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Energy production from clean and green sources is one of the eminent challenges to mankind. Overall, all industrial sectors
contribute to CO2 emission, but the energy production sector is a major contributor. In recent years, CO2 emissions from the
energy sector have increased by 1.7%. Therefore, the development of alternative energy production sources is a pivot for
researchers. In this regard, the fuel cell has been a promising technology but still accompanied by the release of greenhouse
gasses but relatively lower than that of fossil fuels. The integration of the fuel cell to the biogas has been a promising factor to
reduce emissions. This study contributes to the same by producing a self-sustaining biogas-fuel cell multigeneration system for
cold areas. Mathematical modeling of all complements of the system, i.e., anaerobic digester, solid oxide fuel cell, solar
collector, and thermal storage system, is provided. MATLAB/Simulink environment is used for simulation of the system. The
proposed system will use an anaerobic digester for methane production. Hence, produced methane will be used to power solid
oxide fuel cell. The electricity of the fuel cell will power the residential place, and the thermal potential of the exhaust will be
stored. In daylight, the solar thermal potential will be utilized for district heating. In the absence of solar light, stored thermal
energy will be used for district heating and hot water supply. Additionally, the CO2 emitted from the system will not be
released into the environment but stored for industrial purposes. The best area of application of the proposed system is cold
areas such as Switzerland.

1. Introduction

The ever-increasing population and industrial revolution
have resulted in enormous waste production over the span
of the last few years. On average, a person produces 2.22 kg
of municipal waste every day. In 2016, only in South Asia,
334 million tons per year were generated, but this amount
will hit the margin of 446 and 661 million tons per year in
2030 and 2050. Similarly, East Asia and the Pacific were on

468 million tons but are forecasted to increase to 602 and
714 million tons by 2030 and 2050. In nutshell, global waste
production will increase by 26.72% by 2030 and 68.62% by
2050 [1]. Therefore, a sustainable destination to waste is an
eminent issue. In this regard, various technologies are pro-
posed such as waste to energy conversion, extraction of
metals from waste, and many others [2–6]. Methane produc-
tion from an anaerobic digester (AD) is also a promising
technology that ensures a sustainable destination to waste
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[7]. But this process is associated with CO2 production.
Therefore, such integrations are required that make this
AD process an environment-friendly process [8, 9].

To sustain on this planet, a reduction in CO2 emission is
necessary as it is a major contributor to global warming [10].
There are other gasses present in the atmosphere, contribut-
ing to global warming, but CO2 is a major contributor. It has
the highest (RF) radioactive forcing factor among others.
High RF depicts the high potential of gas to absorb solar
radiation [11]. Despite the familiarization with the destruc-
tive nature of CO2, it is still released into the environment
in excessive amounts. The energy production system is a
major contributor to this excessive release. The increasing
energy demand made CO2 emissions hit a margin of the his-
torically high value of 33.1Gt in 2018 [12]. Therefore, energy
production from clean and green sources is important. In
this regard, AD is integrated with SOFC to produce green
energy and reduce emissions.

Various organic feeds can be used to produce methane,
as depicted in Table 1 [13, 14]. Among various technologies,
biofuel or methane production from AD process is preferred
as evident from the literature [15]. Additionally, its implica-
tion for a broad waste type also increases its vitality for the
research community.

The integration of different existing technologies has been
of keen interest to the research community [16, 17]. Due to the
intermittent nature of most renewable energy sources, integra-
tion has become a prime concern to ensure the seamless avail-
ability of green energy. For example, solar energy is only
available during the daytime, so a system relying only on solar
energy may not have an energy supply during night time.
Therefore, another renewable energy source such as solar, bio-
mass, or any other is integrated to ensure a smooth supply of
energy. In a nut shell, the integration of green energy systems
is compulsory for a smooth supply of energy [18].

