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a b s t r a c t

Biogas is an abundant renewable energy source which can be produced by anaerobic treatment of
biological waste such as sewage sludge, agro-industrial waste, and industrial animal waste. The utili-
zation of biogas instead of fossil fuels in a solid oxide fuel cell (SOFC)-based system is a promising choice
to achieve a fossil-free and sustainable energy future. A biogas-fed decentralized SOFC combined heat
and power (CHP) system model is proposed and analyzed. The system consists of a pre-reformer, an SOFC
stack, an afterburner and a heat-recovery boiler. The system model integrates a multi-scale hierarchical
three-dimensional SOFC stack model with zero-dimensional balance of power component models, which
enables simultaneous investigations of both the overall system performance and the stack-internal
distributed properties down to the electrode scale. The effects of steam/carbon ratio, biogas composi-
tion and operation voltage of the SOFC stack on the electrical and CHP efficiencies of the system, as well
as the temperature gradient within the SOFC stack were studied. The proposed system model is
demonstrated as an insightful and powerful tool for designing hybrid SOFC combined heat and power
systems.

© 2020 Elsevier Ltd. All rights reserved.
1. Introduction

Biogas is an abundant renewable energy source which can
convert waste into energy. It is typically produced by anaerobic
treatment of biological waste such as sewage sludge, agro-
industrial waste, and industrial animal waste [1]. The produced
biogas mainly consists of 50e70 vol% CH4 and 30e50 vol% CO2. The
utilization of biogas has attracted great attention since it can help
reduce both the emission of greenhouse gases and the consump-
tion of fossil fuels. Biogas energy is regarded to be suitable for small
and medium-scale distributed power generation due to large
Electromechanical Dynamic
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available quantities and wide distribution [2].
Power turbines and internal combustion engines are typically

used to convert the biogas energy to produce heat and power at
small and medium scales. Compared to the conventional prime
movers, fuel cells are advantageous due to their high efficiency, low
noise and low pollutant emissions. Among various kinds of fuel
cells, the solid oxide fuel cell (SOFC) operates at a relatively high
temperature (typically 700e1000 �C) and is most attractive for the
combined heat and power (CHP) application based on biogas [3]. In
an SOFC-based CHP system, the high-temperature heat of the SOFC
is usually recovered by a boiler for heating water and/or an ab-
sorption chiller for cooling. More recently, alternative methods
have also been considered for recovering the waste heat, such as
the vacuum thermionic generator [4] and the cascading thermo-
electric generator and cooler [5], next to more.

The feasibility of using biogas in the SOFC has been experi-
mentally investigated in lab-scale single cell, stack and even in
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system level [6]. On the single cell level, the research is mainly
focused on the feasibility of direct internal reforming of biogas in
the SOFC [7,8], the effect of impurities on the anode catalytic ac-
tivity [9e12], as well as the development of novel anode materials
for biogas feeding [13,14]. Further, some trials have been made on
developing and testing biogas-fed SOFC prototype systems [15,16].
The DEMOSOFC EU project funded by the Fuel Cell & Hydrogen
Joint Undertaking (FCH2-JU) aimed for the installation of the
largest biogas-fed SOFC plant in Europe with a power output of
174 kW. The plant has been operated formore than 7000 h since the
end of 2017 [17].

Although the potential of developing SOFC-based CHP system
fueled with biogas has drawn attention recently, the physical and
chemical properties of biogas pose certain challenges to the
commercialization of the biogas-fed SOFC CHP system [2]. Biogas
contains a large portion of CO2 and a lower amount of methane
than natural gas, which could reduce the useful fuels provided to
the SOFC anode and further limit the SOFC performance. Besides,
biogas has a low calorific value, which requires a much higher inlet
flow rate than would be needed for running on pure methane, to
reach an equivalent stack power density. This calls for a careful
design of stack and BOP operation parameters so that the system
units can be coupled in an optimal way to each other. Moreover, the
composition of the biogas is quite fluctuating depending on the
properties of the feedstock and the production processes. The
varying biogas compositionwill lead to composition changes of the
SOFC anode feed gases so that the CHP systemmay have to operate
far from the design point.

