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Abstract Solid oxide fuel cell combined with heat and power (SOFC-CHP) system is a distributed power generation
system with low pollution and high efficiency. In this paper, a 10 kW SOFC-CHP system model using syngas was built in
Aspen plus. Key operating parameters, such as steam to fuel ratio, stack temperature, reformer temperature, air flow rate,
and air preheating temperature, were analyzed. Optimization was conducted based on the simulation results. Results
suggest that higher steam to fuel ratio is beneficial to the electrical efficiency, but it might decrease the gross system
efficiency. Higher stack and reformer temperatures contribute to the electrical efficiency, and the optimal operating
temperatures of stack and reformer when considering the stack degradation are 750 °C and 700 °C, respectively. The air
preheating temperature barely affects the electrical efficiency but affects the thermal efficiency and the gross system
efficiency, the recommended value is around 600 °C under the reference condition.

Keywords SOFC-CHP system - Operational parameters - Optimization - Efficiency

1 Introduction

The global demand for electricity and energy is constantly
increasing. China, India, and the United States of America
are the three most populous countries in the world, and
meanwhile the three most energy-consuming countries
(Wei et al. 2020). At present, the world’s electricity mainly
relies on fossil fuels, such as coal and natural gas. How-
ever, the conversion efficiency of traditional power gen-
eration units is low, and the massive use of fossil fuels has
caused high greenhouse gas emissions and aggravated
global warming (Ahmad et al. 2017; Nikzad and Sedigh
2017; Zecca and Chiari 2010). To reduce the impact of
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power generation on the global environment, developing
clean power generation techniques has drawn more and
more attention.

The solid oxide fuel cell (SOFC) is an electrochemical
device that can directly convert the chemical energy of fuel
into electrical energy. Comparing to traditional power
generation devices, SOFCs have the advantages of higher
efficiency and low pollutant emission, such as SO, and
NO, (Fernandes et al. 2018; Lu et al. 2018). Due to high
operating temperatures, the efficiency of the SOFC com-
bined heat and power (SOFC-CHP) system can achieve
80% and even more (Wang et al. 2021). Various systems at
different scales have been applied in Europe, the United
States, Japan, and other places, ranging from kilowatt to
megawatt, from household cogeneration systems to large-
scale power generation systems (Choudhury et al. 2013;
Nakao et al. 2019; Santarelli et al. 2019). However, the
operation conditions of SOFC-CHP systems both in articles
and markets are different from each other. To promote the
localization and commercialization of SOFC systems in
different areas of China, it is important to analyze the key
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factors which may influence the performance of the system
according to different fuels.

Working conditions are vital for the performance and
lifetime of SOFC systems. Lyu et al. (2020) studied the
effects of different fuel flow rate, operating current, anode
off-gas recirculation (AOGR) ratio on the performance of
SOFC stacks based on the Aspen software. Results showed
that a higher flow rate of CH,4 will decrease the electrical
efficiency of the stack, the electrical efficiency of the stack
will firstly increase before decline when more current was
been drawn. The larger AOGR ratio will have a negative
impact on the electrical efficiency of the stack. Anode off-
gas recirculation is also used in the SOFC system to
achieve higher fuel utilization. Research conducted by
Powell et al. (2012) proved that although increasing the
AOGR ratio of anode off-gas could increase the overall
fuel utilization, it impacts the system efficiency at the same
time. Anode gas recirculation can help the system to
achieve a fuel utilization of 93% while single-pass fuel
utilization is around 55%. Furthermore, research conducted
by Zhang et al. (2017) suggested that the AOGR rate of 0.7
is a turning point. Lower than 0.7 will promote electrical
efficiency while larger than 0.7 will help to improve the
thermal efficiency. Xu et al. (2013) studied the impact of
the cell output voltage and the fuel flow rate on the system
performance, indicating that the cell voltage decreased but
the SOFC stack efficiency and the electrical efficiency of
the system increased when the average current density rose.
Under the condition that the output voltage was constant,
as the inlet fuel flow rate increased, the fuel utilization rate
changed conversely. Peters et al. (2016) discussed the
effects of operational parameters such as the AOGR ratio
and fuel utilization rates, with the hope of achieving higher
system efficiency. This study suggested that enlarging the
fuel utilization rate and the anode off-gas recirculation
would promote the electrical efficiency but suppress the
thermal efficiency of the system. However, the air mass
flow and the air blower power consumption could reduce
by increasing the fuel utilization rate. In summary,
although many researches have been conducted on system
operation parameters, there are many limitations. First of
all, existing studies mainly focus on the parameters of the
SOFC stack. However, the balance of plant (BOP) such as
reformer, heat exchangers has the same importance as the
stack, can also influence the system performance and sta-
bility. From a system-level perspective, the coupled effects
of BOP operating parameters on the system performance
still need to be further studied. Furthermore, most of the
existing system studies are conducted with pure fuel, but
impurities are very common in real applications.