The integration of fuel cell and biogas can provide the
best solution for green energy production. The energy pro-
duced by the fuel cell is often accompanied by a release of
CO2 but relatively less than that of fuel cell. But this resealed
amount of excess gasses can also be reduced by integrating
fuel cell and biogas production [19]. Staniforth and Kendall
[19] introduced a solid oxide fuel cell (SOFC) powered by
biogas. This system [19] was operated and tested using dif-
ferent levels of carbon dioxide. It was observed that the high
content of the CO2 was beneficial for the integration of both
as the internal reforming process was favored by the pres-
ence. On the other hand, a substantial issue was reported.
The excess amount of carbon caused an issue by deposition.
This deposition contaminates the electrode of fuel cell. Over-
all, it was observed that the performance of biogas integrated
SOFC is comparable to that of hydrogen-integrated SOFC
[19, 20]. But an issue of biogas production quality also
causes an issue as using different types of biogas sources
may alter the fuel cell life and overall efficiency [19].

As an alternative to distributed power generation, a
novel approach was introduced by combining SOFC and
gas turbine which is a cogeneration system further
integrated with transcritical carbon dioxide cycle, and a
mathematical model based on thermodynamics perspective

(energy and exergy) is used to analyse it [21]. For
optimizing the process, a multiobjective approach is
adopted to determine optimized design parameters. The
main optimization goals of this study were to increase
energy efficiency, reduce cost, and optimize exergy
efficiency. The performance of effects of SOFC at inlet
temperature and current density was studied, and under
the given conditions, the system achieved a 64.40% thermal
efficiency, 62.13% exergy efficiency, and 446.28 kW power
output. The conclusions that we obtained are with an
increase in inlet temperature of SOFC thermal efficiency,
and exergy efficiency can be increased. Additionally, an
increment in current density results in a reduction in
efficiencies. Using the NSGA-II algorithm shows that at
maximum efficiency, there is minimum economic cost and
vice versa. 63.08% was optimal thermal efficiency with a
cost of 1.952 dollar/second and 61.1% optimal exergy
efficiency with a cost of 1.920 dollar/second, and it has
further room for improvement through optimization [21].

Two different cogeneration plants with different arrange-
ments are compared; one is solid oxide fuel with internal
reforming (IR-SOFC), and the other is a solid oxide fuel cell
with external reforming (ER-SOFC) in power production
and thermodynamic properties [22]. The design was opti-
mized using an evolutionary algorithm (genetic algorithm)
which is a multiobjective optimization method and parame-
ters such as inlet SOFC temperature, current density fuel

Table 1: Different sources for biogas production adopted from the
literature [13, 14].

Sources Biogas production (m3)

Cow manure 25

Pig manure 30

Whey 35

Potato slurry 39

Cow dung 45

Pig dung 60

Leaves of beets 70

Potato husk 74

Chicken dung 80

Sugar beet 90

Beer residue 120

Garden residue 175

Grass silage 185

Maize silage 190

Plant silage 195

Industrial fat 250

Food waste 265

Molasse 315

Old bread 500

Press cake residue 600

Bakery waste 714

Food fats 961
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utilization factor, and steam-to-carbon ratio that were pur-
posed as design parameters. There were two primary objec-
tives for this study: first is to find maximum exergy
efficiency, and the second is to minimize the CO2 gas emission
(EMI) vale simultaneously. Based on the results, the exergy
value of IR-SOFC is about 9.6% higher than that of ER-
SOFC. Also, the CO2 gas emission (EMI) is also about 1.4%
lower in IR-SOFC than that of ER-SOFC [22].

This gas-electricity cogeneration system is to produce
clean and efficient electricity using the direct carbon solid
oxide fuel cells which is a more promising material than
solid carbon fuel [23]. A tubular 2-cell DC-SOFC is con-
structed by integrating symmetrical Ag-GDC electrodes. It
has on par electrical output performance when hydrogen
fuel is used in the same cell. It also produces electricity and
CO when fueled with biochar. The electrical power output
was observed under a constant current discharge of 0.25A.
The SOFC operating temperature is at maximum power
density, open-circuit voltage, 800°C, 193mWcm−2, and
2.06V, respectively. This system is relatively stable because
of biochar [23].

