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A novel portable electric power generation system, fuelled by ammonia, is introduced and its performance
is evaluated. In this system, a solid oxide fuel cell (SOFC) stack that consists of anode-supported planar
cells with Ni–YSZ anode, YSZ electrolyte and YSZ–LSM cathode is used to generate electric power. The
small size, simplicity, and high electrical efficiency are the main advantages of this environmentally
friendly system. The results predicted through computer simulation of this system confirm that the
first-law efficiency of 41.1% with the system operating voltage of 25.6 V is attainable for a 100 W portable
system, operated at the cell voltage of 0.73 V and fuel utilization ratio of 80%. In these operating conditions,
an ammonia cylinder with a capacity of 0.8 l is sufficient to sustain full-load operation of the portable
olid oxide fuel cell

mmonia fuel
ortable system
lectric power generation
erformance evaluation
onceptual design

system for 9 h and 34 min. The effect of the cell operating voltage at different fuel utilization ratios on the
number of cells required in the SOFC stack, the first- and second-law efficiencies, the system operating
voltage, the excess air, the heat transfer from the SOFC stack, and the duration of operation of the portable
system with a cylinder of ammonia fuel, are also studied through a detailed sensitivity analysis. Overall,
the ammonia-fuelled SOFC system introduced in this paper exhibits an appropriate performance for

n app
portable power generatio

. Introduction

Solid oxide fuel cells (SOFCs) are power generation devices that
an convert chemical energy of a variety of fuels, such as hydrogen,
ydrocarbons, ammonia, and biomass, into electrical energy with
igh efficiency and low environmental impact. The SOFCs are suit-
ble for power generation from a few watts to many megawatts in
istributed and centralized applications. The portable application
f SOFCs has been recently increased [1–3]; however, selecting a
roper fuel is a crucial step for its commercialization. Such a fuel
hould be cheap, safe, and easy to store and transport. Hydrogen is
oth expensive and difficult to store and transport [4]. To use hydro-
arbon fuels, a fuel processor to prevent carbon deposition over the
node catalyst and a gas clean-up system to separate sulfur com-
ounds from the fuel are usually required [5,6]; hence, the size and
ost of the portable system increases. For the following reasons,

mmonia can be considered as an adequate substitute for hydro-
en and hydrocarbon fuels for portable application of SOFC-based
ower generation systems [7–10]:
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• At ambient temperature and pressure of around 10 atm, the
gaseous ammonia is liquefied and its density increases by approx-
imately 850 times, which makes it a cost-effective fuel for
transportation and storage. In this condition, the volumetric
energy density of the ammonia is comparable with that of gaso-
line or methanol [11].

• Ammonia can be produced in massive quantities at a cost as com-
petitive as hydrocarbon fuels [7], and its cost per volume of stored
energy is approximately 3 times less than that of hydrogen [12].

• Ammonia is safer than hydrogen and hydrocarbon fuels because
it does not burn in air under normal conditions, and as such
is considered non-flammable when transported. If ammonia is
released into the atmosphere, it dissipates rapidly and because
of its distinct smell, can easily be detected by the human nose
[13].

• According to the results of fuel maps developed for SOFCs, ammo-
nia is a suitable fuel for electric power generation with high
maximum voltage and electrical efficiency [14,15].
Of course, ammonia is corrosive [16]. If it is directly fed to an oxy-
gen ion conducting SOFC, the anode catalyst is rapidly destroyed.
This problem can be solved by decomposing ammonia into its con-
stituent elements, i.e. nitrogen and hydrogen, before feeding it to
the SOFC stack in the portable system. The corrosion problem of

http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
mailto:siamak_farhad@yahoo.com
mailto:fhamdull@uwaterloo.ca
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S. Farhad, F. Hamdullahpur / Journal of Power Sources 195 (2010) 3084–3090 3085

Nomenclature

Cp heat capacity at constant pressure (kJ kg−1 K−1)
Ėx exergy (W)
k heat capacity ratio
LHV lower heating value (kJ kg−1)
ṁ mass flow rate (kg s−1)
p pressure (Pa)
T temperature (K)
Uf fuel utilization ratio (%)
Ẇ electric power (W)

Greek letters
� efficiency

Subscripts
I first law of thermodynamic
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mmonia in other components of a portable system can also be
olved by selecting a suitable alloy with an appropriate thickness
or these components [17].