In order to deal with the challenges listed above, the perfor-
mance of biogas-fed SOFC systems has been extensively evaluated
by using computer simulations [18]. Although the high operating
temperature enables the direct utilization of biogas in SOFCs, it may
lead to carbon deposition along/across the anode and further
decrease the SOFC performance. Some novel material design stra-
tegies such as alloying with noble metals, using ceria and other
oxygen storage materials, etc. [19,20], as well as some alternative
structure designs, such as the all porous SOFC [21] have been pro-
posed to resist carbon deposition. For traditional Ni-based anode
with conventional designs, an external reforming process is typi-
cally applied in the biogas-fed SOFC system to prevent carbon
deposition over the anode and increase the SOFC performance [22].
Several system simulations focused on the investigation of various
reforming options in the biogas-fed SOFC plant [23]. Farhad et al.
studied the effects of fuel processing methods on industrial scale
biogas-fueled SOFC system [24]. The results showed that the anode
gas recirculation and steam reforming fuel processor-based sys-
tems are suitable to be applied for the CHP generation in waste-
water treatment plants (WWTPs). Manenti et al. developed amodel
of an integrated tri-reformer/SOFC system in which the tri-
reforming process consists of a combination of dry reforming,
steam reforming and partial oxidation [25]. In addition to steady-
state system analysis, D’Andrea et al. developed a dynamic model
of a biogas-fed poly-generation system based SOFCs and proposed a
robust control system to avoid the damage of the stack under un-
conventional operation conditions [26]. Moreover, the integration
of a gas turbine in the biogas-fed SOFC systems has drawn the re-
searchers’ attentions recently. Wongchanapai et al. evaluated the
combination of direct-biogas SOFC with micro gas turbine (MGT) in
a CHP system and examined the effects of operation conditions on
system performance [27]. Ding et al. analyzed the coupling effect of
operating parameters on the performance of biogas-fed SOFC-GT
hybrid system [28]. Aside from the thermodynamic assessment
[29], some techno-economic analysis has also been conducted for
the biogas-fed SOFC systems [30]. Shariatzadeh et al. carried out a
modeling study on a tri-generation biogas-fed system integrating
the SOFC with a chiller and a boiler to analyze the economic per-
formance of using biogas instead of natural gas [31]. Giarola et al.
compared the cost and energy performance of a SOFC-based CHP
system in WWTPs with conventional alternatives and concluded
that SOFCs may become cost competitive in thermally-optimized
WWTPs [32]. MosayebNezhad et al. found that the integration of
SOFC and MGT in WWTPs offered 12% lower electricity cost
compared to the standalone SOFC system [33]. Trendewicz and
Braun compared the performance and life cycle costs of biogas-fed
SOFC CHP systems ranging from 300 kWe to 6 MWe [34]. The re-
sults showed that SOFCs for biogas applications are competitive
with other cogeneration technologies.

Although numerous studies have been conducted for the anal-
ysis of biogas-fed SOFC systems, typically 0-D or 1-D SOFC models
are considered in system-level models without accounting for the
detailed parameter distributions in the SOFC stacks. In this study, a
biogas-fed SOFC CHP systemmodel was developed by integrating a
hierarchical 3-D SOFC stackmodel with 0-D balance of power (BOP)
component models. The hierarchical stack model considers the
detailed chemical reactions at Ni surface, the electrochemical re-
actions at the electrode/electrolyte interface, the 1Dþ1D mass and
momentum conservation along the cell thickness and the gas flow
channel, and the 3-D heat transfer at the stack level. Compared
with other system models developed in previous literatures, the
model enables the simultaneous analysis of the overall system
performance and the stack-internal distributed properties down to
the electrode scale. The effects of the steam/carbon (S/C) ratio, the
biogas composition and the SOFC operation voltage on the system
and stack performance were analyzed.

2. System description

2.1. System configuration and implementation

The configuration of the proposed biogas-fed SOFC CHP system
model is shown in Fig. 1(a). The system principally consists of a pre-
reformer, an SOFC stack, a post-burner and a boiler. The inlet biogas
is assumed to be purified by clean up processes during which sulfur
and other contaminants are fully removed and the purification
processes are not considered in the current study. Purified biogas is
provided by a tank and preheated by the hot exhaust from the post-
burner before mixing with the steam produced by the evaporator.
Then the mixture flows into the pre-reformer in which a large
portion of methane is converted to hydrogen and carbon monoxide
which are then used as fuel for the SOFC stack. Ambient air is
compressed by an air blower and preheated by the hot exhaust
before entering the SOFC cathode. Within the stack, the fuel and
oxygen from the ambient air is electrochemically converted, pro-
ducing electricity. The anode exhaust from the SOFC stack, which
contains unreacted CH4, CO and H2, is further totally oxidized in the
post-burner. The hot exhaust from the post-burner is used to pro-
vide heat for the pre-reformer, the heat exchanger preheating the
biogas, the evaporator, as well as the heat exchanger preheating the
air subsequently. Finally, the burner exhaust enters the boiler to
produce hot water. The effects of the biogas blower and water
pump on the system efficiency are assumed to be negligible in the
current study [24].