The SOFC system performance will be greatly affected
by different fuels, and the system components, configura-
tions, and performances differ a lot when using different

fuels (Rokni 2017). Cinti et al. (2019) simulated different
mixtures of methane and hydrogen, compared the perfor-
mances of SOFC-CHP systems with different fuels under
the same system structure and working conditions. The
results revealed that the system fed with pure methane had
higher electrical efficiency, but the overall system effi-
ciency could be higher when the fuel was mixed with
hydrogen. Cheng et al. (2019) designed different SOFC
systems for hydrogen and methane fuel and compared the
system performances. Their study indicated that with the
increase of system output power, the electrical efficiency of
both the hydrogen-fueled and methane-fueled SOFC sys-
tems would decrease after the initial increase. Although the
trend of the electrical efficiency was similar, there was
some difference. The electrical efficiency of the latter was
higher when the output power varied from 1 to 8 kW, but
the electrical efficiency of the hydrogen-fueled system
would be higher if the output power was between 8 and
10 kW. Rokni (2017) simulated several systems fueled by
hydrogen, ammonia, methanol, ethanol and dimethyl ether,
suggesting that the plant efficiency is larger on the ethanol
fuel and the AOGR rate should be 20% when the system is
fed by pure hydrogen and the fuel utilization is 80%.

In summary, although the fuels and working conditions
of SOFC systems have been widely discussed, previous
researches were mainly conducted under one kind of pure
fuel or the mixture of several pure fuels. In real industrial
applications, impurities, such as non-flammable gas, may
exist in the fuels. It may deviate the system performance
from the design point which was normally established
based on pure fuel. On the other hand, the investigation and
optimization of key operating parameters are important to
guarantee system efficiency and lifetime.

Coalbed methane (CBM) is one kind of combustible
syngas consisting primarily of methane and carbon dioxide
and can be used as fuel for SOFC power systems. Besides,
the SOFC-CHP system is suitable for the coal mine
because there are much the CBM and large demands of
power and heat in coalfield.

To improve the performance of the SOFC-CHP system
with the CBM (87.79% CHy, 10.83% CO,, 1.38% N,) in
the coalfield of Zhunnan coal mine in Xinjiang province, a
10 kW class SOFC-CHP system model was established on
Aspen plus. The influence of key parameters such as
steam—fuel ratio, stack working temperature, reformer
temperature, air flow rate, and preheating temperature on
the system performance was investigated.
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2 System model and verification Stack System
experiment simulation

To establish a reliable SOFC-CHP system model, stack
experiments and the process of electrochemistry reaction
need to be conducted and analyzed. Stack experiments
were firstly carried out in Suzhou Huasting Jingkun New
Energy Technology Co., Ltd and partial stack parameters
are shown in Table 1. Then, electrochemistry parameters
and related expressions were fitted and identified based on
the experimental data. The stack model was built in Aspen
Plus with the fitted parameters. Finally, the model data and
experimental data were compared to verify the accuracy of
the stack model. The experiment and the establishment and
verification of the stack model were detailed in the litera-
ture (Lyu et al. 2020). Based on the established SOFC stack
model, a 10 kW SOFC-CHP system was built in Aspen
plus. The system establishment process is shown in Fig. 1.
The reference condition of the system is shown in Table 2.

