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ABSTRACT

Fuel cells directly convert chemical energy into electrical power using electrochemical reactions. Solid
oxide fuel cell (SOFC) is one of the high-temperature fuel cells that propose a promising future from the
standpoint of power generation. In this study, optimization of an SOFC system is performed using
Taguchi approach after verification of the model in compare with experimental results. Current density,
inlet temperature of SOFC, and utilization factor are considered as input parameters and the electrical
power is selected as the output response. The analysis of variance (ANOVA) results indicate that the
current density is the most effective parameter on electrical power which has 52% of contribution
followed by inlet temperature of SOFC and utilization factor by 25 and 20% of contributions,
respectively. The electrical power enhances by increasing current density and inlet temperature of SOFC
and reducing utilization factor. Signal to noise ratio (S/N) analysis elucidate that the current density of
9500 A/m?, the inlet temperature of SOFC of 850 °C, and the utilization factor of 75% is the optimum
condition in order to achieve the highest electrical power. The results show that the electrical power is
644.3 kW at the optimum condition.

doi: 10.5829/ije.2019.32.07a.18

1. INTRODUCTION!

Fuel cell is a device that directly converts the chemical

energy as a fuel into electrical power through a process

of electrochemical reactions. Therefore, it produces

electrical power without any high-temperature

combustion of fuel normally occurs in conventional

power plants. It does not required to convert the chemical

energy of fuel into mechanical energy and then drive an

electric generator as conventional power plants [1-3].
Fuel cells are most commonly classified by the type

of electrolyte being used, with very different properties

and possible applications. These include [2, 4, 5]:

e  Proton exchange membrane fuel cell (PEMFC)

Alkaline fuel cell (AFC)

Direct methanol fuel cell (DMFC)

Molten carbonate fuel cell (MCFC)

Phosphoric acid fuel cell (PAFC)

Zinc-air fuel cell (ZAFC)

*Corresponding Author Email:  s.jafarmadar@urmia.ac.ir  (S.
Jafarmadar)

e Microbial fuel cell (MFC)

e  Photonic ceramic fuel cell (PCFC)

e Solid oxide fuel cells (SOFC)

High-temperature fuel cells (i.e. MCFC and SOFC)
proposed the most promising future from the power
generation point of view because they allow for hybrid
systems to be engineered. Hence, the generating
electricity with higher efficiency is possible [4, 6].

There are many advantages for SOFCs operating at a
higher temperature, typically in the range of 600-1000
°C. This high temperature provides two benefits: i) high-
quality waste heat and ii) effectively activates the
processes of reforming and electrochemical oxidation of
hydrocarbon fuels in presence of catalysts [5, 6].

In recent studies, SOFCs have been used as the prime
mover of the heat and power systems due to their high
performance and low pollution. Several studies have
been conducted on this topic. For instance, Ebrahimi et
al. [7] analyzed the produced power in a combined
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system of SOFC, micro gas turbine and the organic
Rankine cycle. In their proposed system, the exhaust
gases from the SOFC entered into micro gas turbine.
According to the results, the fuel consumption was
reduced by 45% and the total efficiency was increased by
65% using the proposed system. Bang-Moller et al. [8]
studied an integrated system consisting of a two-stage
gasification concept, an SOFC and a micro gas turbine.
The system was examined from energy and exergy points
of view. The results revealed that the power and the
electrical efficiency of the hybrid system were 290 KW
and 58.2%, respectively. Energy and exergy analysis of
an internal reforming SOFC (IR-SOFC) combined with
gasifier was studied by Ozcan et al. [9]. According to the
results, the energy and exergy efficiencies were obtained
42.2 and 36.5% for SOFC and 78 and 50% for the
combined system, respectively.

The full trial design is not effective from standpoints
of cost and time. Therefore, the design of experiment
(DOE) method is a useful tool to minimize time, cost, and
number of experiments. DOE methods are more valuable
in processes in which different input parameters are
affecting various output parameters. Taguchi approach
was selected the least number of trials among DOE
methods in order to study the effect of input parameters
on response variables. Optimization of the process using
the signal-to-noise ratio (S/N) analysis is another
advantage of Taguchi approach. Nowadays, Taguchi
approach is very popular in engineering researches [10-
12].

