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Featured Application: This work reveals an extensive energy and exergy analysis on a Solid
Oxide Fuel Cell (SOFC)-based system which uses biogas as a fuel under several ratios of methane
over carbon dioxide. These different qualities of biogas (mixture of CH4 and CO2 with minor
chemically neutral impurities), as they are presented here, refer to real life scenarios produced
by different raw materials through the anaerobic digestion process.

Abstract: This work simulates electricity production in a Solid Oxide Fuel Cell (SOFC)-based power
plant, fed by biogas of various compositions. Steam reforming of the gas feed stream is used to
produce the required supply for the SOFC. Given the constraints of the feed stream compositions,
resulting from the origin of biogas, i.e., by the biomass from which the biogas has been produced
as well as by the operating conditions selected for its production, the overall plant performance
is modelled in terms of energy and exergy. The model provides results on the efficiency, power
output and thermal behavior of the system, thus presenting the potential to offer great advantages
in generating electricity from biogas and reducing the environmental impact. This research study
presents the efficiency of such a system in terms of energy and exergy, by considering several values
of the operational parameters (extensions of reactions that take place in the apparatus, temperatures,
feed stream compositions, etc.). It is found that moving towards a methane richer fuel, the energy
and exergy efficiency can remain almost constant at high levels (around 70%), while in absolute
value the electric energy can increase up to 35% according to the system’s needs. Therefore, under
this prospect, the present research study reveals the usefulness of low content methane fuels, which
through the optimization process can succeed identical energy management compared to high
content methane fuels.

Keywords: biomass; biogas; electricity; SOFC; exergy analysis

1. Introduction

Solid Oxide Fuel Cells (SOFCs) are electrochemical devices which are able to convert
the chemical energy of the feed stream to electricity embodied in combined heat and power
application [1]. These devices became popular during recent decades due to the great
variety of fuels that they can be fed with (such as ethanol, methanol, etc.), a fact that can be
mainly attributed to the high temperature where SOFCs usually operate [2].

It is also known that biomass can be converted into biogas (a mixture consisting
mainly of CH4 and CO2) through several bioprocesses, where biogas composition strongly
depends on the biomass raw materials, as Table 1 presents (for details, see Section 2).

By using these procedures, biogas can be converted into syngas, a complex gas con-
sisting mainly of CH4 (non-combustible), H2, CO, CO2 and a small amount of steam, thus
being partially suitable for utilization in an SOFC to produce electricity [3,4]. Obviously,
the analogy between H2 and CO2, which are the main components for fuel cell operation
while the other components remain intact through the device by following the main power
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plant’s path, notably affects the SOFC’s performance because the higher the hydrogen
content, the more electricity is produced [5]. This analogy is attributed to the origin of
biogas, i.e., by the biomass from which the biogas has been produced, while the operating
conditions selected for the conversion of organic material to biogas are also important for
the electricity produced [6].

Table 1. Common substrates for biogas production.

Sources of Biogas CH4 Content (%) CO2 Content (%) H2O, N2, O2, H2, H2S (%)

Organic raw
materials 45–75 25–55

Mainly H2O: 2–7%, while the
other impurities appear at
less than 2%, analogous to

primary source.

Anaerobic digestion
of waste materials 45–70 30–55

Urban organic waste 40–70 30–60

Solid waste in landfill 40–60 40–60

Organic fraction of
municipal waste 55–70 30–45

Lignocellulosic
biomasses and
sewage sludge

55–70 30–45

In this context, several layouts of stand-alone power plants have been proposed, where
a fuel cell is inevitably included [7–9]. In the present project, a thermodynamics-based
model for the optimization of the operation of SOFC-based power plants is presented
under specific assumptions (for details, see Section 2). The calculations of the system’s
performance and efficiency are based on mass, energy and exergy balances, where the pro-
cesses involved have been mathematically described. In order to examine the importance
of biomass quality on the electricity produced, the model presented here may be supplied
by several feed streams with different CH4/CO2 ratios, thus representing different biomass
resources and production processes [10]. This concept constitutes the innovation of this
work, since it is able to simulate experimentally unattainable cases, just by applying a great
variety of different values for each parameter.