Introducing and conceptually designing a novel ammonia-
uelled portable power generation system using the oxygen ion
onducting SOFC are the purposes of this study.

. System description

The configuration of the portable SOFC system is shown in Fig. 1.
he system is mainly comprised of an oxygen ion conducting SOFC
tack to produce DC electricity; liquid ammonia and water cylin-
ers, enough for a specified-duration of operation of the portable
ystem; an air blower to supply air to the SOFC stack and to
vercome the pressure drop in the system; a heat exchanger to
ncrease the temperature of air, water and ammonia before enter-
ng the SOFC stack; and a catalytic burner to convert the chemical
nergy of the unutilized fuel in the SOFC stack to heat. In contrast
o hydrocarbon-fuelled SOFC systems, a clean-up component to
emove sulfur compounds from the fuel is not required. Even if the
ydrogen required to produce ammonia is obtained from fossil or
enewable fuels, the sulfur compounds are removed from the feed-

tock in the first step of the ammonia production process, because
ulfur compounds deactivate catalysts used in this process [18].

Fig. 1. Configuration of the introduced ammonia-fuelled portable SOFC system.
Fig. 2. Mole fraction of ammonia, hydrogen and nitrogen in thermodynamic equi-
librium at different temperatures.

3. Process description

The pressurized liquid ammonia in the small cylinder is
vaporized using a throttle valve. Although direct utilization of
the vaporized ammonia in proton conducting SOFCs is possible
[19–25], the ammonia content of the inlet fuel to an oxygen ion
conducting SOFC should be kept as low as possible to prevent the
corrosion problem. In the portable SOFC system illustrated in Fig. 1,
the vaporized ammonia enters a heat exchanger where its tempera-
ture increases to around 700 ◦C. By increasing the temperature, the
ammonia begins to decompose into its constituent elements, i.e.
hydrogen and nitrogen, through the following endothermic reac-
tion [26]:

NH3 + 46.5 kJ mol−1 ↔ 1.5H2 + 0.5N2 (R1)

To predict the composition of the ammonia at the outlet of the
heat exchanger, a thermodynamic equilibrium-based study was
performed, and the result is shown in Fig. 2. As shown in this figure,
for temperatures higher than 450 ◦C, more than 99% of the ammo-
nia can be decomposed into its constituent elements; however, the
rate of the decomposition reaction is slow at this temperature [27].
The amount of ammonia at the inlet of the SOFC stack can reach
less than 250 ppm in equilibrium at a temperature of 700 ◦C. It is
assumed that the ammonia decomposition reaction is fast enough
at this temperature compared to the residence time of ammonia in
the heat exchanger. Because iron acts as a suitable catalyst for the
ammonia decomposition reaction [28,29], an iron porous body can
be also inserted in the ammonia’s paths in the heat exchanger to
increase the rate of the reaction. In this condition, the outlet fuel
from the heat exchanger will be in thermodynamic equilibrium.

The temperatures of the outlet water from the water cylinder
and the pressurized air in the blower also increase to 700 ◦C in the
heat exchanger. The water vapour at 700 ◦C is then mixed with
the decomposed ammonia and a suitable fuel for the SOFC stack is
prepared. The fuel and air enter the SOFC stack where the electric
power, heat and water vapour are generated due to the electro-
chemical reaction of hydrogen and oxygen. Ma et al. [7] investigated
the possibility of nitric oxide formation in a variety of ammonia
conversion rates and temperatures in SOFCs. They found that the

amount of nitric oxide is not detectable even at 800 ◦C. Therefore,
nitric oxide is not expected to be formed in the SOFC stack of the
ammonia-fuelled portable system. The outlet fuel and air from the
SOFC stack enter a catalytic burner where the chemical energy of
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power of 100 W after deducting the electric power required for the
air blower and the control system. For the ammonia cylinder, a
capacity of 0.8 l has been taken into consideration.

