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Three configurations of solid oxide fuel cell (SOFC) micro-combined heat and power (micro-
CHP) systems are studied with a particular emphasis on the application for single-family
detached dwellings. Biogas is considered to be the primary fuel for the systems studied.
In each system, a different method is used for processing the biogas fuel to prevent carbon
deposition over the anode of the cells used in the SOFC stack. The anode exit gas
recirculation, steam reforming, and partial oxidation are the methods employed in systems
I-11I, respectively. The results predicted through computer simulation of these systems
confirm that the net AC electrical efficiency of around 42.4%, 41.7% and 33.9% are attain-
able for systems I-III, respectively. Depending on the size, location and building type and
design, all the systems studied are suitable to provide the domestic hot water and electric
power demands for residential dwellings. The effect of the cell operating voltage at
different fuel utilization ratios on the number of cells required for the SOFC stack to
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generate around 1 kW net AC electric power, the thermal-to-electric ratio (TER), the net AC
electrical and CHP efficiencies, the biogas fuel consumption, and the excess air required for
controlling the SOFC stack temperature is also studied through a detailed sensitivity
Partial oxidation analysis. The results point out that the cell design voltage is higher than the cell voltage at
which the minimum number of cells is obtained for the SOFC stack.

© 2010 Professor T. Nejat Veziroglu. Published by Elsevier Ltd. All rights reserved.

1. Introduction has been recognized by the United Nations development

program as one of the important decentralized sources of

Biogas is a renewable and alternative source of fuel that can
assist to reduce the consumption of fossil fuel and emission of
greenhouse gases. This gas, which is mostly produced using
anaerobic digestion or fermentation of biodegradable mate-
rials such as biomass, manure, sewage, and municipal waste,

* Corresponding author. Tel.: +1 519 888 4766; fax: +1 519 885 5862.

energy [1].

Biogas, which contains mainly methane and carbon
dioxide, can be used as a fuel in a solid oxide fuel cell (SOFC) to
generate electric power with high efficiency and low envi-
ronmental impact [2-7]. An SOFC can achieve satisfactory
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Nomenclature

Gs heat capacity at constant pressure (kj kg 1K)
ex specific exergy (kJ kg™ ")

Ex exergy (W)

h specific enthalpy (kJ kg%

k heat capacity ratio (-)

LHV lower heating value (kJ kg™
m mass flow rate (kgs™)

p pressure (Pa)

T temperature (K)

Us fuel utilization ratio (%)

w electric power (W)

Greek letters

n efficiency (-)

performance even if the methane content of the biogas is not
high. Laboratory tests, performed by Jenne et al. (2002),
confirmed that the efficiency of the SOFC drops by approxi-
mately 5% when the mole fraction of methane in the fuel
decreases from 70% to 30% [8]. Yi et al. (2005) showed that the
electrical efficiency of an integrated SOFC system drops
around 1.1% if biogas is used instead of natural gas [9].

Biogas can be directly fed and internally reformed in an
SOFC stack; however, carbon deposition may occur and
gradually deactivate the SOFC anode catalysts [10-15].
Another problem of internal reformation of biogas is a large
temperature gradient in the SOFC stack due to a significant
cooling effect caused by the fast internal steam reforming
reaction [16]. To relieve these problems, biogas can be pro-
cessed in an appropriate fuel processor before using in the
SOFC stack [17]. The steam reforming [18-20], partial oxidation
[21,22], and auto-thermal reforming [23,24] are typical fuel
processing methods which are usually suggested for SOFC
systems. In addition to these fuel processing methods, anode
exit gas recirculation [25,26] can be applied to prevent carbon
deposition over the anode catalyst.

Several researchers have suggested the application of SOFC
systems to generate electric power and thermal energy
required for residential dwellings [27-32]. For this application
of SOFC systems, the thermal energy to electric power ratio
(TER) generated in the SOFC system and the TER required for
residential dwellings should match. The TER for residential
dwellings can be determined based on space heating, space
cooling, or domestic hot water demands and its magnitude is
highly dependent on location, building type, design, usage
pattern, time of day, and time of year [33]. The TER for hourly
averaged annual domestic hot water for a 200 m? house can
range from 0.7 to 1.0 [34]. The TER for space heating can be
substantially higher (more than ten times) than that for
domestic hot water in cold climates [33].