Due to the high operating temperature and free of Pt
electrode, CO and CH, can be accepted by the SOFC than
other low temperature fuel cells. However, many experi-
ments proved that the microstructure and long-term oper-
ating performance of the SOFC stack could be damaged if
the content of CO in anode inlet was too large (Stoeckl
et al. 2017a, b, 2018). Besides, other studies suggested that
more uneven temperature distribution inside the stack,
obvious voltage degradation, and lower electrical perfor-
mance were observed when the methane or methane
reforming gas (CHy, CO, CO,, H,, H,0), instead of
hydrogen, was fed to SOFC stack (Zhang et al. 2020;
Saadabadi et al. 2021). To achieve long-term performance
and stability, increasing H, concentration and decreasing
the concentration of CH,, CO, CO,, and H,O in anode inlet
should be considered. Therefore, a palladium membrane
was employed in this paper.

Figure 2 shows the structure of thel0 kW SOFC-CHP
system with the CBM. Tap water and the CBM are pre-
heated and mixed into the reformer, which is heated by the
off-gas of the afterburner. The reformer off-gas is separated
by a palladium membrane, hydrogen enters the stack, and
the rest of the reformed gases enter the burner. Air is
preheated to 600 °C before stepping into the SOFC stack.

The gross electrical efficiency is calculated as follows:

Table 1 Partial stack parameters

Layer Material Thickness (p1m)
Anode Ni-YSZ 300

Electrolyte YSZ 15

Cathode LSCF 70
Interconnector SUS430 1730
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Fig. 1 10 kW SOFC-CHP system building process

P
= - 1
g nx HHVvalue ( )
where, P is the gross system power, kW; n is the fuel flow
rate, mol/s; HHV .. is the high heating value of the fuel,
kJ/mol.
The parasitic electrical is calculated as follows:

Pp = Pair + Pruel + Puwater (2)

where, the P, Piucl, Pwater are the power consumption of
the air blower, fuel blower and water pump, kW,
respectively.
The net electrical efficiency is calculated as follows:
P—-P
; (3)

= n X HHVvalue

The thermal efficiency is calculated as follows:

cxmx AT
n X HHVvalue

4)

N3 =

where the ¢ and m stand for the specific heat capacity and
flow rate of the cooling water, AT is the temperature dif-
ference between the inlet and the outlet water.

The gross system efficiency and the net system effi-
ciency can be respectively calculated as follows:

Ny =M + 13 (5)
s =M+ 1 (6)
3 Results and discussion

The optimal operation condition is vital for the stable and

efficient operation and long lifetime of the SOFC-CHP
system. The simulation was conducted based on the CBM
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Table 2 The system working parameters

Item Value Item Value
Initial temperature (°C) 25 Fuel flow rate (mol/s) 0.04
Reformer temperature (°C) 700 Water flow rate (mol/s) 0.08
Anode inlet temperature (°C) 700 Air flow rate (mol/s) 0.83
Air preheating temperature (°C) 600 Cooling water flow rate (mol/s) 3.33
Stack temperature (°C) 750 Pressure drop of heat exchanger (kPa) 8
Anode outlet temperature (°C) 800 Heat loss of heat exchanger (%) 5
Cathode outlet temperature (°C) 750 Cell area (cm?) 100
Afterburner temperature (°C) 1000 Output current (A) 20
Exhausted gas temperature (°C) 80 Blower efficiency (%) 85.5