Table 1
Input data for computer simulation of the cell.

Parameter Value

Operating temperature 800 ◦C
Fuel utilization ratio 60%, 70% and 80%

Anode
Thickness 518 �m
Porosity 0.33
Tortuosity 4

Cathode
Thickness 45 �m
Porosity 0.33
086 S. Farhad, F. Hamdullahpur / Journa

he unutilized fuel is converted to heat. A portion of the heat pro-
uced in the catalytic burner and SOFC stack is used to increase the
emperature of the ammonia, air and water to 700 ◦C in the heat
xchanger, and for the decomposition of ammonia. The remaining
eat is vented into the atmosphere with the exhaust gas, which is
xpected to consist of only water vapour, oxygen and nitrogen.

. Computer simulation of the portable SOFC system

To evaluate the performance of the portable system, a computer
ode, developed by the authors for the simulation of planar SOFCs
t cell, stack and system levels, was used.

A detailed model of the cell including the electrochemical reac-
ions (R2) and (R3) in the anode and cathode, respectively, was
onsidered in the computer code to determine the activation,
hmic, and concentration polarizations. The modeling of polariza-
ions used in the computer code has been described in Refs. [30–32].
n the cell modeling, the inlet and outlet fuel streams from the
node were assumed to be in thermodynamic equilibrium:

2 + O2− → H2O + 2e− (R2)

1/2)O2 + 2e− → O2− (R3)

The SOFC stack model used in the computer code is the exten-
ion of the cell model by taking account of the heat transfer from
he SOFC stack. Heat transfer from the SOFC stack affects cell per-
ormance, and accordingly, the performance of the portable SOFC
ystem changes. Therefore, a suitable insulation system is required
o control the heat transfer. For portable applications of SOFCs, the
nsulation system should be thin so as to reduce the size of the
ystem. Therefore, a vacuum layer, mechanically supported by two
etal layers, is considered for the insulation system of the SOFC

tack. In the vacuum layer there can be no conductive or convec-
ive heat transfer, and the radiative heat transfer can be minimized
y applying a reflective coating on the metal surfaces. To determine
he rate of heat transfer from the SOFC stack, radiative heat transfer
rom the vacuum layer and radiative and natural convective heat
ransfer from the outer metal layer were taken into account. The
ffect of heat transfer from the SOFC stack on the cell’s performance
as finally considered in the computer code. In the stack modeling,
5% voltage drop in the SOFC stack is assumed.

The balance of plant (BoP) components such as heat exchanger,
lower, and catalytic burner was thermodynamically modeled
nder steady state operating conditions. The properties, compo-
ition and flow rate of all streams in the portable system are
etermined after modeling the BoP components. Finally, the first-

aw and second-law efficiencies and total exergy destruction of the
ystem is determined from Eqs. (1)–(3), respectively:

I = ẆSOFC stack − Ẇblower − Ẇcontrol system

ṁliquid ammoniaLHVliquid ammonia
(1)

II = ẆSOFC stack − Ẇblower − Ẇcontrol system

Ėxliquid ammonia

(2)

˙ xdestruction,total = Ėxliquid ammonia

− (ẆSOFC stack − Ẇblower − Ẇcontrol system) (3)

n these equations, the blower input power can be determined from
q. (4):
˙ blower = ṁairCpair
T5

((
p6

p5

)(kair−1)/kair − 1
)

1
�blower

(4)

n the system modeling, the heat transfer from the heat exchanger
nd catalytic burner was not considered in the calculations.
Fig. 3. Results of the computer simulation and experiment for ASC 3 cells.

