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ABSTRACT
This study present the energy and exergy analysis of solid oxide fuel cell fed with methane as fuel. This
analysis employs parameters such membrane thickness and temperature to determine the performance of Solid

Oxide Fuel Cell in relation to cell voltage, energy and exergetic efficiency. The analysis shows that increasing the

operating temperature will not always result in increase in energy efficiency and cell voltage, these cell

characteristics begins to decrease at temperature above 1173 K, while exergetic efficiency increases with decreases

in operating temperature. The decrease in membrane thickness leads to the increase in exergy and energy

efficiency, and cell voltage. The findings of this study give better understanding on interaction of these parameters

on SOFC. The model developed can serve as a valuable tool for optimizing designs.
KEYWORDS —exergy; energy; cell voltage; solid oxide fuel cell.

I. INTRODUCTION

The sources from which energy is derived can be
categorized into three: renewable, nuclear and fossil
source [1]. According to [2], since the commencement
of industrial advancement, Fossil fuels have been
exploited as the chief energy well. As global energy
consumption increases, these fuels becomes depleted,
bringing about severe energy crisis such as imbalance
in demand and supply, instability of price, and
variations in energy policies, and the emission of
ecologically hazardous gases into the atmosphere
[3]. This concern has resulted in researches in
renewable and nuclear fuel [2].

According to [2, 3], Fuel Cells were acknowledged
as one of the clean energy that meet the conditions of
energy  supply, economic development and
environmental sustainability. These properties make
Fuel cells (FCs) appealing compared with current
energy systems: absence of irreversibility, which is
present in quite a lot of convectional energy systems;
greater system efficiency; its performance does not
depend on system size. It has lower pollutant
emissions; siting and fuel flexibility, low cost of
maintenance because of the absence of moveable parts
in the stacks; greater power density; and can be used
for different purpose such as portable power,
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transportation, and stationary power [4]. Amongst the
different kinds of FCs, the Solid Oxide Fuel Cell has
displayed various advantages compared with the
other types of FCs [5]. SOFCs can be grouped into
High temperature Solid Oxide Fuel Cell (HT-SOFC),
Intermediate temperature Solid Oxide Fuel Cell (IT-
SOFC), and Low temperature Solid Oxide Fuel Cell
(LT-SOFC.

In spite of the vast interest in SOFCs as a good
energy alternative, with ability of contending with the
current power sources, it is yet not available because
of the lack of proper understanding of configuration
and interaction of different factors that influence its
operation. In this analysis, the parametric design
problem of Solid Oxide Fuel Cell is solved through
exergy and energy analysis of the SOFC by computer
simulation to ascertain the optimal operating condition
for the SOFC. The findings of this study give better
understanding on interaction of these parameters on
SOFC. The model developed can serve as a valuable
tool for optimizing designs
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II. THERMODYNAMIC OF FUEL
CELL
A. Cell Voltage
The equation for SOFC cell voltage according to
[6] is shown below

Vcell = VNersnt *Vact'vconc *Vohm
1)

The electrochemical redox reaction occurring in
SOFC is shown in Equation (2 — 4)

Anode: Hy 2 2H" +2¢” ®)
Cathode: 2H" +2e+ % 0, > H,0
(©)
Overall: % 0, + H, 2 2H,0
(4)

The value of Gibbs free energy and enthalpy
change for the redox reaction are -236.21 and -284.37
KJ/Mole respectively [6]. The work in carrying charge
around the circuit from the redox reaction is the
Gibbs free energy. Thus

AG® = -2FV°
()

0_

(6)

Equation (6) is the reversible open circuit voltage.
Taking into effect the pressure, temperature and
reactant concentration, the equation is modify to give
the Nernst equation as shown in equation (7) [6 ].

Al In [&} (7)

F 8Ha 8py

AGHF
2F

0
VNernst = V' -

Similarly, Equation (7) is expressed in relation to
pressure in Equation (8)

RT
ZF

PH,
In =

I:P[-I.. Pao

—\/0
VNerst—V -

BB [}

a
©)
In real situation, part of this energy is loss as heat
because of some parameter affecting the fuel cell

efficiency. These parameters are the activation, ohmic,
and concentration polarization [6].

Activation polarization: The quantity of energy
required to initiate the electrochemical reaction. is
called activation energy and relates to the energy
barrier that must be exceeded before the reaction can
go on [6]. According to [5], the Bolter — Volmer in
equation (10), gives the equation for activation
polarization
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I=2lo sinh (”?F_ ‘i.i’m)
(10)
Rewritting Equation (10) gives
ZRT . L [
Vaer = oF sinh 1(:[:»)
(11)
Vaerme- [sinh™* (==) + sinh~*
(12)

Ohmic polarization: This type of loss occurs
because of the resistance to the flow of charges in the
conductors and it is shown in equation (13) below.

o) |

Zlne

Vohmic =1 Rohmic
(13)

The resistance are caused by the interconnector R;,
electrodes R, , and electrolyte Re.