Exhausted gas

Cooling [>(5 ) Cooling
water in HX4 water out
Heat recovery
Pure water HX3 Reformer
Water pump H, o
HX2
@ SOFC
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Fuel blower
~N Other |
Alr HXI
Air blower )
o Cathode off-gas
<
<
h Anode off-gas
N

Fig. 2 The system structure of the 10 kW SOFC-CHP with the CBM

(87.79% CHy, 10.83% CO,, 1.38% N,) of the No. 39 coal
seam at the Fukang mining area of the Zhunnan coalfield in
Xinjiang Province. Effects of the steam—fuel ratio, stack
temperature, reformer temperature, air flow rate, and air
preheating temperature on system performance were
investigated, and the optimized parameter values were
proposed.

3.1 The effect of steam—fuel ratio

Methane, directly used as fuel, may cause carbon deposits
on the cell anode, which is not conducive to the long-term
stable operation of the SOFC. Therefore, the SOFC system
usually adopts an external reformer to avoid carbon
deposition at the anode and increase the hydrogen con-
centration in the fuel. Therefore, choosing the right steam—
fuel ratio (water flow rate/fuel flow rate) is very important

After burner

for the SOFC system. The steam—fuel ratios are set as 1.0,
1.5, 2.0, 2.5 and 3.0, the corresponding steam to carbon
ratios (water flow rate/methane flow rate) are 1.14, 1.71,
2.28, 2.85 and 3.42. The stack temperature is 750 °C and
the reformer temperature is 700 °C.

Figure 3 depicts the flow rates and components of
reformer off-gas, cell voltage, power and efficiency of the
system. With the increase of the steam—fuel ratio, the flow
rate and content of each component of the reformer off-gas
changes differently. For instance, the flow rate of hydrogen
increases but the content decreases, while the flow rate and
content of steam vapor gradually increase. When the
steam—fuel ratio increases from 1.00 to 3.00, the hydrogen
flow rate will increase by 0.21 kmol/h while the content
decreases by 5.35%, while the steam flow rate and content
increase by 0.24 kmol/h and 28.18%, respectively. When

@ Springer



504

B. Li et al.

(a) —=—CH, —e—H, ——CO
[—v—CO, —4—H0 ——N

£ 035

e L o @
= = N
S v S U

Reformer off-gas flow rate /[k

ol
=3
>3

1.0 1.5 2.0 2.5 3.0 35
Steam to fuel ratio

Got\o\‘\\
—=—CH, —e—H, —A—CO

e —¥—CO, —4—H,0 —#—N\,

©w
S

15}
S

o

0 -
1.0 1.5 2.0 2.5 3.0
Steam to fuel ratio

w
n

e
9
=

5
(C) —B— Cell voltage
0.74 -—@— Gross power
Net power

L
54
78

\
\
|
|

S 8
o
°
T
1
©
=

Cell voltage /V
I = S 9«
A 2 =
L
oo =l
n O
System power /kW

e
o
>
T
1
e
=

L L L
1.5 20 2.5 3.0
Steam to fuel ratio

o
o
by

-
n

=3
w
n

100

—®— Gross electric eff —®— Net electric eff

(d) —A— Thermal eff —¥— Gross system eff’
—— Net system eff
80 m‘
BN
>
Q
8
§ 60
=)
o A A A
g Y
7 40
>
n  — $ = ]
20
0 L L L L
1.0 1.5 2.0 2.5 3.0 35

Steam to fuel ratio

Fig. 3 The effect of steam—fuel ratio on: a the gas flow rates at
reformer outlet, b the gas components at reformer outlet, ¢ the cell
voltage and power generation, d the system efficiency
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the steam—fuel ratio is between 1.00 and 2.00, the flow rate
of each gas changes more drastically.