Several systems have been investigated and
optimized using Taguchi approach for instance studying
and optimization of diesel engine working on biodiesel
[13], performance analysis and optimization of a
thermoelectric generator (TEG) [14], optimization of an
Sl engine used pure gasoline, ethanol, and methanol [15],
optimization of ground heat exchangers (GHX) for space
heating and cooling applications [16].

In the present study, a SOFC system is modeled and
validated in comparison to experimental results.
Although several studies were reported using Taguchi
approach in different engineering problems; application
of the Taguchi method in performance evaluation and
optimization of the SOFC system is scarce, which offers
another scope of the present study.

2. SOFC MODELLING

The methane fueled SOFC system is presented in the
following and the schematic is illustrated in Figure 1.
Where, dr, b, and ¢, are the molar conversion rate for the
reforming, shifting, and electrochemical reactions,
respectively. These reactions occur in the anode and
cathode electrodes of the SOFC as shown in Equations
(1) to (3) [17].

ar - (CH, + H,0 — CO + 3H;) Reforming @

b, = (CO + H,0 — CO, + Hy) Shifting 2

Inlet and outlet molar flow rates at the SOFC can be
calculated by applying mass balances to Equations (1)-
(3) as Equation (4):

NcH, 4 = Or

Ny,04 = Rsrcr(Mich,4)

fr,s = 3dr + by — ¢,

flco,s = dr - br

ﬁcoz,s =b, ]

lezO,S = ﬁH20,4 —ar — b+ ¢ (4)
7'102,12 = 7'102,11 = (¢/2)

TNy 12 = Mvy11 = (79/21).70, 11
Ny = ey, 4 + Nyy0,4

Ng = Ny, 5 + Nicos + Nco,s + Mhyo,5
Ny = Ng,11 + Ny,

Ny =Ng,12 + My, 12

where the index numbers refer to numbers in Figure 1. 7;
corresponds to the mole components at i points and Rsrcr
is the steam to carbon ratio.

The extent of electrochemical reaction (¢,) is defined as
Equation (5):

¢ = Up - (3a, + by) )
where Uy, a,, and b, are the fuel utilization ratio, the
extent of reforming, and shifting reactions.

Ksnire is the equilibrium constant for shifting which is
obtained as Equation (6):

o -
In(Kspife) = = S9snigt _ 1 (nCOZ'nHZ) (6)

R.Tpce NcoMH,0
The current density is calculated by Equation (7):
2:F ¢y

J= Q)

where, A,, Ngc, and F are the effective surface area, the
cell number, and Faraday constant, respectively.

Electricity (V) is generated by moving electrons
along the circuit space when the equilibrium reactions
occur that is obtained using Equation (8):

Ve =V = Vipss ®)

where Vy is the Nernst voltage which is obtained as
Equation (9):

VN - _ ﬁ + R.Tpce In (ayz,e.‘/aOZ,f‘,) (9)
2.F 2.F 00

Viess IS the voltage losses and is calculated as Equation
(10):

Vioss = Vonm + Vace + Veonce (10)
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It is noteworthy that Vi includes ohmic (Vonmic),
activation (Vact), and concentration (Vconc) l0sses.
Vonm is calculated using Equations (11) to (15) [18]:
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Pine = (9.3 X 108 /Tpce exp(—1100/Tpce)) (15)

where Rc is the resistivity contact, p is the electrical
resistivity of SOFC components including electrolyte (e),
anode (@), cathode (c), interconnect (int), and & is
thickness of a SOFC component. These values and other
information of the SOFC system are summarized in
Table 1.

Vact is the sum of activation voltages in the anode and
cathode sections which is computed by Equation (16)
[19].