In this paper, three biogas-fuelled SOFC micro-combined
heat and power (micro-CHP) systems for application in resi-
dential dwellings are evaluated through computer simulation.
In each system, a different method is used for processing the
biogas fuel to prevent carbon deposition over the anode of the
cells used in the SOFC stack. The anode exit gas recirculation,

steam reforming, and partial oxidation are the methods
employed in these systems.

2. Systems description

The configuration of the systems studied in this paper is
shown in Fig. 1. These systems are mainly composed of an
SOFC stack used to generate DC electric power and heat; an air
heater used to increase the temperature of the air before it
enters the SOFC stack; an air blower used to overcome the
pressure drop in the system; a burner used to convert the
chemical energy of the unutilized fuel in the SOFC stack to
heat; a boiler used to generate hot water for a residential
dwelling; an inverter used to invert the DC electric power to
AC; and a reformer control volume that contains a biogas
clean-up system, heater(s) and/or reformer.

As shown in Fig. 1, three streams of biogas, air, and cold
water enter the systems. The composition of the biogas used
in this study is the averaged composition of the biogas
produced in wastewater treatment plants in Ontario. This gas
contains methane (60.8%), carbon dioxide (34.8%), nitrogen
(2.4%), oxygen (1.5%), and water vapor (0.01%). The range of
hydrogen sulfide and silicon compounds in this gas is 2.5-3450
and 0-2500 ppm, respectively. The other compounds such as
toluene, benzene, methyl chloride, and chlorofluorocarbons
are present at levels below 10 ppm [35]. The composition of
this gas is shown in the C-H-O ternary diagram in Fig. 2. As
shown in this figure, the biogas is located above the carbon
deposition boundary (CDB) curves, indicating that carbon
deposition over the anode catalyst in SOFCs is possible. As
explained in [36,37], the location of the biogas can be moved to
below the CDB curves by adding sufficient anode exit gas,
water, or air to the biogas fuel in the reformer control volume.
Of course, it is possible to move the location of the biogas to
below the CDB curves by adding CO,, but providing a suitable
source of CO, for the operation of the SOFC system in resi-
dential dwellings is complicated. Hence, we do not consider
the effect of adding CO, and dry reforming of the biogas in this
study.

In all systems studied, the biogas enters a gas clean-up
system where the contaminants in the biogas are reduced to
levels that will not damage the anode and/or reformer
catalysts. Depending on the operating temperature of the gas
clean-up system, a heat exchanger may be required before
cleaning the biogas. The most attractive and convenient
method to remove hydrogen sulfide from the biogas in gas
clean-up systems is the use of an activated carbon bed. This
method is highly effective at relatively low loadings of
hydrogen sulfide (H,S <200 ppm) [38]. In the case of high
hydrogen sulfide content, additional removal technologies
are required to reduce the hydrogen sulfide content to below
200 ppm. A similar absorption bed can be used to remove
silicon compounds that may cause a significant deactivation
of the anode catalyst [35]. After cleaning the biogas, it should
be processed before entering the SOFC stack. Therefore, in
system I, after passing the cleaned biogas through a heat
exchanger in the reforming control volume and increasing
its temperature, the high temperature cleaned biogas is
mixed with the anode exit gas (line 15 (I) in Fig. 1). In system
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Fig. 1 - The configuration of biogas-fuelled SOFC micro-CHP systems (system I with anode exit gas recirculation, system II

with a stream reforming, and system III with a partial oxidation fuel processor).