As the steam—fuel ratio increases, the cell voltage
gradually rises, resulting in that the gross and net power of
the system gradually increases. The electrical efficiency of
the system increases slightly but the thermal efficiency
decreases obviously. As a result, the gross system effi-
ciency increases initially but decreases eventually. The
steam—fuel ratio increases from 1.00 to 3.00, the cell
voltage enlarges from 0.69 to 0.72 V. The gross and net
power increase from 9.74 to 10.13 kW, and from 9.09 to
9.48 kW, an increase of 0.39 kW respectively. The
increase in power generation leads to an improvement in
power generation efficiency. When the steam—fuel ratio
increases from 1 to 3, the gross electrical efficiency will
increase by 1.29%, and the thermal efficiency decreases on
contrary. With the ratio from 1 to 3, the thermal efficiency
drops by 4.14%. The gross system efficiency originally
increases but eventually decreases. The system efficiency
meets the maximum value of 81.42% when the steam—fuel
ratio is 1.5.

As discribed in Table 3, the larger steam—fuel ratio will
promote the methane-steam reforming reaction, beneficial
to the process of methane conversion and hydrogen gen-
eration, which will improve the hydrogen partial pressure
in the anode and eventually promotes the cell voltage.
Therefore, both the system power generation and power
generation efficiency increase. However, an increase in the
steam—fuel ratio will also dilute the combustible gas con-
centration at the burner inlet, which is not conducive to
combustion. Therefore, the thermal efficiency of the sys-
tem decreases as the steam—fuel ratio increases. From the
above analysis, it can be seen that both the electrical effi-
ciency and the system efficiency are higher under the
steam—fuel ratio of 1.5.

3.2 The effect of stack temperature

SOFC stack is the core equipment of the SOFC-CHP sys-
tem, its performance is vital to the whole system. In this
section, the gross power, electrical efficiency, and gross
system efficiency are studied under different stack tem-
peratures. The reformer temperature is fixed at 700 °C.
Figure 4 gives the generating power and electrical,
thermal, and system efficiency. As shown in Fig. 4, as the
operating temperature rises, all of the gross and net power,
electrical efficiency, thermal efficiency, gross and net
system efficiency increase. As the stack temperature
increases from 700 to 800 °C, the gross and net power both
increase by 2.15 kW, respectively. The gross electrical
efficiency, net electrical efficiency, thermal efficiency,
gross system efficiency, and net efficiency increased by
7.16%, 7.16%, 0.64%, 7.80%, and 7.80%, respectively.
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Table 3 Reformer off-gas concentration

Steam—fuel ratio CHy4 (%) H, (%) CO (%) CO, (%) H,O (%) N, (%)
1.0 5.96 61.68 19.12 4.31 8.52 0.41
1.5 2.69 60.61 15.59 6.14 14.63 0.34
2.0 1.34 57.83 12.62 7.33 20.58 0.30
2.5 0.73 54.60 10.28 8.03 26.10 0.27
3.0 0.42 51.37 8.48 8.38 31.11 0.24
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Fig. 4 The effect of stack temperature on: a the gross and net power,
b the system efficiency

The higher operating temperature of the stack has a posi-
tive effect on the power generation and overall system
efficiency.

Higher stack temperature can improve the cell voltage
by lower the polarization impedance. Therefore, the output
voltage of the stack increases as the temperature, which
eventually promotes the power generation and the gross
electrical efficiency. The SOFC stack should work at high
temperatures to meet the high electrical and system effi-
ciency. However, the degradation is more active for the
SOEFC stack at high temperatures. Therefore, the working
temperature of the stack should not be too high, the rec-
ommended value is 750 °C.

3.3 The effect of reformer temperature

As an important component of the SOFC system fueled by
hydrocarbons, the performance of the reformer is important
to the whole system. To study the influence of the refor-
mer’s temperature on the overall performance of the
SOFC-CHP system, the SOFC-CHP system was simulated
and the impact of this temperature on the system perfor-
mance was analyzed under different reformer temperatures
(600, 650, 700, and 750 °C, respectively) based on the
stack temperature of 750 °C. The results are shown in
Fig. 5.