The system model is implemented in gPROMS ModelBuilder as
shown in Fig. 1(b). It consists of a 3-D SOFC stack model and 0-D
BOP component models. The BOP components, including a pre-
reformer, an air blower, an afterburner, several pipes and heat ex-
changers are modeled in gPROMS. The simulation code containing
the hierarchical SOFC stack model is part of the DETCHEM software
package [35]. The communication between the system model and
the stack model is implemented via Matlab, which enables the I/O



Fig. 1. The biogas-fed SOFC CHP system (a) overall configuration (b) implementation in gPROMS.
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(input/output) data transportation between gPROMS and
DETCHEM.

2.2. SOFC model

A previously developed hierarchical 3-D SOFC stack model was
integrated into the system [36]. The model considers the electro-
chemical reactions which are assumed to occur at an infinitesimal
area around the electrode-electrolyte interface, the thermal re-
actions within the anode phase at the Ni surface, along with the
1D þ 1D thermo-fluidic transport along the thickness and flow
direction in a single repeating unit and the 3-D thermal transport
across commercial-scale stacks. The mass/charge/momentum/heat
transport processes are modeled via a system of differential alge-
braic equations, as described in detail in Ref. [37]. Since the time
scale of the thermal transport in the solid stack is much larger than
that of other physical processes, the 3-D thermal transport equation
of the solid can be taken out and decoupled from the equation
system. A cluster algorithm was then applied to couple the solid
phase heat transport equation of the stack and the rest of the
equations describing thermo-fluidic and charge transport across
individual repeating units by assuming the performance of a
repeating unit to be representative of the cluster having a similar
local temperature field [36]. The electrochemical reactions are
modeled via modified Bulter-Volmer equations considering the
parallel pathways of electrochemical oxidation of both H2 and CO.
The thermal reactions which take place in the anode are described
by a 42-step reaction mechanism [38]. The applied model and the
computation procedure were described in detail in our previous
publication [37] and thus not repeated here.

The kinetic model was calibrated with i-V curves of an anode-
supported single cell (Ni/YSZ-YSZ-LSM /YSZ) measured by
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Ebbesen et al. [39] at operating temperatures of 1023.15 K and
1123.15 K with various fuel mixtures (H2/CO/CO2/H2O/Ar) in our
previous paper [40]. The calibrated kinetic model was then used in
stack simulations. The system is considered to consist of multiple
SOFC stacks. Each kW-class stack itself is supposed to consist of 50
anode-supported planer cells, where the cell dimensions are set
according to the F-type design of the Forschungzentrum Jülich [41].
The reader is asked to refer to the previous publications of the
authors for the detailed geometries and material properties used in
the stack simulation [40,42].

2.3. Balance of plant component models

2.3.1. Pre-reformer
The pre-reformer was modeled by considering the thermody-

namic equilibriums of the steam reforming (SR) reaction and the
water gas shift (WGS) reaction [43]:

CH4 þH2O4COþ 3H2 (1)

COþH2O4CO2 þ H2 (2)

At thermodynamic equilibrium, themole fractions of the species
can be associated with the equilibrium constant,

Keq;SRxCH4
xH2O ¼

�
p
p0

�2

xCOx
3
H2

(3)

Keq;WGSxCOxH2O ¼ xCO2
xH2

(4)

where Keq;SR and Keq;WGS are the equilibrium constant of the SR and
WGS reactions respectively, p is the operation pressure, p0 is the
ambient pressure, and x is the mole fraction. The outlet gas
composition (H2, H2O,C O, CO2, CH4, N2) of the pre-reformer is
calculated by combining the conservation of elements C, H, O, N
with equations (3) and (4).

The heat required by the pre-reformer is provided by the hot
exhaust from the post-burner. The energy balance of the pre-
reformer is then calculated by

_min

X
i

yi;inhi;in þQ ¼ _min

X
i

yi;outhi;out (5)

_mH
�
hH;in �hH;out

�¼Q (6)

where _min is the inlet mass flow rate of the biogas-steammixture, y
is the mass fraction of the species, h is the specific enthalpy, _mH is
the mass flow rate of the hot exhaust, Q is the heat provided by the
hot exhaust.

The S/C ratio is a critical parameter of the pre-reformer, which is
defined as the ratio of the steam molar flow rate to the molar flow
rate of carbon in the biogas fuel,

S
�

C ¼ _nH2O
_nCH4

þ _nCO2

(7)

Sufficient steam should be supplied to the pre-reformer to avoid
carbon deposition on the nickel catalyst. The minimum S/C at a
given operation temperature and a given biogas composition can be
determined by the CeHeO ternary diagram [24].