Marechal et al. [24] introduced an integrated system of
biogas and fuel cell. Biogas was produced from sewage
sludge using an anaerobic digester and was fed to SOFC.
This model was able to produce 100 kW of electricity. Tren-
dewicz and Braun [25] attempted to provide technoeco-
nomic analysis of such integrated systems. This study
explored the systems in which biogas was recovered from
waste. From the literature review, it was observed that usu-
ally, the amount of electricity produced from these systems
was 300 kWe to 6MWe.

As this study mainly focuses to ensure district heating
and hot water for residential/industry, specifically for cold
areas such as Switzerland where heating is needed all the
year, some relevant studies are included. In the study [26],
the amount of thermal energy consumed for process heating
in Swiss industries was determined. The industries, in which
process heat consumption was low and the requirement
could be met by solar heating, were sorted out. For different
regions of Switzerland, theoretical calculations of solar heat-
ing systems were done for promising industrial sectors and
having a high potential for implementation. As per the con-
clusion, the main industries that have implementation
potential are food, textile and clothing, chemistry and
pharma, and paper. The data shows for the year 2016, these
four industries consumed 33PJ accounting 22% of Swiss
industry energy consumption in that year. 12.1 PJ of that
could be replaced by implementing solar heating systems,
resulting in 8% Swiss industry energy consumption for
2016. It is pertinent to mention that the above process of
heating calculations is done for processes occurring below
100°C, and other energy consumption where process heat
is provided by electricity is neglected. However, solar heating
can be used for the process occurring up to the temperature
of 400°C, and if all those neglected areas are taken into con-
sideration, solar heating can replace a huge portion of energy
consumption.

In this study, the performance of a thermal system with
dimensions 125∗110m2, with a water flow length of 15.9m,

was investigated for flat plate collector solar heating. The
study was done with two different flow rates, and results
showed that heating at a lower flow rate, i.e., 5.3 L/min
reached a temperature of 51.4°C as compared to heating at
a flow rate of 6.51 L/min, reached a lower temperature of
about 49°C. It was suggested that systems can be used for
building or in-house purposes [27].

The aim of the study [28] was to examine the feasibility
of tank thermal energy storage (TTES) for decarbonizing
heating. Hourly heat flows with four different configurations
were simulated in dwellings of 50 and 200 in Geneva in Swit-
zerland. The four simulated configurations for heating were
an oil boiler, a system with an air-water heat pump, a solar
collector with TTES only, and solar collected with TTES
and heat pump. The configurations were tested for perfor-
mance based on parameters such as heat of cost, percentage
of RES, decarbonization cost, and peak electricity load.
Results show that although the air-water heat system has
the benefits of low heating cost and a high percentage of
RES, it does not eliminate CO2 emission and has a high peak
electricity load. However, a TTES is a better option if CO2
emissions are of more concern, and it decarbonizes heating
completely but at a higher cost. The peak electricity load is
also low and has a good percentage of RES. These days,
many researchers are working on optimizing TTES and con-
ducting technoeconomic analyses to integrate it with renew-
able energy sources [29–31].

Further, there is a need to conduct modeling and simu-
lation of energy systems using modern tools such as
MATLAB. It allows users to conduct different analyses such
as sensitivity analysis and perform optimization of the most
impactful parameters.

This study proposes a novel multigeneration system by
integrating an anaerobic digester with SOFC, CO2 storage
unit, thermal storage unit, and solar collector to ensure dis-
trict heating and hot water supply all the year in an environ-
mentally friendly manner. The proposed multigeneration
system is simulated in MATLAB/Simulink platform which
in itself is a novelty. Solar collector provides energy during
the daytime, but during the night, thermally stored excess
heat of SOFC does the trick. Electricity is also produced
along with methane production for transport fuel applica-
tions. Moreover, the released CO2 is not emitted into the
atmosphere but stored for industrial purposes.

