiency. [53] came to a similar conclusion, observing that the cell temperature & performance efficiency are affected
by an excess of air flow in the interconnection during fuel usage. Since rapid air movement increases the rate of
convective heat transfer, the ionic conductivity of the YSZ electrolyte decreases and the pace of electro-catalytic
reactions slows. Previous studies have demonstrated that minimising temperature gradients by maintaining a uniform
temperature distribution is essential for optimising system performance. Rapid heat removal is caused by the high heat
exchange rate in a solid oxide fuel cell stack. The temperature has a significant impact on how abruptly the endothermic
reaction ends. As a result, the SOFC system's efficiency can be jeopardised by removing too much heat from it. That's
why it's important to factor in the right temperature gradient right from the start of the SOFC stack's design process to
maximise the stack's efficiency.

3.2. Conductive Heat Transfer

To put it simply, conductive heat transfer is the process by which energy is transferred from more energetic to less
energetic molecules inside the limits of a solid body, or from one solid body to another across their boundaries. An
individual cell's anode, electrolyte, & cathode all serve as heat conductors when the fuel transmits its heat convectively.
Figure 3 depicts the temperature and heat transfer from the anode to the electrolyte to the cathode of a single cell when
using only the fuel just at anode side as a heat source. Fourier's law states that the temperature gradient of a SOFC -
Solid Oxide Fuel Cell represents the variation in heat flow with respect to single cell thickness.

Simply described, transfer of conductive heat is the energy transmission from more energetic to the less energetic
molecules inside the borders of a solid body, or from one solid body to the other across their boundaries. Whenever
the fuel transfers its heat convectively, the anode, electrolyte, and cathode of a single cell all play a role as heat conductors.
Using only the fuel at the anode side as a heat source, the heat and pressure transfer from anode to a electrolyte to a
cathode of a single cell are shown in Figure 3. Based on Fouriet's law, the temperature gradient of a SOFC (Solid Oxide
Fuel Cell) reflects the variation in heat flow with respect to single cell thickness.

aTr
Qconv = —kA (&)

where k represents conductivity of heat constant (W/mK) and A is the contact surface area, and dt/dx is the
temperature gradient across the thickness of the solid oxide fuel cell element. Crack propagation rate was used to
examine the impact of heat transfer and fluid flow on thermal stress distribution by Shao et al. [54].
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They deduced that the inside heat came from some form of conductive heating. The results showed that the
variation in SOFC component value and temperature gradient throughout the stack triggered the fracture propagation.
Previous research had only examined convective heat transfer as the heat left the stack, but Amiri et al. [55] used both
convective and conductive heat transfer because the heat was generated in the cell via a heat absorption response. The
results demonstrated that the conductive heat generated is significantly more important than the convective heat
generated. For one thing, gases have a substantially lower heat capacity and heat conductivity compared to solids.

direction -x

\j

ey

y

Anode . Cathode
Electrolyte

Fig. 3. An electrolyte-cathode-anode configuration produces a temperature gradient across a single cell
3.3. Effect of Joule

Joule effect, or ohmic heating, is the term used to desctibe the heat created by ohmic overpotential losses in a solid
oxide fuel cells stack. Joule effect-generated inside heat is conducted away from electrodes and into the interconnects
(Figure 2). The heat produced by ohmic overpotential deficits in a stack of solid oxide fuel cells is referred to as the
Joule effect or ohmic heating. Electrical current transfers heat away from the electrodes and then into the interconnects
as a result of the Joule effect. Because the Joule effect creates significantly more internal heat than the electrochemical
reaction does, ohmic losses have a substantial effect on the temperature distribution as well as the range of the
temperature gradient steepness in Solid Oxide Fuel Cells - SOFCs [56].

To calculate the heat generated by the Joule effect, one uses the following formula

12

Sonn = P

where I stand for the electrical current density and for the conductivity of the material. The impact of geometric
modifications on temperature distribution was investigated by Sahli et al. [57] who considered solely the heat production
related to ohmic heating. The research showed that the anode, where the temperature differential between the electrolyte
and the anode was greatest, had the highest temperature gradient variance. However, because no link was established
between current density and heat dispersion rate, the study's applicability is limited. However, when determining the
Joule effect's role as a heat source in SOFC, they focused solely on maintaining a constant current density. Razbani et
al. [58] modelled chemical & electrochemical processes & transport phenomena on electrolyte-supported solid oxide
fuel cells using 3D numerical analysis. Under the hypothesis that heat is produced by electrochemical reactions, the
Joule effect, as well as activation losses, it was discovered that densities of current & cell voltages are highly correlated
with such a temperature distribution in the cell. This paper sheds light on the topic by dispelling the myth that the
interconnect is insulated by demonstrating the presence of ohmic resistance across the connection. Lee et al. [59]
investigated the link between temperature and heat conduction. Because of the importance of the Joule effect at very
high operating temperatures, 3-D modelling was used to examine the connection between the two.
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The results demonstrated that the electrolyte conducted heat generated by the effects of Joule to the anode or
cathode depending on which had the lowest thermal conductivity. Therefore, the materials employed in the construction
of the electrodes do influence the orientation of the temperature gradient. It is important to account for the heat created
from the endothermic reaction, especially in relation to the effect of Joule, because of the effect it has on the temperature
distribution in SOFC. The steepness gradient and the output performance of the cell are both affected by the heat
released via the Joule effect. Because of this, the increase in power production is most noticeable at high operating
temperatures. The results showed that heat created by the Joule effects was carried by the electrolyte to anode or cathode,
depending about which had the lower thermal conductivity. Therefore, the materials used to manufacture the electrodes
do affect the temperature gradient direction. Since the distribution of temperature in SOFC is affected by the heat
created from the endothermic reaction, it is vital to take this into account, especially in respect to the Joule effect. In
addition to impacting the cell's output performance, the heat generated by the Joule effect also modifies the gradient's
steepness. As a result, the boost in output power is most apparent at high temperatures.

4. Conclusion

Clean, sustainable, and renewable energy sources are quickly becoming the norm in the industry. Since SOFCs
provide output power at higher efficiency and provide a wide range of fuel flexibility options, they are among the most
popular options for alternative power production technology. For SOFCs to last as long as possible while operating at
temperatures in between 600°C and 1000°C, thermal stress distribution across the stack should be taken into account.
In this study, we explore the most influential variables of thermal stress distribution in SOFCs: temperature gradients
and their influence on conductive, convective, and Joule heat transfer mechanisms. Acquiring precise data and making
sense of the analysis requires first pinpointing the optimal temperature gradient condition between the SOFC
components. Most previous study into predicting the distribution of thermal stress has relied on computer simulation
in an effort to better understand the mechanical breakdown that causes it. This method is suitable since it is inexpensive
and simple to alter the parameter.

The use of renewable, sustainable, and environmentally friendly energy sources is quickly becoming the norm. The
output power of SOFCs is higher than that of other alternative power generation technologies, and they offer a wide
variety of fuel flexibility possibilities. So that SOFCs can endure as long as feasible when subjected to temperatures
ranging from 600°C to 1000°C, it is important to consider how thermal stress is distributed across the stack. This
research investigates the most important factors that affect the distribution of thermal stress in SOFCs, specifically
temperature gradients & their impact on convective, radiative, and Joule heat transfer. Identifying the optimum
condition of temperature gradient between the SOFC components is a prerequisite for collecting accurate data and
making sense of the analysis. When trying to understand the mechanical breakdown that generates thermal stress, much
past research has focused on computer simulation. This method is appropriate since it is low-cost and straightforward
to adjust the parameter.
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