2.3.2. Post-burner
The exhaust from the SOFC anode containing unreacted CH4, CO

and H2 is assumed to be fully combusted in the burner through the
following reactions,
CH4 þ2O24CO2 þ 2H2O (8)

2COþO242CO2 (9)

2H2 þO242H2O (10)

The outlet species compositions and outlet temperature of the
burner are calculated by the overall mass and energy balance
equations.

2.3.3. Further components
The heat exchangers are modeled by the e-NTU method while

the air blower is modeled by the isentropic efficiency model, as
described in Ref. [42,43]. The other components of the system, such
as the mixer and pipes are modeled by the overall mass and energy
balance. The BOP models were written in gPROMS language and
configured with graphic specifications [44].

2.4. System evaluation parameters

Some parameters are defined to evaluate the system and stack
performance. The fuel utilization of the SOFC stack is defined as the
ratio between the fuels utilized by electrochemical reactions and
input available fuels, which is calculated by

Uf ;stack ¼
IA

8F _na;CH4;in þ 2F _na;H2;in þ 2F _na;CO;in
(11)

where I is the current density, A is the total active area of the stack, F
is the Faraday constant, and _na;i;in is the molar flow rate of the
anode inlet gas species i. The system electrical efficiency is defined
as the ratio between the net power produced and the total chemical
energy of the inlet biogas supplied,

helec;sys ¼
PSOFC; AC � PBlower
_mbiogasLHVbiogas

(12)

where PBlower is the power consumed by the air blower, _mbiogas is
the mass flow rate of the inlet biogas, LHVbiogas is the lower heating
value of the biogas, and PSOFC;AC is the AC power produced by the
SOFC and can be calculated by

PSOFC; AC¼ PSOFC; DC � hDC�AC (13)

where hDC�AC is the efficiency of the DC-AC inverter. The system
CHP efficiency is defined as the ratio of the net AC power and heat
produced by the system and the total chemical energy of the inlet
biogas,

hCHP;sys ¼
PSOFC; AC � PBlower þ Qheat

_mbiogasLHVbiogas
(14)

where Qheat is the heat recovered by the boiler.

3. Results and discussion

3.1. Base case performance

The SOFC CHP system proposed in this study is designed for
hybrid power generation with an AC power output of around
180 kW, which is similar to that of the DEMOSOFC project [45]. The
biogas composition is set as the gas composition fromWWTPs [24]
after clean-up processes. The biogas flow rate is set to ensure a fuel
utilization of the SOFC stack around 75%, which falls into a



Table 2
Base case system performance.

Parameter Value

Iavg (A cm�2) 0.44
Tavg (K) 1120
PSOFC; AC (kW) 180.4
Qheat (kW) 95.6
Uf ;stack 74.4%
helec;sys 55.4%
hCHP;sys 84.8%

Table 3
Comparison of system electrical efficiency and CHP efficiency between current study
and recent studies.

Current Study Ref. [34] Ref. [33] Ref. [45]

helec;sys 55.4% 51.6% 51.12% ＞53%
hCHP;sys 84.8% 87.5% e ＞80%
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reasonable range of 60%e80% typically obtained in SOFC systems
[34]. Besides, the inlet biogas flow rate is around three times of that
in Ref. [33] (20.1 kg h�1) where the AC power output is 60 kW,
which further leads credence to the choice of this parameter
setting. The base-case operation voltage is set as 0.8 V, which is
commonly used as the nominal operating condition in commercial
stacks [46]. The operation temperature of the reformer and the inlet
air/fuel temperature are set as 973.15 K [24,46]. The S/C ratio of the
pre-reformer is set as 0.8, which is higher than the minimum S/C
ratio of 0.6 at 973.15 K calculated by the equilibrium CeHeO
ternary diagram for the biogas in this system to avoid carbon
deposition [24]. The F/A ratio is defined as the ratio between the
mass flow rate of the biogas to that of the compressed air. The F/A
ratio is set as 0.033 so that the excess air ratio is around 6, which
matches the range of 0.36e14 recommended in literature [47]. The
system operation conditions at base case are summarized in Table 1.

The base case system performance is evaluated at the above
operation conditions and the results are summarized in Table 2. The
system produces 180.4 kWAC power along with 95.6 kW heat with
helec;sys of 55.4% and hCHP;sys of 84.8%. The simulated system per-
formance is further compared with results from recent literatures
on biogas-fed SOFC systems, as shown in Table 3. The calculated
helec;sys in the current study is not only similar to the simulation
results [33,34], but also similar to the experimental data of from
DEMOSOFC project [45]. The comparison between the results from
the present simulation with those from recent modeling and
experimental studies shows that the current model offers reason-
able and reliable predictions for biogas-fed SOFC systems.