2. System Description

The proposed system integrates four technologies; anaerobic
digestion (AD), solid oxide fuel cell (SOFC), thermal storage,
and solar heating. The anaerobic digester works on provided
manure and generates methane that is fed to SOFC. The
electricity produced by SOFC is provided to the residential
area, CO2 is stored for selling to industry, and the excess
heat is stored and released on a time of need. During the
daytime, all the heat released from SOFC is stored, and solar
heat is used for district heating or providing hot water. Dur-
ing the night, excess heat of SOFC is stored and simulta-
neously utilized for district heating. The proposed model
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ultimately promises to provide electricity and heating to
residential and CO2 to industry, as depicted in Figure 1.

3. Mathematical Modeling

For ease of comprehension, the proposed model is divided
into four parts: (i) AD, (ii), SOFC, (iii) solar heating, and
(iv) thermal storage. The mathematical models used for sim-
ulation are described in the following subsections. The list of
symbols used in modeling the system is provided in Table 2.

3.1. Anaerobic Digester. The process of generating methane
from organic waste in the absence of oxygen by implication
of microorganisms is referred to as anaerobic digestion. It is
a renewable energy source that not only contributes to energy
production but also provides a sustainable destination to waste
[32]. The process of anaerobic digestion is mainly divided into
four components: hydrolysis, acidogenesis, acetogenesis, and
methanogenesis [32–34]. Various models are present in the
literature for mathematical modeling of the AD process. Mod-
ified Hill’s method (MHM) is adopted for this study [35–37].

3.1.1. Hydrolysis. The organic matter usually consists of large
molecular chains, called polymeric chains. These chains are
not directly accessible to microorganisms for exploiting their
energy potential. Therefore, these high molecular weight
chains are broken down to the lower molecular weight
sugars [38]. The process of breaking large chain molecules
is called hydrolysis. The MHM equation of the process is
depicted in [35–37]

d Sbð Þ
dt

= Sbin − Sb
À Á Ffeed

V
−
μmK1Xacid
Ks/Sb + 1 , ð1Þ

where μm is given as μm = 0:013Treaction − 0:129 and 20 ° C
≤ Treaction ≥ 60 ° C [35-37].

3.1.2. Acidogenesis. This process converts monomers of
organic waste into volatile fatty acids. The process of acido-
genesis can be best understood by the method of souring
milk [39]. The MHW equation of this process is as follows
[35–37, 40].

d Svð Þ
dt

= Svin − Sv
À Á Ffeed

V
+ μmK2Xacid

Ks/Sb + 1 −
μmcK3Xmeth
Ksc/Sv + 1 : ð2Þ

3.1.3. Acetogenesis. In this process, acetogenic bacteria con-
verts previously generated volatile fatty acids to acetic acids.
CO2 and H2 are the byproducts of this process [41]. The
process adopted in this stage is hydrogenation. The HMW
equation of this process is as follows [35–37].

d Xacidð Þ
dt

= μm
Ks/Sb + 1 − Kd −

Ffeed
bV

� �
Xacid: ð3Þ

3.1.4. Methanogenesis. This is the last step in the AD
process in which methane is produced from acetic
acids. The HMW equation of this process is as follows
[35–37, 40].

d Xmethaneð Þ
dt

= μm
Ksc/Sv + 1 − Kdc −

Ffeed
bV

� �
Xmethane: ð4Þ

3.1.5. Total Methane Produced. The total amount of meth-
ane produced in the process can be approximated by

Fmeth =Vμck5Xmethane: ð5Þ
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3.2. Solid Oxide Fuel Cell. Different fuel cells are characterized
by the type of material used in their electrode. As SOFC has
ceramic or solid electrodes hence called SOFC. SOFC voltage
is given by

V sofc =N E − Vact − Vconc −Vohmð Þ: ð6Þ

3.2.1. Nernst Voltage. The reversible open circuit voltage of
SOFC is given by the Equation (7). Equations (8)–(12) provide
the necessary parameters to perform calculations of