To specify the above, the present research work embodies an extensive parametric
analysis on such FC based systems through a simulation model, which is able to use as the
main supply fuel not only pure CH4 [11,12] but a variety of different qualities of biogas
referring to real life scenarios as they are produced by different raw materials through the
anaerobic digestion process.

2. Theory

The model, which is designed on a computational basis, is, in general, based on
balances for mass, energy and exergy. These balances are applied on any device of the
simulated power plant which is analytically presented in the simulation process of this
study. Additionally, it is essential for these balances to become valid in every time step of
the operational process of the entire plant. Regarding the mass balance, the core idea is as
follows:


mass

enters
the device

 +


mass

generated in
the device due
to chemical

reactions

 −


mass
consumed in

the device due
ot chemical

reactions

 −


mass
accumulated in

the device

 −


mass
exits

the device

 = 0 (1)

In an analogous way, the energy balance can be expressed as follows:
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energy
enters

the device

 +


thermal energy

generated in
the device due
to chemical

reactions

 −


thermal energy
consumed in

the device due
to chemical

reactions

 −


energy wastes
released in

the environment

 −


energy
exits

the device

 −


work
exits

the device

 = 0 (2)

The energy entering a device is the chemical energy of the feed stream, depending on
its composition, and the energy that the feed stream contains because of its temperature
and flux velocity. The heat excesses or demands in any device depend on the existence
and the extension of the reactions that take place there. If the produced heat is higher than
necessary, a specific amount of thermal energy is released to the environment as thermal
waste. In some cases, extra heat is necessary for a reaction to occur, thus a heat source is
sometimes also required.

As for exergy, it is important to underline here that it follows the second law of
thermodynamics; therefore, it is not a conservative physical magnitude, but it might be
generated or destroyed. Therefore, the general form of the exergy balance is as follows:

exergy
enters

the device

 +

{
exergy due

to heat trans f er

}
−


exergy

destroyed in
the device

 −
{

exergy due
to work trans f er

}
−


exergy

exits
the device

 = 0 (3)

By assuming isobaric conditions, no-phase change and equilibrium for all the reac-
tions considered here, the above generic relations can be mathematically described as
follows [13]:

• Energy balance for heat exchangers (see in Figure 1, devices D1, D2 and D3) [14]:

Tin[∑
i

Mi(CP)i]in = Tout[∑
i

Mi(CP)i]out (4)

where Tin and Tout are the inlet and outlet temperatures (in K), respectively, at each
branch of heat exchangers, Mi is the mass (in mol) of species i, and (CP)i is the specific
heat capacity (in J mol−1 K−1) of species i.

• Energy balance for biogas reformer (see in Figure 1, device D4) [15]:

Tin[∑
i

Mi(CP)i]in + [Qburn]ref + |∆HWGS| = Tout[∑
i

Mi(CP)i]out + ∆Href (5)

where Tin and Tout are the inlet and outlet temperatures (in K) at each branch of the
reformer, [Qburn]ref is the thermal energy (in J) that is transferred from the burner to
the reformer, while ∆HWGS and ∆Href are the enthalpies (in J mol−1) for the water gas
shift and the methane reforming reaction, respectively.

• Exergy balance for heat exchangers (see in Figure 1, devices D1, D2 and D3) [16]:

[∑
l
[Mtot∆T ∑

i
xi(Cε

P)i]]in = [∑
l
[Mtot∆T ∑

i
xi(Cε

P)i]]out + I (6)

where Mtot is the total mass (in mol), xi is the molar fraction of species i, ∆T is the
temperature difference (in K),

(
Cε

P
)

i is the mean isobaric exergy capacity (in J kmol−1

K−1) of species i, and I is the irreversibility rate (in J).
• Exergy balance for biogas reformer (see in Figure 1, device D4) [16]:

[∑l
(

Mtot(∑i xi(ε0)i + RT0 ∑i xi ln xi) + Mtot∆T ∑i xi
(
Cε

P
)

i

)
]in + Qburn ref

TSOFC−T0
TSOFC

=

[Mtot(∑i xi(ε0)i + RT0 ∑i xi ln xi) + Mtot∆T ∑i xi
(
Cε

P
)

i]out + I
(7)

where (ε0)i is the exergy (in J) of species i at the state of the environment, R is the
universal gas constant (= 8.1344 J mol−1 K−1), T0 is the temperature (in K) at the state
of the environment, and TSOFC is the operational temperature (in K) of the SOFC.
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• Exergy balance for the burner (see in Figure 1, device D6) [16]:

IQ = (Qburn ref + Qburn env)
Tburn − T0

Tburn
(8)

where IQ is the irreversibility due to heat losses (in J), [Qburn]env is the thermal energy
(in J) that is emitted to the environment, and Tburn is the operational temperature (in
K) of the burner.

• Exergy balance of the SOFC (see in Figure 1, device D5) [16]:

Wel = ∑
r
[−
(

Hprod − TSprod

)
+ (Hreact − TSreact)] (9)

where Wel is the electric energy (in J) produced in the SOFC, Hprod and Hreact are the
enthalpies (in J) of the products and the reactants, respectively, while Sprod and Sreact
are the entropies (in J) of the products and the reactants, respectively.

• Energy efficiency is calculated through the expression [12]:

nen =
Wel

MbioLHVbio
(10)

where nen is the energetic efficiency, Wel is the electric energy (in J) produced by the
SOFC, Mbio is the mass of biogas (in mol) entering the system (see Figure 1, path 2),
and LHV is the lower heating value of the inlet fuel (= 802.34 kJ mol−1) measured at
298 K.

• Exergy efficiency for each simulated scenario is calculated through the expression:

nex =
Wel

MbioExbio + M1Ex1 + M3Ex3
(11)

where nex is the exergetic efficiency, Exbio, Ex1 and Ex3 are the exergies (in J) of the
biogas, the atmospheric air and the water in stream 2, 1 and 3 in Figure 1, respectively.

Figure 1. Flow chart of the power plant.
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It is important to note here that the values for enthalpy and entropy used above are
calculated by NASA polynomials [11,12]. Remarkable points as well as details about the
estimation and calculation of the parameters used in the above equations can be found
elsewhere [11,12].

3. Simulation

By considering the above presented theory, in the THERMAS computational tool,
the designed simulated power plant is based on an SOFC device where the electricity is
produced while a steam reformer is incorporated to the system in order to convert the
biogas entering the system to a hydrogen reach gas, therefore being suitable for utilization
in the fuel cell. In this research study, the simulated fuel for the power plant’s operation is a
“model biogas”, consisting of two main components, CH4 and CO2, while inert impurities
(less than 2%) are also contained. Such a feedstock can be produced from several organic
raw materials [17]: anaerobic digestion of waste materials [18], urban organic waste [19],
solid waste in landfill [20], organic fraction of municipal solid waste [21], lignocellulosic
biomasses [22] and anaerobic co-digestion of multiple substrates [23].

Even if there are so many different sources for biogas production, the final product is
a percentage of CH4 and CO2 over the whole amount of the inlet fuel (40–70% for CH4 and
25–60% for CO2) according to the type of waste source utilized, while all mixtures present
an insignificant amount of impurities (<2%), mainly H2S and H2, which do not influence
the process of biogas reforming, as previously stated. The above presented mixture leads
to a specific ratio “λ” (concentration of methane over carbon dioxide), which represents
in a unique manner the production source and route. During power plant operation, the
impurities follow the main pipeline and are finally emitted to the environment through the
flue gases [24].

Biogas reforming is nowadays a well-established technology and can be satisfactorily
performed through several ways by using different catalysts during the reforming process,
mainly named as dry reforming [25], bi-reforming (steam biogas reforming) [26] and tri-
reforming [27]. In the present research study, by considering the simulated power plant,
as presented in Figure 1, the essential amount of H2 for the SOFC’s feeding is exclusively
produced through the steam biogas reforming process, which analytically presents by
the first equation (see in Figure 1, Equation (1)) in the reformer device. Additionally,
the present computational model embodies the electrochemical oxidization reaction of
CO (see in Figure 1, Equation (2)) [27], and the extension can reach high levels in a low
temperature range.