11, an input water stream (line 15 (II) in Fig. 1) enters with the
cleaned biogas to a steam reformer. In system III, the cleaned
biogas stream and an air stream, branched from the main
inlet air stream (line 15 (III) in Fig. 1), enter a partial oxidation
reformer. After chemical reactions and increasing the
temperature of the fuel to a certain value in the reforming
control volume, the processed fuel enters the SOFC stack.
The air also enters the SOFC stack after increasing its pres-
sure and temperature in the blower and air heater to
a certain value. Then, the H, electrochemical reaction (R1)
and chemical reactions of steam reforming (R2) and water
gas shift reaction (R3) take place in the anode, and the elec-
trochemical reaction (R4) occurs in the cathode of cells and
a DC electric power is generated in the SOFC stack. It should
be noted that the water gas shift reaction (R3) is assumed to
be in equilibrium in the anode. In fact, we assumed that the
rate of this reaction at the operating temperature of the SOFC
stack with the presence of Ni catalyst in the anode is high
enough so that the water gas shift reaction can be considered
in thermodynamic equilibrium. In this condition, the H,
electrochemical reaction represents the total power gener-
ated through the both H, (R1) and CO (CO + 0% — CO, + 2e7)
electrochemical reactions in the anode. For residential
applications, the DC electric power generated should be
inverted to AC using a DC to AC inverter.

H, + 0% - H,0 + 2e~ (R1)
CH,4 + H,0 < CO +3H, (R2)
CO +H,0 < CO, +H, (R3)
1/20, +2e~ — 0% (R4)

After the SOFC stack, the depleted fuel and air streams
enter a burner where the chemical energy of the unutilized
fuel in the SOFC stack is converted to thermal energy. In the
case of system I, the required anode exit gas is branched from
the depleted fuel stream before entering the burner. The hot
gas produced in the burner then passes through the reforming
control volume and air heater to supply their required heat.
Finally, the thermal energy of this stream is used to increase
the temperature of the inlet cold water to the boiler to supply
the hot water required for residential dwellings.

3. Computer simulation

To evaluate the performance of the systems shown in Fig. 1,
we developed a computer code to simulate planar SOFCs at
cell, stack and system levels. A detailed model of the cell,
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Fig. 2 - The location of the averaged composition of the biogas produced in wastewater treatment plant in Ontario and CDB
curves at atmospheric pressure and temperatures of 873 K, 973 K, and 1073 K in the G-H-O ternary diagram.

including the electrochemical reactions (R1) and (R4) in the
anode and cathode, respectively, and the steam reforming
and water gas shift reactions (R2) and (R3) in the anode were
considered in the computer code and the activation, ohmic,
and concentration polarizations were determined. The detail
description of the modeling of polarizations used in the
computer code is presented in Refs. [39-42]. It should be noted
that the inlet and outlet fuel streams from the anode were
assumed to be in thermodynamic equilibrium in the cell
modeling.

The SOFC stack was modelled by extending the cell
model. Since heat transfer from the SOFC stack affects cell
performance, an insulation system is required to control
this heat transfer. The insulation system considered in this
study consists of an insulation layer mechanically sup-
ported by two metal layers. To determine the rate of heat
transfer from the SOFC stack, the conductive heat transfer
in the insulation layer and the radiative and natural
convective heat transfer from the outer metal layer were
taken into account. The effect of the heat transfer from the
SOFC stack on the cell’s performance was considered in the
computer code. The power output obtained from an SOFC
stack is usually less than that obtained from a single cell
multiplied by the number of cells used in the SOFC stack
due to the gas and electron leakages and the effect of
bipolar plates in the stack. To reflect these effects on the
power output from the SOFC stack in the computer simu-
lation, we assumed a 5% voltage drop in Current-Voltage
(CV) characteristics of the SOFC stack in comparison with
single cells.

The balance of plant (BoP) components such as the air
heater, blower, boiler, reformer, and burner were thermody-
namically modelled under steady state operating conditions.
The properties, composition and flow rate of all streams in the
three systems were determined after modeling the BoP
components. Then, the net AC electric power, heat produced,
electrical efficiency, CHP efficiency, and total exergy destruc-
tion of the systems were determined from Egs. (1) to (5),
respectively. It should be noted that the effects of the boiler
feedwater pump, the biogas blower, and the heat transfer from
the BoP components on the electrical and CHP efficiencies and
exergy destruction of the systems were not taken into account
in this study.
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Fig. 3 - Results of the computer simulation and experiment
for a commercially available electrolyte supported cell (ESC 4).
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Table 1 - Input data for computer simulation of the

biogas-fuelled SOFC micro-CHP systems for residential
applications.