E = Eo −
R:T
2F ln pH2:

ffiffiffiffiffiffiffiffi
pO2

p
pH2O

� �� �
, ð7Þ

where

pH2 =
1/KH2
1 + τH2

s

 !
qH2 − 2KrI f
À Á

, ð8Þ

pO2 =
1/KO2
1 + τO2

s

 !
qO2 − KrI f
À Á

, ð9Þ

pH2O = 1/KH2
1 + τH2O

s

 !
2KrI f
À Á

: ð10Þ

Moreover, qH2 and qH2O are given as following.

qH2 =
2Kr

Uopt

1
1 + τH2

s

 !
, ð11Þ

qO2 =
qH2
rOH

: ð12Þ

3.2.2. Activation Loss. The activation energy accompanies
losses due to both chemical and electrical reactions [42]. The
cathode has comparatively high activation polarization than

Table 2: List of symbols.

Symbol Parameter Unit

Anaerobic digester

Sb Concentration of organic matter Kgm-3

Sv Concentration of volatile fatty acids Kgm-3

Xmeth Methanogen concentration Kgm-3

Xacid Acidogen concentration Kgm-3

Ffeed Flow rate of feed m3 day-1

V Reactor volume m3

μm Methanogen growth rate Day-1

μmc Acidogen growth rate Day-1

K1 Yield factor for hydrolysis Constant

K2 Yield factor for acidogenesis Constant

K3 Yield factor for methane gas production Constant

Ks Acidogenic Monod half velocity constant Kgm-3

Ksc Methanogenic Monod half velocity constant Kgm-3

b Retention time factor Constant

Solid oxide fuel cell

E Open circuit voltage V

N Number of fuel cell

Eo Standard reversible voltage V

R Universal gas constant JMol-1 K

T Operating temperature K

F Faraday constant C Mol-1

pH2 Partial pressure of hydrogen Pa

pO2 Partial pressure of oxygen Pa

pH2O Partial pressure of water Pa

KH2 Valve molar constant for hydrogen
Mol s-
1 atm-1

qH2 Flow rate of hydrogen m3 s-1

Kr Constant Mol s-1 A

I f Fuel cell current A

Uopt Optimum fuel utilization Constant

rOH Ratio to H2 to O2 Constant

τ Response time S

Solar collector

Tc,o Collector outlet temperature °C

Ta Ambient temperature °C

kaw
Heat transfer coefficient absorber and

atmosphere
Wm-2 k-1

kmw
Heat transfer coefficient working fluid and

atmosphere
Wm-2 k-1

Asolar Area of solar panel m2

c Specific heat of working fluid J kg-1 K-1

q Mass flow rate of working fluid Kg s-1

I Solar irradiance Wm-2

Table 2: Continued.

Symbol Parameter Unit

η Solar collector efficiency

k Heat transfer coefficient of solar collector Wm-2 k-1

ρ Density of working fluid Kgm-3

Vwf Volume of working fluid m3

Thermal storage

Qstore Heat stored J

T f Final temperature range of medium K

Ti Initial temperature range of medium K

m Mass of storage medium Kg

c Specific heat of storage medium J kg-1 K -1

5International Journal of Photoenergy



1200

Minimum working temperature (Ti)
Minimum working temperature (Tf)

1000

800

600

400

Te
m

pe
ra

tu
re

 °C

200
Sa

nd
 ro

ck
 m

in
er

al
s

Re
in

fo
rc

ed
 co

nc
re

te

Ca
st 

iro
n

N
aC

l

Ca
st 

ste
el

Si
lic

a f
ire

 b
ric

ks

M
ag

ne
sia

 fi
re

 b
ric

ks
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the cathode. It owes mainly to a higher current density of
anode [43]. The activation loss is given by

Vact =
RT
αnF

ln Ifc
Io

� �
, ð13Þ

where α needs to be calculated for respective electrodes and Ifc
represents fuel cell current. Equation (14) can be preferred as it
caters to both electrodes in one equation [43].