As shown in Fig. 5a, as the working temperature of the
reformer rises, the off-gas composition of the reformer
changes monotonously with a decreasing change rate. The
contents of hydrogen and carbon monoxide gradually
increase, but the contents of water, carbon dioxide, and
methane gradually decrease. Meanwhile, the change rate of
different components is not the same. The reformer tem-
perature is from 600 °C up to 750 °C, the hydrogen content
increases from 48.60% to 58.69%, increasing by 10.09%,
but the methane content decreases from 7.42% to 0.41%,
decreasing by 7.01%. The influence of reforming temper-
ature on exhaust gas composition gradually decreases with
the reformer temperature. When the reformer temperature
grows from 700 to 750 °C, the hydrogen and methane
content in the reformer off-gas increases by 0.86% and
— 0.93%, respectively, which means that the system effi-
ciency may be promoted more when the temperature is
lower than 700 °C. As the methane-steam reforming pro-
cess is endothermic, resulting in that higher reforming
temperature is more advantageous to the reaction. There-
fore, the hydrogen content increases and the methane
content decreases while the temperature gets higher.

As shown in Fig. 5b, thanks to the increase of hydrogen
content, the cell voltage and the power generation also
gradually increase. The reformer temperature rises from
600 to 750 °C, the cell voltage increases from 0.69 to
0.72 V, and the gross and net power of the system increase
from 9.68 to 10.10 kW and 9.03 kW to 9.45 kW,
respectively.
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Fig. 5 The effect of reformer temperature on: a the reformer off-gas
component, b the cell voltage and generating power, ¢ the system
efficiency

As shown in Fig. 5c, as the operating temperature of the
reformer rises, the gross electrical efficiency of the system
becomes a little larger, the thermal efficiency is slightly
suppressed, but the gross efficiency shows a slight uptrend.
The reformer temperature is from 600 °C up to 750 °C, the
gross electrical efficiency grows from 32.16% to 33.55%,
the thermal efficiency decreases from 48.37% to 47.41%,
and the gross system efficiency increases from 80.54% to
80.97%, an increase of 1.39%, — 0.96% and 0.43%,
respectively. As the temperature of the reformer rises, the
hydrogen content at the reformer outlet increases, so the

@ Springer

cell voltage, power generation, and electrical efficiency get
promoted. However, the absorbed heat increases with the
reformer temperature, resulting in less heat that can be
recovered. Eventually, the thermal efficiency decreases.

Higher reformer temperature is beneficial to the elec-
trical efficiency and overall system efficiency. However,
the positive effect on the system will be little when the
reformer temperature is higher than 700 °C. The reforming
temperature increased from 700 to 750 °C, and the gross
power generation and gross electrical efficiency increased
by only 0.02 kW and 0.07%. Therefore, the reformer
temperature is optimized to 700 °C.

3.4 The effect of air flow rate

Air is not only the participant of the electrochemical
reaction but also the heat carrier that is responsible for
transferring excess heat from the stack inside to outside
during the power generation process. That is, air is of great
significance to the performance and stability of the system.
To study the influence of air flow rates on system perfor-
mance, simulations were conducted under different air flow
rates. The stack and air preheating temperatures are fixed at
750 °C and 600 °C in this section, respectively. The rele-
vant results are shown in Fig. 6.

As shown in Fig. 6, the gross power increases slightly,
but the parasitic power mainly caused by the air blower
grows larger with the increase of air flow rates, which
causes the decrease of the net power. The air flow is from 3
kmol/h up to 4 kmol/h, and the gross power, parasitic
power, and net power of the system increased by 0.01 kW,
0.18 kW, and — 0.17 kW, respectively. With the increase
of air flow rates, the gross power efficiency slightly
increases, while the net power efficiency slightly decreases,
however, all of the thermal efficiency, gross system effi-
ciency, and net system efficiency increase. When air flow
rate grows from 3 kmol/h up to 4 kmol/h, the net electrical
efficiency decreased by 0.56%, while the gross electrical
efficiency, thermal efficiency, gross system efficiency, and
net system efficiency increases by 0.03%, 2.70%, 2.74%,
and 2.14%, respectively.