4.1. Validation of the computer simulation

To validate the computer code at the cell level, we simulated
the performance of ASC 3 anode-supported cells, produced by H.C.
Starck Company [33]. These cells are comprised of Ni/YSZ (yttrium
stabilized zirconia) anode, dense YSZ electrolyte and YSZ/LSM (lan-
thanum strontium manganese oxide) cathode. The computer code
could predict the voltage and power density of this cell at oper-
ating temperatures of 700 ◦C and 800 ◦C with an average relative
error of ±1%. The voltage and power density of ASC 3 cells obtained
by the computer simulation and the experiment at various current
densities are shown Fig. 3.

4.2. Input data

The input data used for evaluation of the SOFC cell, stack, and
the BoP components of the portable system are listed in Tables 1–3,
respectively. The ASC 3 cell is used for computer simulation of the
SOFC stack. To simulate the ASC 3 cell, it is assumed that the porosity
and tortuosity of electrodes are 0.33 and 4, respectively.

In this study, the portable system is generated a net DC electric
Tortuosity 4

Electrolyte thickness 5 �m
Interconnect thickness 3000 �m
Cell active length 3 cm
Cell active width 3 cm
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Table 2
Input data for computer simulation of the stack.

Parameter Value

Emissivity of metal surfaces [34]
Hot surface 0.03
Cold surface 0.01

Emissivity of the outer surface of the SOFC stack 0.8
Fuel inlet temperature 700 ◦C
Air inlet temperature 700 ◦C

Table 3
Input data for computer simulation of the portable system.

Parameter Value

Net DC electric power generation 100 W
Estimated power for control system 20 W
Air blower efficiency 55%
Pressure drop 0.3 bar
Capacity of the ammonia cylinder 0.8 l
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Capacity of the water cylinder 30 cm3

Ammonia to water mixing ratio 19
Heat exchanger pinch temperature >75 ◦C

. Results and discussion

To conceptually design the introduced ammonia-fuelled
ortable SOFC system, an operating voltage and a fuel utilization
atio should be selected for the cells. To select these parameters, a
ensitivity analysis is performed to determine the effects of these
arameters on key performance parameters of the portable system.

.1. Sensitivity analysis

According to the input data presented in Tables 1–3, effects of
he cell operating voltage and fuel utilization ratio on the number of
ells required in the SOFC stack, the first- and second-law efficien-
ies, the system operating voltage, the excess air, the heat transfer
rom the SOFC stack, and duration of operation of the portable
ystem with a full 0.8 l cylinder of ammonia are investigated.

.1.1. Effect of the cell operating voltage and fuel utilization ratio

n the number of cells required in the SOFC stack

As shown in Fig. 4, the number of cells required in the SOFC
tack, to generate 100 W net DC electric power, changes parabol-
cally with the cell operating voltage. Based on the cell operating

ig. 4. Effect of the cell operating voltage at fuel utilization ratios of 60%, 70%, and
0% on the number of cells required in the SOFC stack for generating 100 W net
lectric power in the portable system.
Fig. 5. Effect of the cell operating voltage at fuel utilization ratios of 60%, 70%, and
80% on the first-law efficiency of the portable system.

voltage at which the minimum number of cells is obtained, oper-
ating voltages of a cell can be divided into two groups [35]. The
cell voltages of group I are less, and the cell voltages of group II are
more than this voltage. These two groups of cell voltages for the
fuel utilization ratio of 80% are shown in Fig. 4.

Fig. 4 shows that the decrease in the cell voltage in group I leads
to a sharp increase in the number of cells. Accordingly, the size of
the SOFC stack increases that is not suitable for a portable system.
The number of cells and size of the SOFC stack reduces with the
decrease in the cell voltage in group II. In this group, the number of
cells also reduces with the decrease in the fuel utilization ratio. For
example, the number of cells reduces by approximately 12% if the
fuel utilization ratio reduces from 80% to 60% at the cell operating
voltage of 0.7 V.