Except for the general system performance, the current hierar-
chical systemmodeling approach allows the acquisition of detailed
stack information. Fig. 2 shows the mole fraction distributions of
main anode species along the fuel channel and the anode thickness
of the repeating unit at the stack center. The reforming products
entering SOFC anode channel contains of 51.3% H2, 22.0% CO, 9.6%
CO2, 13.2% H2O, 3.3% CH4 and trace amount of N2. The mole fraction
of H2 decreases while the mole fraction of H2O increases along the
fuel channel due to the electrochemical oxidation of H2. For the
mole fractions of CO and CO2, there’s a slight increase in xCO and a
slight decrease in xCO2

in the first 3mm of the fuel channel, which is
due to the reversewater gas shift (RWGS) reaction. Additionally, the
steam reforming reaction of CH4 leads to a decrease of xCH4

along
the fuel channel. As shown in the radial species distributions along
the anode thickness direction, the RWGS reaction dominates within
the anode in the region spanning less than 100 mm from the
electrode-channel interface while the gas diffusion due to the
electrochemical reactions at the electrode-electrolyte interface
dominates the rest portion of the anode at the fuel cell inlet
(z ¼ 1.92 mm). However, at the middle of the fuel cell
Table 1
Base case operation conditions.

Parameter Value Reference

Biogas flow rate (kg h�1) 63.5 Estimated
Biogas composition CH4 ¼ 61% [24]

CO2 ¼ 37.4% [24]
N2 ¼ 1.6% Estimated

S/C ratio 0.8 Estimated
Pre-reformer temperature (K) 973.15 [46]
Stack inlet air temperature (K) 973.15 [24]
Air blower isentropic efficiency 85% [48]
Inlet cold water temperature (K) 313.15 [49]
Outlet hot water temperature (K) 363.15 [49]
DC-AC Inverter efficiency 96% [34]
F/A ratio 0.033 Estimated
Ecell (V) 0.8 [46]
(z ¼ 47.9 mm), the electrochemical oxidation of H2 and CO domi-
nates the entire anode domain.

Fig. 3 shows the axial cut-away views of the 3-D temperature
distribution of the 50-cell SOFC stack at the base case operation
condition. The stack was simulated under co-flow conditions and a
heat flux boundary condition considering the convective and
radiative heat exchange between the solid stack and the sur-
roundings was set as the boundary condition for the solid tem-
perature. As shown in Fig. 3, there exists a central hot spot within
each axial section since the heat released by electrochemical
oxidation reactions overwhelms the endothermic steam reforming
and RWGS reactions. Moreover, the exothermic effect of the elec-
trochemical reactions also leads to the increase of the stack tem-
perature in the flow direction. From the 3-D stack temperature
distribution, the maximum local temperature gradient can be ob-
tained. The temperature gradient is an important parameter for the
SOFC stack operation safety since a large temperature gradient may
lead to chemical cell degradation andmechanical stack degradation
in various ways, such as crack growth in electrolyte, delamination
of cell layers, sealing degradation, etc. [50]. For the typical YSZ-
based SOFC stack, Aguiar et al. obtained a maximum allowable
local thermal gradient of 10 K cm�1 by assuming a thermal
expansion coefficient of 10�5 K�1 and a maximum safe strain of
0.1% [51] while Amiri et al. proposed a target of maximum tem-
perature gradient at 15 K cm�1 [52]. In this study, VTmax is found to
be 12.1 K cm�1 at the base case operation condition, which is higher
than that proposed by Aguiar et al. but within the limit of the cri-
terion proposed by Amiri et al. In the following sections, the effects
of the system operation conditions on the general system perfor-
mance and detailed stack performance are further investigated.
3.2. Effect of S/C ratio on system and stack performance

The S/C ratio is a key parameter for the biogas hybrid system
since a certain amount of steam is needed to prevent carbon
deposition of the pre-reformer. The S/C ratio will determine the
compositions of the reformed fuel gases and further influence the
stack and system performance. In this section, the S/C ratio is
changed by varying the inlet steam flow rate while keeping the
other parameters fixed. The system and stack performances are
evaluated at S/C ratios of 0.6, 0.8, 1.0 and 1.2 respectively.

Fig. 4 (a) shows the effect of S/C ratio on themole fractions of the
pre-reforming products. As the S/C ratio increases from 0.6 to 1.2,
the conversion of methane in the pre-reformer is raised, leading to



Fig. 2. Mole fractions of chemically reactive anode species as a function of the fuel channel axial position z and the anode radial position y for the repeating unit at the center of the
50-cell stack.