The main reason is that a larger air flow rate makes the
oxygen partial pressure on the cathode side bigger,
resulting in a slight increase in output voltage, therefore,
the gross power and gross electrical efficiency get larger.
Meanwhile, more air can carry more heat from the stack,
which causes an increase in thermal efficiency. However,
more air also means more power consumption of the air
blower. Therefore, the parasitic power increases, finally
resulting that the net electrical efficiency decreases.
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3.5 The effect of air preheating temperature

Appropriate air preheating temperature is important to the
temperature balance of the stack. To determine suitable air
preheating temperature, the influence of air preheating
temperature on system performance was discussed under
the condition of a stack temperature of 750 °C. The air
flow rate is set as 0.83 mol/s. as shown in Table 2. The
results are displayed in Fig. 7.

As shown in Fig. 7a, the cell voltage, gross and net
power of the system are very stable against the air pre-
heating temperature from 600 to 650 °C. It should be noted
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Fig. 7 The effect of air preheating temperature on: a the cell voltage
and system power, b thermal loss and the heat recovery, ¢ the system
efficiency

that the Aspen model was operated in stable condition, the
transient heat transfer and uneven temperature distribution
in the SOFC stack under different air preheating tempera-
tures cannot be expressed. Therefore, the effect of the air
preheating temperature on the cell voltage, gross and net
power of the system seems stable.

Figure 7b displays the thermal loss of the air heat
exchanger (HX1) and the heat recovery temperature under
different air preheating temperatures. As the preheating
temperature increases, the heat loss of the HX1 increases
but the heat recovery temperature decreases. The preheat-
ing temperature up from 600 to 650 °C, the heat loss of the
HX1 increases from 0.79 to 0.90 kW, an increase of
0.11 kW, the heat recovery temperature decreases from
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84.67 to 75.89 °C, a decrease of 8.77 °C. That means that
higher air preheating temperature results in the high ther-
mal loss of the whole system, a disadvantage to the system.
This phenomenon can be explained as follows: the tem-
perature of the HX1 rises with the air preheating temper-
ature, namely that the heat dissipated to the environment
becomes easier. In turn, more wasted heat of the system
makes recovered heat less, which causes the temperature
drop of the heat recovery.

From Fig. 7c, it is clear that the air preheating temper-
ature has a small effect on the gross electrical efficiency
and net electrical efficiency of the system, but as the air
preheating temperature increases, the thermal efficiency,
gross, and net system efficiency gradually decreases. When
the preheating temperature increases from 600 to 650 °C,
the thermal efficiency, gross and net system efficiency
reduce from 49.96% to 42.62%, from 83.45% to 76.10%,
and from 81.29% to 73.94%, respectively. From the above
analysis, it can be seen that a moderate reduction of the air
preheating temperature is beneficial to improve the thermal
efficiency and the overall system efficiency, and the opti-
mized preheating temperature is 600 °C.

4 Conclusions

In this paper, a semi-empirical SOFC stack model was
established in Aspen plus based on the experimental data of
a 3-cell stack. The 10 kW SOFC-CHP system was built
after the reliability and accuracy of the stack model were
proved by the experimental data. To reveal the optimized
operating conditions and ensure the system efficiency and
lifetime under syngas, key operating parameters were
investigated. Increasing steam—fuel ratio, stack temperature
and reformer temperature can contribute to the electrical
efficiency but air flow rate and preheating temperature
show little effect on it. As far as the system efficiency is
concerned, it prefers to higher steam—fuel ratio, stack
temperature, reformer temperature, air flow rate, and lower
air preheating temperature. Under the reference condition
in the present paper, the optimal values of the steam—fuel
ratio, stack temperature, reformer temperature, and air
preheating temperature are 1.5, 750 °C, 700 °C, and
600 °C, respectively.
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