EXgestruction, total = Mypiogas€Xbiogas — Whet AC electric — (Exhot water
(°)

In Eq. (1), the blower input power is determined from the

— EXcola water)

Parameter Value
following equation [50]:
Cell operating temperature 850°C
Cell operating pressure latm ) b 1 1
Fuel inlet temperature to the SOFC stack 750 °C Whiower = MairCp,, Ts <<p6> h 1) (6)
Air inlet temperature to the SOFC stack 700°C Ps Melower

Fuel utilization ratio
Anode and cathode

60%, 70%, 80%

After determining the net electric power and the heat
produced in the system, the TER of the system can be obtained

Thickness 40 pm
Porosity (assumed) 0.33 () from Eq. (7).
Tortuosity (assumed) 4(-) .
Electrolyte thickness 90 um TER = — Q 7)
Interconnect thickness 3000 pm net AC electric
Cell active length 10 cm
Cell active width 10cm To prevent carbon deposition over the anode catalyst, the
Insulation system of the SOFC stack minimum required flow rate of the anode exit gas recircula-
Thickness 50 mm

Thermal conductivity
Emissivity of the outer surface
of the SOFC stack

0.025 Wm 'K~
0.8 ()

tion for system I, water for system II, and air for system IIl was
determined after obtaining the carbon deposition boundary.
The carbon deposition boundary is determined using the

Number of cells in the SOEC stack 27 three reactions of carbon decomposition (R5) [43], CO reduc-
Net AC electric power output from =~1kWe tion (R6), and the Boudouard reaction (R7) [36].
the SOFC system
Pressure drop in the system 0.3 bar CH, < C+2H, (R5)
Air blower efficiency 62.5%
Inlet cold water temperature to the boiler 40°C
Outlet hot water ten?perature from the boiler 90°C CO+H, < C+H0 (RE)
Efficiency of DC to AC invertor 92% 2C0 < G+ CO, R7)
Flue gas exhaust temperature Tgewpoint + 50 °C
Pinch temperature of the boiler >20°C
) ) . 4. Validation of the computer code
Wnet AC electric = WSOFC stack X Minverter — Wblower (1)
) To validate the computer code at the cell level, the perfor-
Q = "Meold water (Mot water — Neold water) ) mance of a commercially available electrolyte supported
cell (ESC 4) produced by H.C. Starck Company [44] was
. .Wnet AC electric (3) simulated.. This cell is composed of Ni/GDC (Gadolinia-
Mbiogas LHVbiogas doped Ceria) anode, dense YSZ electrolyte and YSZ/LSM
(lanthanum strontium manganese oxide) cathode. The Ni/
. . GDC anode of this cell is more resistant against carbon
Newp = Whet ac elecric +Q @) deposition than the Ni/YSZ anode [45]. To simulate this cell,

mbiogasLHVbiogas

it was assumed that the porosity and tortuosity of

Table 2 - The results obtained from the computer simulation for the SOFC micro-CHP systems at fuel utilization ratios of

80%, 70%, and 60%.

System I System II System III
Fuel utilization ratio (%) 80 70 60 80 70 60 80 70 60
Reforming agent to biogas ratio (kgkg™) 0.63 0.68 0.74 0.29 0.29 0.29 1.08 1.08 1.08
Biogas mass flow rate (kgh™?) 0.432 0.443 0.475 0.436 0.454 0.508 0.536 0.59 0.662
AC electrical efficiency (%) 42.4 40.5 37.5 41.7 38.7 345 33.9 30.7 27.4
CHP efficiency (%) 76.9 784 80.4 72.9 75.1 77.6 80.5 82.5 84.5
TER (-) 0.81 0.94 1.15 0.75 0.94 1.25 1.38 1.68 2.09
Excess air (-) 5.2 4.2 3.3 4.9 3.9 3.1 5.1 4.2 34
Operating voltage of system (V) 16.3 16.9 17.3 16.5 17.1 17.5 16.3 16.7 17.1
Total exergy destruction of system (W) 1338 1401 1568 1369 1491 1751 1858 2122 2473
Blower input power (W) 156 132 119 141 118 105 158 145 132
Generated hot water (kgh™?) 13.5 15.2 18.5 12.2 15.0 19.8 22.6 27.6 34.3
Exit flue gas temperature (°C) 79.1 82.1 85.0 85.5 88.9 92.5 82.4 85.2 88.6
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Table 3 - Reference species of the atmospheric air [46].