Fig. 3. Temperature distribution of the 50-cell co-flow SOFC stack at the base case
operation condition.
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a decrease of CH4 mole fraction. The increasing amount of water
also promotes the WGS reaction, thereby consuming CO and pro-
ducing CO2. In total, the anode inlet gas contains more oxidative
products (CO2 and H2O) when increasing the S/C ratio from 0.6 to
1.2.

The SOFC stack temperature is a combined result of the joule
heating due to irreversible losses, the reversible heat released by
the electrochemical reactions, the heat released/consumed by the
thermochemistry on Ni surface and the convective heat exchange
between the stack and the inlet gases. Since the anodic gas atmo-
sphere becomes more oxidative at a higher S/C ratio, the joule
heating and heat released by the electrochemical reactions both
decrease. On the other hand, the decrease of CH4 mole fraction
leads to the decrease of the heat consumption by internal reform-
ing. The above factors result in a slight increase of average stack
temperature from 1111 K to 1134 K when the S/C ratio increases
from 0.6 to 1.2, as shown in Fig. 4 (b). The maximum stack tem-
perature increases from 1135 K to 1155 K while the minimum stack
temperature increases from 1069 K to 1089 K. The corresponding
temperature gradient also increases slightly from 11.4 K cm�1 to
13.0 K cm�1.

Fig. 4 (c) shows the AC power output and the heat produced by
the biogas-fed system at various S/C ratios. The AC power output of
the SOFC decreases from 181 kW to 177 kW with the S/C ratio
changing from 0.6 to 1.2. However, the heat recovered from the
boiler increases from 95.4 kW to 98.7 kWdue to an increased outlet
temperature of the SOFC stack. The decrease of the AC power
output further leads to a decrease of the system electrical efficiency
from 55.8% to 54.5%, as shown in Fig. 4 (d). The system CHP effi-
ciency decreases slightly from 85.1% to 84.9% since the evaporator
and the pre-reformer consume more heat when the S/C ratio in-
creases. The simulation results thus indicate that the S/C ratio
should be set near theminimum S/C ratio to ensure a relatively high
system efficiency and low temperature gradient.

3.3. Effect of biogas composition on system and stack performance

In practice, the composition of biogas can vary depending on the
properties of the feedstock and the production processes. As



Fig. 4. Effect of S/C ratio on (a) mole fractions of the pre-reforming product (b) maximum, average, minimum temperature and temperature gradient of the stack (c) AC power and
heat output of the system (d) electrical and CHP system efficiencies.
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mentioned in the introduction, the mole fraction of CH4 in biogas
may vary from 50% to 70% while the mole fraction of CO2 may vary
from 30% to 50%. The biogas composition will influence the
composition of the SOFC anode feed gases, further affecting the
performance of the SOFC stack and the whole energy system. Thus,
it is meaningful to evaluate the stack and system performance
when feeding biogases having different compositions.

In this section, the effect of biogas composition on stack and
system performance is studied by changing the mole fractions of
CH4 and CO2 while keeping the other parameters fixed. Three
typical biogas compositions are considered with CH4mole fractions
of 50%, 60%, 70% and the CO2 mole fractions of 50%, 40%, 30%,
respectively. As the mole fraction of CH4 fed to the reformer in-
creases from 50% to 70%, xH2 and xCO, which both enter the stack as
fuels, increase from 45.4% to 54.5% and from 20.1% to 23.0%
respectively, as shown in Table 4. However, since the inlet flow rate
of the water in the pre-reformer keeps unchanged, more CH4 is
unreformed, and thus, the mole fraction of the remaining CH4 in-
creases from 1.5% to 5.6%.

Carbon deposition might occur at the SOFC anode when feeding
the cells with carbonaceous fuels such as biogas. The detailed
modeling of the chemical reactions on the electrode level enables
the simulation of spatially resolved carbon coverage for various
biogas compositions. The surface carbon modeled is a precursor to
Table 4
Effect of the biogas composition on the mole fractions of the pre-reformed gas
mixture.