5.1.2. Effect of the cell operating voltage and fuel utilization ratio
on the first- and second-law efficiencies of the portable system

As shown in Figs. 5 and 6, the first- and second-law efficiencies
of the portable system increase linearly when the cell operating
voltage increases. The cell voltages in group II cause higher first-
and second-law efficiencies for the portable system in comparison

with cell voltages in group I.

In the range of the fuel utilization ratios investigated, the higher
the fuel utilization ratio, the higher the first- and second-law effi-
ciencies. The effect of the fuel utilization ratio on the first- and

Fig. 6. Effect of the cell operating voltage at fuel utilization ratios of 60%, 70%, and
80% on the second-law efficiency of the portable system.
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cell operating voltage belongs to group II. For example, the amount
ig. 7. Effect of the cell operating voltage at fuel utilization ratios of 60%, 70%, and
0% on the operating voltage of the portable system.

econd-law efficiencies is more significant at the elevated cell volt-
ges.

.1.3. Effect of the cell operating voltage and fuel utilization ratio
n the system operating voltage

As shown in Fig. 7, the operating voltage of the portable system
hanges parabolically with the cell operating voltage. Since a high
perating voltage for a portable power generation system is usually
esirable, selecting a cell operating voltage from the cell voltages
f group II may be preferred over selecting voltages from group I.
o reach a desired operating voltage for the portable system, the
ell operating voltage should be increased in group II or decreased
rom the cell operating voltage of around 0.44 V in group I.

In group II, the effect of the fuel utilization ratio on the oper-
ting voltage of the portable system is significant, especially at the
levated cell operating voltages. For example, the system operating
oltage increases by approximately 12% if the fuel utilization ratio
ncreases from 60% to 80% at the cell operating voltage of 0.7 V.

.1.4. Effect of the cell operating voltage and fuel utilization ratio

n the excess air required for the SOFC stack

The effect of the cell operating voltage at fuel utilization ratios
f 60%, 70%, and 80% on the excess air, required to control the tem-
erature of the SOFC stack, is shown in Fig. 8. As illustrated in this
gure, the increase in the cell operating voltage leads to a decrease

ig. 8. Effect of the cell operating voltage at fuel utilization ratios of 60%, 70%, and
0% on the excess air required for the SOFC stack.
Fig. 9. Effect of the cell operating voltage at fuel utilization ratios of 60%, 70%, and
80% on the amount of heat transfer from the SOFC stack.

in the excess air, and accordingly, the size and cost of the heat
exchanger, catalytic burner and air blower in the portable system
decreases.

Generally, the higher the fuel utilization ratio, the higher the
excess air required for the SOFC stack. However, the effect of the
fuel utilization ratio decreases at the elevated cell voltages.

5.1.5. Effect of the cell operating voltage and fuel utilization ratio
on the heat transfer from the SOFC stack

As shown in Fig. 9, the amount of the heat transfer from the
SOFC stack changes parabolically with the cell operating voltage.
The increase of the heat transfer from the SOFC stack leads to a
change in the temperature distribution in a cell, and accordingly,
the thermal stress in the cell changes. Therefore, it may be impor-
tant to keep the heat transfer from the SOFC stack as low as possible.
As shown in Fig. 9, the minimum amount of the heat transfer occurs
at the common boundary of the cell voltages of groups I and II.

The effect of the fuel utilization ratio on the amount of heat
transfer from the SOFC stack seems to be significant, especially if the
of heat transfer decreases by approximately 8% if the fuel utilization
ratio decreases from 80% to 60% at the cell operating voltage of 0.7 V.