Vohmic = I-( Rac +Re + Ri)
(14)

Referencing [5], the electrolyte is the greatest
influencing parameter in ohmic loss. Whereas the
opposition to the flow of ions contributed by the
others are minor and constant. The resistance is
express as

0.000 22

Ronm = [(0.010031 +0.01842) x 0.3 + ——— ] + R,
(15)
[5, 7] express the electrolyte resistance as

R, =0.02481 €10100(> - —) (@em?)
(16)
Therefore,

Romn = 0.02481 10100 (= — —=}+0.0003
7)

Concentration polarization

Lt
1273

This loss arise from concentration drops and
restrictions of mass transfer at high current densities
[8]. According to [9], the expression for concentration
loss is shown in equation (18)

Veon=B 1n(1-2)
1
(18)
This model has many fall back precisely in the
area of SOFCs fueled with air and hydrogen mixed
with other gases like CO, [5]. [5] Put forward an

improved equation that suit the effect express in
equation (19) as

Veone = m-ExPni
(19)

Substituting Equations (8), (12), (17) and (19) in
Equation (1) gives the model for determining the cell
voltage at different operating parameters.
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RT P 2RT R i .
Ve = V0 - — In [ =50 - Zsinh () - meap®-
: |pgpal ]l © Ho
5 +0.0003 |
2sex 10 ~exp[ ) | ! (20)

B. SOFC Efficiency
The Maximum efficiency of fuel cell is given as:

The overall cell efficiency is the product of fuel
utilization, voltage efficiency and maximum
efficiency [10] as shown below

M= Mp X0y X Up .
(23)

III. EXERGY ANALYSIS

Exergy analysis is a technique, using the principle
of conservation of energy and mass, in connection
with thermodynamics second law in designing and
analyzing of thermal system [4]. Exergy is the highest
quantity of work that can be realized when a system is
brought to equilibrium (mechanical, thermal and
chemical) with the environment [2]. According to [4],
the pressure P = 1.01 bar, temperature To = 298.15 K,
and environment composition of 0.92% argon, 3.03
% water, 0.03 % carbon dioxide, 20.35 % oxygen, and
75.67 % Nitrogen are assumed as reference. Without
magnetism, electricity, nuclear and surface tension
effects, [11] defines specific molar Exergy (KJ/mol)
as the summation of kinetic Exergy (eX), chemical
molar Exergy (excs), thermal Exergy (exy) and
potential Exergy (expe), in equation (24).

Ex:exke"'expe"'ax’th"'axch-
(24)

The kinetic and potential Exergy is assume
negligible in this study. Thus, equation (24) is reduced
to equation (25) below as given by [12].

EX = Xy + &gy

(25)

Thermal Exergy which is also known as physical
Exergy is the magnitude of work which is obtained
from a flow of material brought from its initial state
to the environmental (restricted) state though
exchanging heat only with the environments thermal
reservoir [4, 13]. The chemical Exergy according to
[13] is the entire amount of work, which can be
obtained from a flow of matter brought from the
environment (restricted) state to the total dead
(unrestricted) state while exchanging only substances
and heat with the environment. [14, 4, 15] gives the
equation for the chemical and thermal Exergy shown
in (26) and (27) below

ey = (B —hg ) =T (5 - 5p)
(26)

Volume: 3 | Issue:3 | March| 2018

ex,, = L X exl + RToX x_.Inx_
(27)

Where h—h, is the enthalpy change and S—So is

the entropy change. [4, 15] represent the equation
function of specific heat as shown below :

as a

et = G (T = Tp) =T, [Coln () — Rim (5]

(28)
The total specific Exergy is represented as

er = C,(T —T,) = T, [Coln (%) — Rin (:—D)] +
RT, ¥ X InX; -
(29)

XooexP +

The overall Exergetic efficiency of SOFC is
calculated using the equation proposed by [2] below

_ WheT
N = Sk FUEL+ EhnHa0
(30)

The mathematical model developed was
simulated with the parameters given in Table 1.