Compound %mol
Ar 0.912
CO, 0.0337
D,O 0.000344
H,0 2.215

He 0.000488
Kr 0.000098
N, 76.305

Ne 0.00178
0, 20.531

Xe 0.0000088

electrodes are 0.33 and 4, respectively. The voltage and
power density of the ESC 4 cell obtained by the computer
simulation and the experiment at various current densities
and the cell operating temperature of 850 °C are shown in
Fig. 3. The computer code could predict the voltage and
power density of the ESC 4 cell with an average relative
error of +1%.

Hot water 3.8%

Pressure

drop3.9% IR s

12.5%
Reformer
4.5%
Burner
6.4%

Inverter|
3.5%

Blower

Exhaust 2.7%

Pressure
drop

3.2% _ SOFCStack
10.0%

Reformer
9.9%
Burner
5.6%

Inverter.
28%

Blower
1.8%

5. Input data

The input data used for evaluation of the systems studied for
residential applications are listed in Table 1. The SOFC stack
used in these systems consists of twenty-seven ESC 4 cells
that operate at the temperature, pressure and voltage of
around 850°C, 1atm, and 0.7V, respectively. Each system
generates around 1 kW net AC electric power after deducting
the power required for the internal consumption of the
system. It is also considered that the exhaust gases leave the
systems at a temperature which is 50 °C greater than the dew
point temperature of the exhaust gases. It should be noted
that the dew point temperature is calculated based on the
partial pressure of the water vapour in the exhaust gases.

6. Results and discussions

Based on the input data presented in Table 1, the results of the
computer simulation for all three systems studied are
obtained and listed in Table 2.

b Hot water 3.4%

Pressure
drop SOFC Stack
3.5% 4 12.0%

Reformer
7.2%

2.0% Exhaust 3.0%

Hot water 5.1%

Exhaust
2.8%

Fig. 4 - The share of each component in the exergy destruction of the input biogas to (a) system I with anode exit gas
recirculation, (b) system II with steam reforming, and (c) system III with partial oxidation fuel processor, at the fuel

utilization ratio of 80%.
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Fig. 5 - Effect of the cell operating voltage at fuel utilization
ratios of 80%, 70%, and 60%, on the number of cells in the
SOFC stack (dashed lines) and TER (solid lines) in (a) system
I with anode exit gas recirculation, (b) system II with steam
reforming, and (c) system III with partial oxidation fuel
processor (the yellow column indicates the range of cell
voltages at which the minimum number of cells is required
in the SOFC stack operated with fuel utilization ratios
between 60% and 80%).

The minimum mass flow rate of the reforming agent
required for each system, to prevent carbon deposition over the
anode catalyst of the ESC 4 cell, is determined using the
computer simulation. As shown in Table 2, the minimum mass

flow rate of the anode exit gas for system I depends on the fuel
utilizationratio, anditis equal to 0.63,0.68,and 0.74 of the input
biogas mass flow rate at the fuel utilization ratios of 80%, 70%
and 60%, respectively. The minimum mass flow rate of the
input water to the reforming control volume of system II, and
the input air to the reforming control volume of system III is
0.29 and 1.08 of the input biogas mass flow rate, respectively,
and these values are independent of the fuel utilization ratio.