xCH4:xCO2

50%:50% 60%:40% 70%:30%

xCH4 1.5% 3.0% 5.6%
xCO 20.1% 22.0% 23.0%
xH2 45.4% 50.7% 54.5%
xCO2 14.1% 10.3% 7.0%
xH2O 18.9% 14.0% 9.9%
carbon deposition found in experiments and can act as a prediction
of the carbon deposition trend [53]. As shown in Fig. 5, when the
mole fraction of methane in biogas increases, the increase of CH4
and CO and the decrease of H2O in anode inlet gases favor the
tendency of carbon deposition and thereby enhance the carbon
coverage. When comparing the carbon coverage at different posi-
tions along the fuel channel, it can be found that the carbon
coverage decreases by more than one order of magnitude. The
average carbon coverages for various biogas compositions are in
the range of 1.8e6.7 � 10�6 at the fuel cell inlet (Fig. 5(a)) while
those at the middle of the fuel cell are in the range of
0.7e2.2 � 10�7 (Fig. 5(b)). The reason is that the mole fraction of
H2O increases along the axial direction by the production of elec-
trochemical reactions, which counteracts the carbon deposition by
the following reaction:

CþH2O4COþH2 (15)

As stated by Schluckner et al. [53], the carbon coverage above
the magnitude of 10�5 may represent an anode exposed to severe
carbon deposits while the carbon coverage below the magnitude of
5 � 10�10 may represent an anode free from carbon deposits. The
predicted carbon coverages in this study indicate that the SOFC
stack faces the risk of carbon deposition for all the biogas compo-
sitions considered although an external pre-reformer is applied in
the system.

Table 5 shows the effect of biogas composition on both the stack
and the system performance. The increase of useful fuels (H2 and
CO) at higher CH4 mole fractions leads to an increase of average
current density from 0.34 to 0.52 A cm�2 and an increase of stack
AC power output from 140.3 to 212.3 kW. The system electrical
efficiency decreases from 59.3% to 52.1% since the fuel utilization of
the SOFC stack decreases from 80.3% to 70.6%. However, the heat
recovered from the boiler increases from 50.7 kW to 136.6 kW due
to both a higher amount of unreacted fuels in the anode exhausts
and an increased outlet temperature of the SOFC stack. The increase
of the heat recovery offsets the decrease of the electrical efficiency,



Fig. 5. Carbon coverage as a function of the anode radial position y for the repeating unit at the center of the 50-cell stack at different axial positions (a) z ¼ 1.92 mm (b)
z ¼ 47.9 mm.

Table 5
Effect of the biogas composition on the stack and system performance.

xCH4:xCO2
50%:50% 60%:40% 70%:30%

Tavg (K) 1097 1117 1131
VT (K cm�1) 10.0 11.9 12.7
Iavg (A cm�2) 0.34 0.43 0.52
Uf ;stack 80.3% 75.8% 70.6%
PAC (kW) 140.3 175.0 212.3
Qheat (kW) 50.7 90.2 136.6
helec;sys 59.3% 55.9% 52.1%
hCHP;sys 82.4% 84.5% 85.5%

Table 6
Effect of the operation voltage on the stack and system performance.

Operation Voltage (V)
0.78 0.8 0.82

Tavg (K) 1147 1120 1106
VT (K cm�1) 13.8 12.1 10.6
Iavg (A cm�2) 0.49 0.44 0.39
PAC (kW) 197.0 180.4 162.3
Qheat (kW) 72.2 95.6 120.5
helec,sys 60.5% 55.6% 49.8%
hCHP,sys 82.7% 85% 86.9%

Y. Wang et al. / Renewable Energy 163 (2021) 78e87 85
which leads to the increase of overall CHP system efficiency from
82.4% to 85.5%.

However, the more significant joule heating and heat released
by the electrochemical reactions in the more reducing anode gas
atmosphere lead to an increase of the stack average temperature
from 1097 K to 1131 K and correspondingly, VT changes from
10 K cm�1 to 12.7 K cm�1. The increase of the temperature gradient
and the higher tendency of carbon deposition at higher inlet CH4
mole fractions may lead to accelerated stack degradation. The
temperature gradient may lead to crack growth and other me-
chanical degradation [50]. The carbon deposition may block the
active sites of the anode, reduce the porosity and causemorphology
changes of the anode structure, which further leads to a decrease of
electrochemical activity and an increase of gas transport resistance
respectively [12]. Besides, if biogas is not properly purified, the
impurities in real biogas such as H2S, HCl and siloxanes may
accumulate at the anode/electrolyte interface and lead to a
decrease of the electrochemical activity and reversible/irreversible
degradation of the cell performance. The interested reader may be
referred to some related publications to gain detailed information
on degradation mechanisms caused by fuel contaminants in biogas
[12,54].