Fig. 10. Effect of the cell operating voltage at fuel utilization ratios of 60%, 70%, and
80% on the duration of operating of the portable system with a full 0.8 l cylinder of
ammonia.
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Table 4
The computer simulation results for the 100 W ammonia-fuelled portable SOFC system, operated at the cell design voltage of 0.73 V and mCV and fuel utilization ratios of
60%, 70%, and 80%.

Parameter Fuel utilization ratio (%) Fuel utilization ratio (%)

80 70 60 80 70 60

Cell design voltage (V) 0.73 0.73 0.73 mCV = 0.566 mCV = 0.573 mCV = 0.575
Number of cells required in the SOFC stack 37 34 32 24 23 22
First-law efficiency (%) 41.1 35.1 29.3 26.8 23.2 19.4
Second-law efficiency (%) 35.4 30.3 25.3 23.1 20.0 16.7
Excess air 1.17 1.37 1.32 5.3 4.6 4.0
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The share of each component in the portable system in the
exergy destruction of the ammonia fuel at the cell voltage of 0.73 V
and fuel utilization ratio of 80% is shown in Fig. 11. As illustrated in
this figure, around 35.4% of the ammonia’s exergy is converted to
Duration of operation with a full 0.8 l ammonia cylinder (h:min) 9:34
System operating voltage (V) 25.6
Total exergy destruction (W) 157
Blower input power (W) 6.7

.1.6. Effect of the cell operating voltage and fuel utilization ratio
n the duration of operation of the portable system

The duration of operation of the portable system with a full 0.8 l
mmonia cylinder at different cell operating voltages and fuel uti-
izations of 60%, 70%, and 80% is shown in Fig. 10. As shown in this
gure, the duration of operation of the portable system increases
hen the cell operating voltage and fuel utilization ratio increase.

he effect of the fuel utilization ratio on the duration of operation
s more significant for the cell voltages of group II.

.2. The cell design voltage and fuel utilization ratio

According to the results of the sensitivity analysis, with the
ecrease in the cell operating voltage in group I, the number of
ells and excess air required for the SOFC stack increases. Hence,
he size and production cost of the SOFC stack, heat exchanger, air
lower, and catalytic burner increase. The decrease in the cell volt-
ge in this group leads also to a decrease in the first- and second-law
fficiencies and the duration of operation of the portable system.
herefore, the optimum cell design voltage is not in group I and
hould be found in the cell voltages of group II. Indeed, the low-
st cell operating voltage is limited to the cell voltage at which the
inimum number of cells is obtained. This voltage is called the min-

mum cell voltage (mCV) in this paper. With the increase in the cell
oltage in group II, the number of cells required in the SOFC stack
ncreases, accordingly, the size and cost of the SOFC stack increases.

hereas, the increase of the cell operating voltage leads to a sig-
ificant increase in the duration of operation and operating voltage
f the portable system and a significant decrease in the size of the
eat exchanger, air blower and catalytic burner due to reduction of
he excess air. We selected the cell operating voltage of 0.73 V as
he cell design voltage in this study; however, a detailed economic
nalysis is required to find the optimum cell design voltage.

The key performance parameters of the portable system at the
ell voltages of 0.73 V and mCV and fuel utilization ratios of 60%,
0%, and 80% are listed in Table 4. As shown in this table, with
he increase of the cell design voltage from the mCV to 0.73 V at
he fuel utilization ratio of 60%, the number of cells required in
he SOFC stack to generate 100 W net DC electric power in the
ortable system increases ten cells; however, the first-law effi-
iency increases from 19.4% to 29.3%, the excess air decreases about
times, the duration of operation increases approximately 50%, the

ystem operating voltage increases around 1.85 times, and the elec-
ric power required for the air blower reduces around 2.91 times.
or the cell design voltage of 0.73 V, if the fuel utilization ratio
ncreases from 60% to 80%, the number of cells required in the SOFC

tack increases five cells, although the first-law efficiency increases
rom 29.3% to 41.1%, the duration of operation increases around
1%, the excess air reduces about 1.13 times, the system operating
oltage increases approximately 1.15 times, and the electric power
equired for the air blower reduces around 2.1 times. Therefore, we
:08 6:47 6:07 5:21 4:31
3.6 22.2 12.9 12.5 12
07 273 316 380 475
0.3 14 33.0 36.0 40.8

selected the fuel utilization ratio of 80% to conceptually design the
portable system; however, a detailed economic analysis is required
to find the optimum fuel utilization ratio.