According to the computer simulation results, at the fuel
utilization ratio of 80%, the inlet biogas flow rate to systems I
to III is approximately 0.432 kg/h, 0.436 kg/h and 0.536 kg/h,
respectively. This result shows that the inlet biogas mass flow
rate to system I is the lowest among the systems studied.
System I also exhibits a net AC electrical efficiency of 42.4% at
the fuel utilization ratio of 80%, followed by system II with
41.7%, and system III with 33.9%. System III provides the
highest CHP efficiency among the systems studied, followed
by systems I and II. The CHP efficiency of systems I to III is
around 76.9%, 72.9%, and 80.5%, respectively, at the fuel
utilization ratio of 80%. The TER of systems I and II at the fuel
utilization ratio of 70% and 80% is well-matched with the TER
based on the domestic hot water demands for single-family
detached dwellings [34]. The studies show that the TER of
system III is suitable for this application at the fuel utilization
ratio of 90%. The excess air required for controlling the
temperature of the SOFC stack is the lowest for system II, and
so the size and initial investment cost of the blower, air
heater, and burner is the lowest for this system among the
systems studied. The operating voltage of system II is the
highest among the studied system. At the fuel utilization ratio
of 80%, the voltage level reaches around 16.5 V for system II
and 16.3 V for systems I and III. The total exergy destructions
in systems I and II are very close, especially at fuel utilization
ratios greater than 80%, and are substantially less than that in
system III. The studies also indicate that depending on the fuel
utilization ratio and the system configuration, 10% to 16% of
the electric power generated in the SOFC stack is consumed in
the air blower.

6.1. Exergy analysis

Excluding nuclear, magnetic, electrical, and interfacial effects,
the exergy of a stream can be divided into four components of
physical, chemical, kinetic, and potential exergies. In this
study, it is assumed that the changes of the inlet and outlet
kinetic and potential exergies of a stream are negligible in
comparison with the physical and chemical exergies. To
calculate the physical and chemical exergies, the reference
atmospheric air species listed in Table 3, and the reference
temperature, pressure, and relative humidity of 298.15K,
101325 Pa, and 70%, respectively, are taken into account. After
finding the exergy of the streams, the exergy destruction of
a component is obtained from the difference between the
exergy of the input and output streams from the component
with the consideration of the exergy of the heat and work to or
from the component.

To determine the share of each component of the systems
studied in the exergy destruction of the input biogas, an
extensive exergy analysis at the cell fuel utilization ratio of
80% was performed and the results are illustrated in Fig. 4. As
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Table 4 - The cell operating voltage at which the minimum number of cells is obtained for the systems studied, at fuel

utilization ratios of 60%, 70%, and 80%.

System I System II System III
Fuel utilization 60 70 80 70 80 60 70 80
ratio (%)
Cell operating 0.62 0.58 0.55 0.61 0.62 0.58 0.60 0.61
voltage (V)
Minimum number 21 22 23 22 23 22 23 24
of cells (-)

shown in this figure, the exergy destruction in the SOFC stack
is not as significant as in the air heater, because the heat
generated due to polarizations in the high temperature ESC 4
cells can still generate additional electricity in other power
generation devices. The air heater has the largest share in the
exergy destruction of the input biogas in all the studied
systems, followed by the SOFC stack and burner/boiler for
system I, the SOFC stack and burner for system II, and the
boiler and SOFC stack for system III. There is the potential to
generate additional electric power in these systems, especially
in system III, if they are combined with other power genera-
tion devices and appropriately optimized using pinch tech-
nology and exergy analysis [47,48].

6.2. Sensitivity analysis

The results listed in Table 2 were obtained for the SOFC stack
with twenty-seven ESC 4 cells. Since the SOFC stack repre-
sents 30-50% of the initial investment cost of an SOFC system
[49], the number of cells has an important role to economically
optimize the SOFC system. Two key parameters that affect the
number of cells in the SOFC stack are the cell operating
voltage, which is the average of the single cell voltages, and
the fuel utilization ratio [50]. In this study, a correlation
between the cell operating voltage at different fuel utilization
ratios and the number of cells required for the SOFC stack to
generate around 1kW net AC electric power for residential
dwellings is established through a detailed sensitivity anal-
ysis. Since the cell operating voltage and fuel utilization ratio
affect the TER, excess air, and electrical and CHP efficiencies,
these parameters are also monitored during the sensitivity
analysis. It should be noted that our study does not cover the
influence of the cell operating voltage and fuel utilization ratio
on the durability and thermo-mechanical reliability of the cell.