Vact = SA + SCð Þ ln I f c
io,A SA/SA + SCð Þ + io,C Sc/SA + SCð Þ
� �

:

ð14Þ

3.2.3. Concentration Loss. The implication of the Fick law for-
mula provides concentration loss. This concentration loss is
mainly due to reactants dilution by-products. Concentration

loss is given by [44]

Vconc =
RT
αnF

ln 1 − Ifc
Il

� �
: ð15Þ

3.2.4. Ohmic Loss. The internal resistance of the SOFC stack is
ohmic resistance, given by

Vohm = I f cR: ð16Þ

3.2.5. Other Important Equations for SOFC. The ideal voltage
can be given by Equation (17). Moreover, ionic conductivities
are given as in [45]

Eo = 1:2723 − 2:7645 × −4ð Þ:T , ð17Þ

σio,cath =
4:2 × 107

T
e −1200/Tð Þ, ð18Þ
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σio,anode =
9:5 × 107

T
e −1150/Tð Þ, ð19Þ

σelectrolyte = 33:4 × 103 e −10,300/Tð Þ: ð20Þ

3.3. Solar Heating. For solar heating studies, the Hottel Vhiller
model (HVM) and Differential Equation model (DEM) are
usually adopted. Both models are useful, but the DEM model

provides a complex and detailed way to study the solar heating
process [46]. Therefore, DEM is adopted for this study. The
mathematical model of HVM and DEM is provided in Equa-
tion (21) and Equation (22), respectively.

HVM:

Tc,o = Ta +
I
kaw

Tc,i − Ta −
I
kaw

� �
e −kmw:Asolar/c:qð Þ, ð21Þ
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DEM:

Tc,o = Ta +
1

ρ:c:Vwf

ðτ f
τi

I:Asolar:η + Tc,i − Tc,oð Þc:qð

− Tavg − Ta
À Á

k:Asolar
Á
,

ð22Þ

where

Tavg =
Tc,i + Tc,o

2 : ð23Þ

3.4. Thermal Storage. Thermal energy can be stored in vari-
ous materials in the form of sensible and latent heat. The
sensible heat is associated with the materials that do not
change their phase (solid to liquid or gas), and latent heat

is associated with phase-changing materials/substances.
The amount of thermal energy stored by any medium can
be expressed as follows [47, 48].

Qstore =
ðT f

Ti

m:c dt: ð24Þ

Various solid and liquid materials can be used to store
sensible heat, as depicted in Figure 2. Among all, water is
the cheapest one [48, 49]. Based on temperature range, mag-
nesia fire bricks are selected for thermal storage.

4. Simulink Model

In this study, MATLAB/Simulink is used for simulation pur-
poses. Based on the mathematical model of AD, SOFC, solar
heating, and thermal storage, Simulink models are designed.
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4.1. Simulink Model of AD. As AD process, with a 20m3

reactor, constitutes four subprocesses (heading 3.1); inde-
pendent models of these processes are depicted in

Figure 3 (hydrolysis), Figure 4 (acidogenesis), Figure 5
(acetogenesis), and Figure 6 (methanogenesis). The model
for calculating the total amount of methane produced is
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depicted in Figure 7. The complete model with all its com-
ponents and their correlation is depicted in Figure 8. The
data used for simulation purposes is adopted from the lit-
erature [40, 51].

4.2. Simulink Model of SOFC. The Simulink model of SOFC is
subdivided into four parts to calculate right-hand side param-
eters of Equation (6), as depicted in Figures 9–13. The param-
eters are adopted from [52–54]. Figure 9 represents the
consolidatedmodel of SOFC, whereas Figures 10–13 represent
the subsystems of the consolidated model. Figure 10 calculates
the reversible open circuit voltage as given by (7). Figures 11–
13 depict different losses associated with SOFC as described by
Equations (13)–(16). The system had a voltage of 0.919V, as
shown in Figure 9.

4.3. Simulink Model of Solar Heating. The DEM model is
adopted for calculating the exit temperature of a solar heat-
ing system as described in Figure 14 and Equation (22). The
solar radiation intensity is adopted at 221Wm-2 as an aver-
age value for Pakistan [55]. Additional parameters are

adopted from [46]. The final Simulink model is described
in Figure 14.