Table 1 Parameters for all Simulations

Parameter Value Unit

Electrolyte thickness(t) 40 x 10® pm

Fuel utilization (L) 0.85

Viscocity 0.21x 10° Kg/cm/s

Temperature (T) 800 °C

Average pore radius (r) 0.5x10° m

Air utilization (U) 0.2

Cathode pressure 1 Bar

Exchange current 1000 A/m?
density (io)

Anode pressure 1 Bar

Active surface area (A) 100 cm2

www.eprajournals.com
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IV. RESULTS AND DISCUSSION

A. Influence Of Different Parameter on the
Cell Voltage Of SOFC

‘ =TT
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o
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!
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Fig.1. Effect of Temperature on LT-SOFC
Voltage
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Fig.2. Effect of Temperature on IT-SOFC Voltage
i1
1 == 100
= S SUES
; 1%
09 == 110%
05 — 117
02 — 1
w W E) (R W e
Current density(mA/om’
Fig.3. Effect of Temperature on IT-SOFC
Voltage

From fig 1-3, it is obvious that operating Solid
Oxide Fuel Cell at high temperature results in
improved cell voltage. Though there is a decrease
in Nernst voltage as temperature increases, this
effect seems to be completely balance as the ionic
resistance also decreases. The result indicates that
1173K is the optimum temperature and the cell
voltage curve behaves asymptotically at higher
temperature. This evidently shows that there is no
further improvement in the cell voltage with
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increase in cell temperature beyond the optimum
value. The cell voltage is negative at temperature
lower than 773K (500°C), because the Solid Oxide
Fuel Cell is still stabilizing. Also the cell voltage
decreases with increase in current density, which is
due to the increase in polarization losses.

12
11
1 0.00001
s
S
= 09 e (). OO0 iy
.
> 0s e 0. 0000227
07 e (). 0 00S e
06 0.00005m
100 200 300 400 500 600 700 800
current density (mA/cm?)
Fig. 4. Effect of Membrane Thickness on the
Cell Voltage of SOFC

From fig 4, it is obvious that the voltage of the
cell is greater at low membrane thickness and
decreases as the membrane thickness increases. This
decrease is because the Ohmic loss (opposition to the
movement of current), is  proportionate to the
membrane thickness.

B. Influence Of Different Parameter on the
SOFC Efficiency

B0.00%
60.00%
A0.00%
2000%

0.00%
2000%
40.00%
-60.00%
-B0.00%

Efficiency

current density(mA/cm’)

Fig. 5. Effect of Temperature on Energy Efficiency
of LT-SOFC
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Fig.7.  Effect of Temperature on Energy
Efficiency of HT —SOFC.

From Fig 5-7, it is clear that increasing cell
temperature leads to increase in cell efficiency. At a

temperature of 1173k, the graph indicates a
maximum efficiency of 63.2%. At higher
temperature, the cell efficiency decreases.

Nevertheless, the cell efficiency declines as the
current density rises, which is because of increase in
polarization losses. At temperature value below
773K (500°C) the cell efficiency is negative.

65.00%
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Fig. 8. Influence of Membrane Thickness
on Energy Efficiency

Figure 8 illustrations the influence of membrane
thickness at various current density on the SOFC
efficiency. With increasing membrane thickness the
cell efficiency decreases and vice versa owing to the
fact that ohmic loss decreases with decrease in
membrane  thickness.  Nonetheless, the cell
efficiency decreases with increase in current density.

Volume: 3 | Issue:3 | March| 2018

This is because increase in current density lead to
higher polarization losses.

C Influence of Different Parameter On
Exergy Efficiency Of SOFC
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Fig.9. Effect of Temperature on Exergy Efficiency
of LT —SOFC
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Fig. 10. Effect of Temperature on Exergy Efficiency
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Fig.11. Effect of Temperature on Exergy

Efficiency of IT —-SOFC

The effect of different temperature on the
Exergy efficiency of solid oxide fuel cell by computer
simulation are presented in figures 4. 9-11. The
graphs reveals that the higher the cell temperature,
the lower the cell exergy efficiency owing to the fact
that at low temperature, exergy loss is lower
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Fig. 12. Influence of Membrane Thickness
on Exergy Efficiency

Fig. 12 illustrates the influence of membrane

thickness at various current densities on exergy
efficiency. The diagram reveals that increasing
membrane thickness will lead to decrease in Exergy
efficiency. This is because ohmic polarization
increases with membrane thickness. Yet, the exergy
efficiency decrease as the current density increases.

V. CONCLUSION

A comprehensive model was developed so as to
determining the influence of different operating
temperature and membrane thickness on SOFC
performance in terms of energy efficiency, exergy
efficiency, and cell voltage,. The result obtained
shows that at a given current density, increasing the
cell temperature will cause the cell voltage and
energy efficiency to rise. However, at temperature
exceeding 1173k the efficiency and cell voltage starts
to fall. The cell voltage and energy efficiency
decreases due to increase in irreversible losses as the
current density increases. However, exergetic
efficiency decreases with the increase in operating
temperature. As membrane thickness increase at a
given current density, exergy and energy efficiency,
cell voltage will decrease.
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