Vonm = (Rc + z"ipiai)-j (11)
pe = (334 x 10%exp(—10300/Tpc)) " (12)
pa = (95 X 108/ Tpco exp(—1150/Tpce)) (13)
pe = (42 X 108 /Ty, exp(—1200/Tpc)) " (14)
)
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Figure 1. Schematic diagram of SOFC system

TABLE 1. Overall data of SOFC [18]

Parameter Value
Thickness of anode 500 pm
Thickness of cathode 50 um
Thickness of electrolyte 10 pm
Thickness of interconnect 300 pm
Number of cells (Ng¢) 11,000
Active surface area (A,) 0.01 m?
Temperature difference between inlet and outlet of 100
SOFC

Steam to carbon ratio 25
SOFC DC-AC inverter efficiency (Minv) 0.97
Water pump isentropic efficiency (m;swp) 0.85
Fuel compressor isentropic efficiency (M;src) 0.85
Air compressor isentropic efficiency (Mis.ac) 0.85

. (sinh‘l( J

2joa

R.Trce
A
act F

))+ (16)

2ree (sinht (i))
where j, is the exchange current density which is obtained
for anode and cathode as Equations (17) and (18),
respectively [20, 21]:

. P P Eqcta

Joa = Yanode (PL;) ( ;jo) exp (_ RTF:.?@) (17)
. P 0.25 Egcte

Joc = Ycathode (PLOZ) exp (_ ETF;) (18)

where y is pre-exponential coefficient defined for anode
(Vanode) and cathode (Vcatnode). Eacta and Eactc are
activation energies for anode and cathode, respectively
[20, 21].

Veonc is the sum of losses related to gas concentration
occurring in the anode and cathode according to Equation
(19) [22]:
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_ RTpce PrpJ \ _ _
Veone = = '(l" (1 + Pazo.jas) (1

Jj RTrce Jj
E)) B ( 2r i (1 N E))
where jas and jes are limiting current density of anode and

cathode, respectively. These quantities are calculated as
Equations (20) and (21) [22]:

Jas = 2-F-PHZ-Daeff/R- Trce-0q (20)

(19)

Prz

] P17—Po, e\ =
Jes = 4‘FP02DCEff/ <(u) R'TFC,8'6C> (21)

where D is the effective diffusivity which is defined for
anode and cathode [23, 24].

The electrical power produced by the SOFC (W) is
calculated by Equation (22):

I/i/C = Niny (Npc-j-Aa- V) (22)

where n;,, is the inverter efficiency introduced in Table
1.
The net electrical power is defined in Equation (23):

Wnet = WC - WWP - WFC - WAC (23)

where Wy, p, Wge, and W, are power of pump, fuel
compressor, and air compressor, respectively.

3. TAGUCHI DESIGN

Taguchi approach is a statistical method developed by
Genichi Taguchi which is widely used in order to
investigate and optimize engineering processes [25-27].
This method is utilized to study the effect of different
parameters on the variance of performance characteristic
that determines the appropriate operating conditions of
the process by dramatically reducing the number of
needed tests using orthogonal array (OA) [25, 26].
Additionally, Taguchi approach introduces an efficient
and systematic procedure for specifying the optimum
conditions to decrease/increase the output parameter. The
steps followed in Taguchi approach are [27]:
i. Selecting the appropriate orthogonal array (OA)
i. Running tests based on the selected OA
iii. Analyzing data and investigating the process
iv. Identifying the optimum conditions
v. Conducting the confirmation runs

Taguchi technique recommends a loss function which
is converted into a signal to noise (S/N) ratio in order to
compute the deviation between the experimental value
and the desired value of performance characteristics. S/N
ratio defines a test which proposes the best performance.
S/N formulation varies with respect to the situations of
the problem. Generally, there are three types of S/N used
in Taguchi approach [25]. Since the aim of the present
study is an investigation of power of the SOFC system,

the larger-the-better S/N ratio is used in order to
maximization of power [27] defined in Equation (24):

1 1
S/N, = —101095(25‘=1y—j;) (24)

where y; is the value of response obtained from the tests,
n is the number of trials, i is the experiment number, and
j is trial number. The best level for each input parameter
can be determined using the highest S/N values.