3.4. Effect of operation voltage on system and stack performance

In this section, the effect of the operation voltage of the SOFC on
the stack and system performance is analyzed and the results are
shown in Table 6. It should be noted that all the other operation
parameters except for the operation voltage are kept unchanged. As
the operation voltage increases from 0.78 V to 0.82 V, the average
current density decreases from 0.49 A cm�2 to 0.39 A cm�2. The
overheating due to exothermic electrochemical process becomes
less severe at the higher operation voltage. Thus, the average stack
temperature decreases from 1147 K to 1106 K and VT decreases
from 13.8 K cm�1 to 10.6 K cm�1.
The decrease of average current density further leads to a
decrease of PAC from 197.0 kW to 162.3 kW when increasing the
operation voltage from 0.78 V to 0.82 V. Since the chemical energy
of the inlet biogas kept unchanged, the system electrical efficiency
correspondingly decreases from 60.5% to 49.8%. There exist more
unreacted fuels in the anode outlet gases at a higher operation
voltage. As a result, more chemical energy is converted to heat in
the burner and the burner outlet temperature increases from
1239 K to 1311 K. The heat recovered by the boiler increases from
72.2 kW to 120.5 kW. The overall CHP system efficiency increases
from 82.7% to 86.9% since the heat recovery gain more than offsets
the decreased electrical efficiency. The SOFC lifetime specific en-
ergy cost is dependent on not only the investment cost, but also the
efficiency, power density and degradation [50]. On one hand, the
decrease of temperature gradient at a higher voltage has a positive
influence on degradation rates and the SOFC lifetime [55]. However,
on the other hand, the lower power output and system electrical
efficiency at a higher operation voltage will increase the specific
energy cost. Trendewicz et al. concluded that with an electrical
efficiency of 51.6% and a CHP efficiency of 87.5%, the SOFC-based
system is economically competitive with other CHP systems
based on reciprocating engines, micro turbines and MCFCs [34].
While, the results of Giarola et al. showed that the electrical effi-
ciency of the SOFC-based system should reach around 60% to have
the comparable costs to the best conventional alternatives [32].
Based on the current research, a detailed techno-economic analysis
and a multi-objective optimization could be carried out to meet the
conflicting targets of the temperature gradient and electrical
efficiency.

4. Conclusions

A multi-scale model was developed in this study for the
assessment of a biogas-fed SOFC hybrid CHP system. The system
model successfully integrated a hierarchical 3-D SOFC stack model
with 0-Dmodels of BOP components such as a pre-reformer, a post-
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burner, an evaporator, a mixer, heat exchangers, etc. The system
model considered detailed modeling from electrode level to stack
and system level, which yield new insights into the efficient and
reliable operation of biogas SOFC systems. The hierarchical
modeling approach enabled the simultaneous investigations of
both the overall system performance and the spatially resolved
internal SOFC stack state down to the electrode level. The system
electrical efficiency and CHP efficiency reached 55.6% and 85%,
respectively, at the base case operation conditions. The effects of
the S/C ratio of the pre-reformer, the biogas composition and the
operation voltage of the SOFC stack on the system and stack per-
formance were analyzed. The increase of the S/C ratio leads to a
decrease of both system electrical and CHP efficiency and an in-
crease of the stack temperature gradient. Thus, the S/C ratio should
be set near the minimum S/C ratio to ensure a relatively high effi-
ciency and low temperature gradient. The increase of CH4 mole
fraction in biogas leads to a decreased system electrical efficiency
and an increased CHP efficiency. The electrical efficiency remains
higher than 50% and the CHP system efficiency remains higher than
80% for all the typical compositions considered, which demon-
strates the feasibility of the system structure at various biogas
compositions. However, the stack durability may decrease with
increasing CH4 in biogas due to the increase of both the tempera-
ture gradient and the carbon coverage on the electrodes. The in-
crease of operation voltage leads to the decrease of the system
electrical efficiency and the stack temperature gradient but an in-
crease of the system CHP efficiency.
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Nomenclature
Abbreviation
0-D zero-dimensional
1-D one-dimensional
3-D three-dimensional
AC alternating current
BOP balance of plant
CHP combined heat and power
DC direct current
F/A fuel/air
GT gas turbine
I/O input/output
LHV lower heating value
MGT micro gas turbine
S/C steam/carbon
SOFC solid oxide fuel cell
SR steam reforming
WGS water gas shift
WWTPs wastewater treatment plants

English letters
E operation voltage (V)
F Faraday constant (¼96,485 C mol�1)
h mass enthalpy (J kg�1)
I current density (A cm �2)
Keq equilibrium constant
_m mass flow rate (kg s�1)
_n molar flow rate (mol s�1)
p pressure (Pa)
P power (W)
Q heat (W)
T temperature (K)
Uf fuel utilization
x mole fraction
y mass fraction

Greek letters
h efficiency

Subscripts and superscripts
a anode
avg average
elec electrical
H hot
in inlet parameter
out outlet parameter
sys system
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