4.4. Simulink Model for Thermal Storage. As described ear-
lier, magnesia bricks are adopted for thermal storage. The
exhaust temperature of SOFC is much higher in the order
of 1273K; therefore, other materials cannot sustain there.
The Simulink model of thermal storage is depicted in
Figure 15. The properties of magnesia bricks used in this
study are adopted from the reference [48].
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4.5. Integrated System. The Simulink model of the complete
system is described in Figure 16.

5. Results and Discussion

The AD is fed with poultry manure at the rate of 0.35m3day-
1. The amount of methane generated by the proposed system
is about 4.8m3day-1. The amount of methane produced
increases in the starting days and then became a constant
amount after 20 days, as depicted in Figure 17, plotted based
on Figure 8.

The characteristics of SOFC are depicted in Figures 18–
21, plotted based on the Simulink model given in Figure 9.
SOFC operates at the temperature of 1273K. The total
amount of power produced by the stack of 385 cells
amounts to 340.7W. This electricity can be utilized by res-

idential buildings. No doubt, the amount of electricity pro-
duced is far less to meet all energy requirements of any
residential area, but it can contribute along with other
energy sources. The behavior of SOFC is depicted in
Figure 18. The overall voltage of the SOFC decreases as
the operating temperature of the SOFC increases. The char-
acteristic curves of SOFC are presented in Figure 19. These
curves lie in line with available literature [56]. Figure 20
depicts the effect of the flow rate of hydrogen and oxygen
on the overall voltage of the cell. These results are similar
to the previous studies [56]. Figure 21 depicts the current
density characteristics of SOFC. The efficiency of the SOFC
is 73% as it is defined as produced voltage to thermoneutral
voltage. In the present case, produced voltage is 0.88V, and
the thermoneutral voltage is 1.2. This efficiency lies in line
with the literature [57].
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6. Possible Applications

The proposed system can find its best applications in cold
areas such as Switzerland. These areas require hot water
for domestic use all the time. The designed system will
ensure the availability of district heating and hot water sup-
ply by utilizing the thermal potential of the sun during the
day and stored thermal energy (from SOFC) exhaust during
nighttime. During the daytime, SOFC exhaust will be
completely stored, and during the night, the stored thermal
energy will be supplied along with the storage of SOFC
exhaust at night. Additionally, the produced methane can

be used as transport fuel, and stored CO2 can be sold to
industry. Further, different industrial sectors can adopt the
proposed system where heating is a primary concern.
Although the proposed system can find its applications in
various domestic and industrial scales, practical implications
are subjected to feasibility and technoeconomic studies.

Further, as this study provides a Simulink model of the
system rather than a traditional thermodynamics analysis,
the model can be used for different purposes. First, sensitiv-
ity analysis of the cycle, even individual components can be
conducted, can be conducted to find parameters that have
the highest influence on the cycle output. Second,
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optimization studies can be performed using the Simulink
model. One such possibility could be using response surface
methodology in conjunction with the Simulink model to
optimize it. Lastly, the Simulink model can be used to com-
pare one system to another using simulation benchmarking
techniques. This will allow authors to compare the perfor-
mance of different designs or parameters within a system.
It is easy to show how certain design choices affect system
performance when working with Simulink models.

7. Conclusion

This study contributes to proposing a multigeneration sys-
tem based on a solid oxide fuel cell powered by an anaerobic
digester (AD). AD is fed with animal manure, and methane
is produced. The produced methane is fed to SOFC, and
excess is used for transport fuel, with 73% efficiency. Ther-
mal energy from the exhaust of SOFC is stored in magnesia
bricks. During the daytime, all the exhaust energy is stored,
and solar potential is used for the district hot water supply.
At night, the stored thermal potential of SOFC is utilized.
These types of systems can find their best applications in
cold areas that require hot water all over the year. Moreover,
all the studies are conducted using MATLAB/Simulink.

In the future, sensitivity analysis of the proposed system
can be performed in addition to feasibility analysis. Further,
the Simulink model can be used to perform optimization
studies, for instance, using the Simulink model in conjunc-
tion with response surface methodology could be a suitable
option to optimize the proposed system.
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