Another valuable analyzing tool of Taguchi approach
is analysis of variance (ANOVA). The important benefit
of ANOVA over S/N ratio is to statistically identify
which input parameter significantly affect the outputs
and how much each input parameter contributes to the
outputs. The percentage of contribution of each input
parameter is calculated using Equation (25):

Contribution (%) = % % 100 (25)

where SS; is the sum of the squares for each input
parameter and SS; is the total sum of the squares of all
factors which are calculated using Equations (26) and
(27), respectively:

5Sp = Xj=anl(S/N)gj — (S/N)1]? (26)

58y = Zizal(S/N); — (S/N)r]? @7)

As it was previously mentioned, the first step of Taguchi
approach is the design of trials based on OA. For this
purpose, firstly the considered input parameters and their
levels are selected according to Table 2. Current density
(j), inlet temperature of SOFC (T), and fuel utilization
factor (Uf) are selected as the input parameters at five
levels based on the best knowledge and experience of the
authors.

According to the selected factors and their levels, the
Los orthogonal array is proposed by default of Minitab
software as shown in Table 3. Also, the electrical power
as the output is presented in Table 3.

4. RESULTS AND DISCUSSION

4.1.Validation In order to validate the modelling
of SOFC, the theoretical results of the present study were
compared with the experimental results of Tao et al. [28].

TABLE 2. Input parameters and their levels
Input parameter

Level

j (A/m?) T (°C) uf
1 5500 750 70.0%
2 6500 800 72.5%
3 7500 850 75.0%
4 8500 900 77.5%
5 9500 950 80.0%
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TABLE 3. L5 orthogonal array of Taguchi approach

Trial j (A/m?) T (°C) uf Power (KW)
1 5500 700 75.0% 373.3
2 5500 750 77.5% 392.2
3 5500 800 80.0% 396.9
4 5500 850 82.5% 389.7
5 5500 900 85.0% 372.4
6 6500 700 77.5% 406.5
7 6500 750 80.0% 4314
8 6500 800 82.5% 437.4
9 6500 850 85.0% 425.2
10 6500 900 75.0% 478.2
11 7500 700 80.0% 425.1
12 7500 750 82.5% 453.6
13 7500 800 85.0% 454.7
14 7500 850 75.0% 539.3
15 7500 900 77.5% 526.8
16 8500 700 82.5% 422.9
17 8500 750 85.0% 443.4
18 8500 800 75.0% 578.6
19 8500 850 77.5% 578.5
20 8500 900 80.0% 560.1
21 9500 700 85.0% 373.7
22 9500 750 75.0% 581.0
23 9500 800 77.5% 603.6
24 9500 850 70.0% 598.4
25 9500 900 82.5% 561.2

The electrical power density of theoretical and
experimental results versus current density is presented
in Figure 2. The results indicate that there is a very good
agreement between the theoretical results of the present
study and experimental results of Tao et al. [28].
Therefore, the model is verified.

4. 2. Analysis of Variance (ANOVA) ANOVA
results are presented in Table 4. Since the p-value of all
input parameters are smaller than 0.05 (default error
considered by Minitab software), all of them are
statistically effective on the electrical power. Current
density is the most significant parameter on the electrical
power by 52.0% of contribution, as the results showed. It
should be noted that inlet temperature of SOFC and
utilization factor are the second and third parameters
from effectiveness point of view. The results indicate that
the contribution of inlet temperature of SOFC and
utilization factor equal to 24.9 and 20.0%, respectively.

)

W/cm?
o

y (

Power densit

Tao etal. [28]
—=—Present study 1
01 L L L L L L L L L L L L L L L L L L L L 1

0.2 0.3 04 5,05 0.6
Current Density (A/cm°)

Figure 2. Validation of modeling of SOFC in comparison to
the experimental results [28]

TABLE 4. ANOVA results

Source SS Cont(roi/lz)u tion va'::-ue
Current density 80426 52.0 0.000
Inlet temperature of SOFC 38562 24.9 0.000
Utilization factor 30848 20.0 0.000
Error 4833 3.1
Total 154669 100

Also, ANOVA results show that the contribution of error
is 3%. This error belongs not only to the modeling but
also to the un-considered parameters.