6.2.1. Effect of the cell operating voltage and fuel utilization
ratio on the number of cells and TER
As shown in Fig. 5, the number of cells required for the SOFC
stack to generate around 1kW net AC electric power for
residential dwellings changes approximately as a concave
upward parabolic curve with the cell operating voltage for all
the systems studied. Indeed, the number of cells first reduces
with decreasing the cell operating voltage and then increases.
The cell operating voltage at which the minimum number of
cells required in the SOFC stack is obtained is called “mCV” in
this study, which is a function of the fuel utilization ratio.
The mCV for each system at fuel utilization ratios of 60%,
70%, and 80% has been determined and listed in Table 4. As

shown in this table, for fuel utilization ratios between 60% and
80%, the range of mCVs is obtained between 0.55V and 0.62 V
for system I, 0.57 V and 0.62 V for system II, and 0.58 V and
0.61V for system III. These voltage ranges are shown with
yellow columns in Figs. 5 and 6.

Based on the mCV, The operating voltages of a cell can be
divided into two groups; those which are less than mCV
(Group I) and those larger (Group II). Considering this classi-
fication, we will show that the optimum operating voltage of
a cell always falls in Group II of the cell category.

As shown in Fig. 5, with decreasing the cell voltage, the
number of cells required for the SOFC stack increases for
Group I and decreases for Group II of the cell voltages. For both
groups of voltages, the number of cells also decreases with
decreasing the fuel utilization ratio.

As shown in Fig. 5, the TER of all the systems studied
increases progressively with decreasing the cell operating
voltage. The TER also increases with decreasing the fuel
utilization ratio, because the fuel unutilized in the SOFC stack
can be used in the burner to generate additional heat for the
boiler to produce more hot water for residential dwellings. For
Group I of the cell voltages, the TER of all the systems studied
is greater than unity. It means, the heat produced in these
systems is more than the heat required for the domestic hot
water demand for single-family detached dwellings.

6.2.2. Effect of the cell operating voltage and fuel utilization
ratio on electrical and CHP efficiencies

Fig. 6 illustrates the effect of the cell operating voltage at
different fuel utilization ratios of 60%, 70%, and 80%, on the
electrical and CHP efficiencies of the systems. As shown in
this figure, an increase in the operating voltage of the cell
leads to a linear increase in the net AC electrical efficiency of
all the systems studied. In the range of the fuel utilization
ratios investigated, the net AC electrical efficiency is higher at
elevated fuel utilization ratios.

The CHP efficiency of all the systems studied decreases
linearly with a slight slope with increasing the cell operating
voltage to around 0.7 V. If the cell operating voltage exceeds
this value the CHP efficiency of systems I and II decreases as
a convex upward parabolic curve; however, depending on the
fuel utilization ratio, the CHP efficiency of system I may line-
arly increase at a certain cell operating voltage.

Although the CHP efficiency of the systems obtained at the
cell voltages of Group II is slightly smaller than that obtained
at the cell voltages of Group I, the electrical efficiency of these
systems obtained at the cell voltages of Group II is notably
higher than that obtained at the cell voltages of Group 1.
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Fig. 6 - Effect of the cell operating voltage at fuel utilization
ratios of 80%, 70%, and 60%, on the net AC electrical
efficiency (solid lines) and CHP efficiency (dashed lines) in
(a) system I with anode exit gas recirculation, (b) system II
with steam reforming, and (c) system III with partial
oxidation fuel processor (the yellow column indicates the
range of cell voltages at which the minimum number of
cells is required in the SOFC stack operated with fuel
utilization ratios between 60% and 80%).