If the cell voltage of 0.73 V and fuel utilization ratio of 80% are
chosen to conceptually design the introduced ammonia-fuelled
portable power generation system, thirty seven cells in the SOFC
stack are required to generate 100 W net DC electric power, and the
first-law efficiency and the operating voltage of 41.1% and 25.6 V are
predicted for the portable system, respectively. It is also expected
that a full 0.8 l ammonia cylinder is enough to sustain full-load
operation of the system for 9 h and 34 min.

In computer simulations the main source of the error is the
assumptions made in both modeling and numerical solution. In the
absence of dependable experimental results it is difficult to quantify
an error margin. However, considering the qualitative judgment
that we made on the validity of our assumptions to simulate the
portable system, we suggest a 90% confidence level for results.

5.3. Exergy analysis
Fig. 11. The share of each component in the portable system in exergy destruction
of the ammonia fuel (cell voltage = 0.73 V and Uf = 80%).
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lectric power in the portable system. Among the different compo-
ents of the system, the SOFC stack has the largest share in exergy
estruction of the ammonia fuel with 26.6%, followed by the heat
xchanger with 13.6% and catalytic burner with 9.6%. The exergy
nalysis also confirm that there is a potential to generate addi-
ional electricity if the introduced portable system is combined
ith other power generation systems such as, a thermoelectric
evice and appropriately optimized using pinch technology and
xergy analysis [36,37].

. Conclusions

A novel portable SOFC-based power generation system, fuelled
y ammonia, was introduced and conceptually designed. This
ystem has a simple layout and its size is small compared to
ydrocarbon-fuelled portable SOFC systems. The exhaust gas from
he portable system contains only water vapour, oxygen, and nitro-
en, and therefore contributes to reduction of greenhouse gases
mission. This system also exhibits a high efficiency. If ASC 3 planar
ells, operated at the cell voltage of 0.73 V and the temperature of
00 ◦C are used in the SOFC stack, at the cell fuel utilization ratios of
0%, 70%, and 80%, the first-law efficiency of 29.3%, 35.1%, and 41.1%
ith the system operating voltage of 22.2 V, 23.6 V, and 25.6 V is

xpected, respectively, for the portable system. In these conditions,
full 0.8 l ammonia cylinder is sufficient to sustain full-load opera-

ion of the portable system for around 6 h and 47 min, 8 h and 8 min,
nd 9 h and 34 min, respectively. The exergy analysis shows that at
he cell design voltage of 0.73 V and the fuel utilization ratio of 80%,
round 35.4% of the ammonia’s exergy can be converted to elec-
ric power in the portable system, and 26.6%, 13.6%, and 9.6% of the
mmonia’s exergy is destructed in the SOFC stack, heat exchanger,
nd catalytic burner, respectively. Therefore, there is a potential
o generate more electric power if the introduced portable system
s combined with other power generation systems such as a ther-

oelectric device. It was also shown that there is a limitation for
electing a cell voltage at the design stage of the system. Indeed,
he minimum cell design voltage is limited to the cell voltage at
hich the minimum number of cells required in the SOFC stack

s obtained. This voltage is dependent on the cell, stack and sys-
em design parameters. For the portable system introduced in this
aper, the minimum cell voltage of 0.575 V, 0.573 V, and 0.566 V
as determined at the cell fuel utilization ratios of 60%, 70%, and

0%, respectively.
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