4. 3. Effect of Parameters The effect of current
density on the electrical power is shown in Figure 3. The
results indicate that the electrical power raises by
increasing the current density. According to Equation
(22), the electrical power has a direct relation with
current density which leads to an increasing behavior of
electrical power with increasing current density. It should
be noted that the voltage losses raise by increasing
current density. Raising voltage losses leads to reducing
cell voltage. Cell voltage is in a direct relation with
electrical power according to Equation (22). Therefore, it
was expected that the electrical power to be reduced by
increasing the current density. The effect of increasing
current density overcomes the effect of decreasing the
cell voltage in the studied range of current density.
Hence, the electrical power enhances with increasing
current density.

Figure 3 illustrates that the rate of electrical power
increasing reduces by increasing current density. The
reason of this phenomenon is increasing effect of voltage
losses on the electrical power. Figure 4 shows the effect
of inlet temperature of SOFC on the electrical power. It
is evident that the electrical power enhances by
increasing inlet temperature of SOFC. The rates of
electrochemical reactions in fuel cell increase by raising
temperature and consequently the voltage losses reduce.
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Figure 3. Effect of current density on the power

Decreasing voltage losses leads to increasing cell
voltage. As mentioned previously, the electrical power
improves by increasing cell voltage. The influence of
utilization factor on the electrical power is presented in
Figure 5. The electrical power reduces by increasing
utilization factor, as the results shown.

4. 4. S/N Analysis S/N analysis is performed to
optimize the output. These results are presented in Table
5. As mentioned previously, the level with highest S/N is
the optimum level. Therefore, fifth level of current
density, fourth level of inlet temperature of SOFC, and
first level of utilization factor are the optimum condition.
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Figure 4. Effect of inlet temperature of SOFC on the power
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Figure 5. Effect of utilization factor on the power

TABLE 5. Results of S/N analysis

Factors
Level lioati
Current density Inletotfegg'ig\ture Ut;gé?cf:'on

1 51.70 52.03 54.04
2 52.77 53.18 53.87
3 53.59 53.76 53.55
4 54.18 53.96 53.05
5 54.57 53.88 52.31
Delta 2.87 1.93 1.73
Rank 1 2 3

The electrical power at the optimum condition (i.e.
current density of 9500 A/m?, inlet temperature of SOFC
of 850 °C, and utilization factor of 75%) equals to 644.3
kW using theoretical model. One of the valuable tools of
Taguchi approach is to predict the output at the desired
condition. The electrical power is obtained 615.6 kW at
the optimum state using prediction tool of Taguchi
approach. This value has 4.5% error in comparison with
EES code.

It should be noted that the ranking of the input
parameters from standpoint of significance is as
following: current density, inlet temperature of SOFC,
and utilization factor. It is noteworthy that the sequence
of the ranking is in agreement with ANOVA results.

5. CONCLUSIONS

Several researches have been performed in recent years
on the solid oxide fuel cells as new technologies. In the
present study, investigation and optimization of an SOFC
system was performed using Taguchi approach. Firstly,
the modeling of SOFC is carried out and validated in
comparison with the experimental data. The main
corresponding conclusions can be summarized as
follows:

e The current density is the most significant
parameter on the electrical power followed by the
inlet temperature of SOFC and the utilization factor.

e All of considered parameters are statistically
effective on the electrical power.

e The electrical power enhances by increasing the
current density and the inlet temperature of SOFC
whiles it reduces by raising the utilization factor.

e 9500 A/m? of current density, 850 °C of inlet
temperature of SOFC, and 75% of utilization factor
is the optimum condition in order to achieve the
highest electrical power according to the signal to
noise ratio (S/N) analysis.

e The electrical power is 644.3 kW using theoretical
model at the optimum state whiles this value is
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615.6 kW using prediction tool of Taguchi
approach. This prediction has a 4.5% error.
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