6.2.3.  Effect of the cell operating voltage and fuel utilization
ratio on biogas fuel consumption

The effect of the cell operating voltage at fuel utilization ratios
of 60%, 70%, and 80% on the biogas mass flow rate for all three
systems studied are shown in Fig. 7. As shown in this figure,
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Fig. 7 - Effect of the cell operating voltage at fuel utilization
ratios of 80%, 70%, and 60%, on the inlet biogas mass flow
rates in (a) system I with anode exit gas recirculation
(green curves), (b) system II with steam reforming (red
curves), and (c) system III with partial oxidation (blue
curves) fuel processor.

with decreasing the cell voltage, the biogas mass flow rate
increases progressively for all the systems studied. The higher
the fuel utilization ratio, the lower the biogas mass flow rate
required for the systems studied to generate 1 kW AC electric
power. If the amount of the biogas fuel generated for a resi-
dential dwelling is limited to a certain value, this figure would
be important to select an appropriate cell voltage and fuel
utilization ratio for the systems studied.

6.2.4. Effect of the cell operating voltage and fuel utilization
ratio on excess air

Fig. 8 shows the effect of the cell operating voltage at fuel
utilization ratios of 60%, 70%, and 80% on the excess air
required for controlling the temperature of the SOFC stack for
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Fig. 8 - Effect of the cell operating voltage at fuel utilization
ratios of 80%, 70%, and 60%, on the excess air in (a) system I
with anode exit gas recirculation (green curves), (b) system
IT with steam reforming (red curves), and (c) system III with
partial oxidation (blue curves) fuel processor.
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all three studied systems. As shown in this figure, the increase
of the cell operating voltage leads to a decrease in the excess
air; and so the size and initial investment cost for the air
heater, blower, and burner decreases for all the systems
studied. In the range of the fuel utilization ratio investigated,
the excess air also decreases with decreasing the fuel utili-
zation ratio.

Overall, the results of the sensitivity analysis indicate that
with decreasing the cell operating voltage in Group I, the
number of cells required for the SOFC stack increases, and
the excess air required for controlling the SOFC stack
temperature increases. Hence, the size and initial invest-
ment cost of the systems studied increase. The decrease in
the cell operating voltage in this group also leads to
a decrease in the electrical efficiency and an increase in the
biogas consumption; however, the CHP efficiency does not
change considerably. The TER of the systems studied also
exceeds the TER required for the domestic hot water
demands for single-family detached dwellings. Conse-
quently, the optimum cell operating voltage is not in this
group of the cell voltages and should be found in Group II. In
fact, the lowest cell design voltage is limited to the cell
voltage at which the minimum number of cells for the SOFC
stack is obtained (mCV).

In Group II of the cell voltages, with increasing the cell
operating voltage, the number of cells for the SOFC stack
increases, whereas, the biogas consumption and excess air
decrease. Therefore, a detailed economic analysis is required
to find the cell design voltage in this group.

7. Conclusions

The results of this study indicate that biogas is a suitable fuel
for residential applications of the SOFC systems studied. Due
to the high carbon dioxide content of the biogas fuel, the
amount of the reforming agent needed to prevent carbon
deposition over the anode of ESC 4 cells decreases. For an
SOFC stack with 27 ESC 4 cells operating at a fuel utilization
ratio of 80%, the net AC electrical efficiency of 42.4%, 41.7%,
and 33.9% is predicted for systems I to III, respectively. In
these conditions, system III shows the highest CHP efficiency
with 80.5%, followed by system I with 76.9%, and system II
with 72.9%. The TER of systems I and II at the fuel utilization
ratios of 70% and 80%, and system III at the fuel utilization
ratio of 90%, is suitable to produce the electric power and hot
water demands for single-family detached dwellings.

The exergy analysis shows that there is a considerable
potential to generate additional electric power from the
systems studied, especially from system III, if they are
combined with other power generation devices and appro-
priately optimized.

The sensitivity analysis indicates that the optimum cell
voltage is greater than the cell voltage at which the minimum
number of cells for the SOFC stack is obtained. The minimum
number of cells at the fuel utilization ratio of 80% is obtained
at the cell voltage of 0.55V for system I, 0.62 V for system II,
and 0.61V for system III. In these conditions, the number of
ESC 4 cells required for the SOFC stack is 23 cells for systems I
and II, and 24 cells for system III.

Overall, the biogas-fuelled SOFC systems studied show an
appropriate performance to generate electric power and hot
water demands for single-family detached dwellings.
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