It is essential to be mentioned that CH4 reforming is not possible thermodynamically
below 600 K [28], while the water-gas shift reaction is favored at lower temperatures
(<800 K) [28]. In this respect, for the optimal simulated scenario of the present research
project, the CH4 reforming has been chosen to be finalized at 1100 K, which is around the
low limit of the optimal temperature range for this process. At this temperature, by using
the appropriate catalyst (Ni/MgAl2O4), the extension of the reforming reaction can reach
the percentage of 98% [29].

Now, as concerns the SOFC modelling, the CO oxidization (see in Figure 1, Equation
(4)) can approximately reach the 1/4 (0–15%) of the extension of the hydrogen reaction,
positively contributing the overall efficiencies (energy and exergy) of the total power
plant [30]. In general, throughout the literature, most computational models do not embody
the hydrogen reaction due to its low impact on the general system’s efficiency, contrary to
THERMAS [11,12], which approaches real life scenarios and is used here. Additionally, the
operational temperature for the fuel cell device, for the optimal simulated scenario of the
present project, has been chosen as 1060 K through thermodynamic analysis, which is near
the low limit, but it absolutely meets the requirements of the (Intermediate Temperature
Solid Oxide Fuel Cell) IT-SOFC technology [31]. Finally, the thermal needs of the system
can be covered through the combination of the thermal energy emitted from the exothermic
reactions (see Figure 1, Equations (3) and (4)) of the SOFC and the heat released from an
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extra burner, while three heat exchangers are also used for assuring the thermal balance of
the system [11]. At this point, it is important to clarify that the computational algorithm
on which the THERMAS model is based initially uses the thermal load from the SOFC to
cover the energy needs of reforming and then, if it is necessary, it uses the extra amount
from the burner to cover the reforming process. The following Figure 1 depicts the plant.

To calculate the mass and energy balances, we assumed constant pressure (=1 Atm)
for any process while the system is supposed to be supplied by a certain amount of model
biogas (1 kg), while we also import air for the needs in the fuel cell and water in order to
satisfy the reforming process. The ratio λ of CH4 over CO2 is very important, since the CH4
is the “useful” component of the biogas from which the hydrogen can be extracted and
utilized in the cell. The above-mentioned mass balances were also written, thus formatting
a linear system of 18 equations with 18 unknown masses, which was numerically solved
for each time step. The extensions of all the reactions (see Figure 1) have been considered
as parameters, whose values must be determined for the optimal operation of the plant.
The constraint imposed as the main optimization criterion was the minimization of the
energy losses, while the temperature of the flue gases emitted in the environment must be
as low as possible.

The numerical errors caused by the approximations rather than exact measurements
being available [32] have all been taken into account and sufficiently treated by defining
the lowest acceptable accuracy (=10−17).

4. Results and Discussion

To start with, we present typical results for an optimized system. The overall per-
formance of the power plant can be defined in both energetic and exergetic terms as the
percentage ratio of the produced electricity over the chemical energy and exergy, respec-
tively, that enter the system. The optimization was achieved by applying the parameters’
values as follows:

• λ = 2.5.
• Pressure = 1 Atm (constant).
• Air excess at inlet = 26.80% over the stoichiometric requirement.
• Water excess at inlet = 6.93% over the stoichiometric requirement.
• Extension of reforming reaction = 90%.
• Extension of WGS reaction = 90%.
• Extension of electrochemical oxidization of H2 = 90%.
• Extension of CO reaction in the SOFC = 15%.
• Temperature of burner = 1043 K.
• Temperature of flue gases = 313.50 K.

In compliance with the notation introduced by Figure 1, Table 2 presents the tempera-
tures, the masses and the energy at any branch of the system, as well as the overall energy
and exergy efficiencies and the thermal losses.

The energetic efficiency reaches high levels (above 70%) due to the operational con-
ditions: the reforming reaction is as extensive as 90%, corresponding to the large amount
of hydrogen produced. In conjunction with the high utilization in the SOFC (90%) along
with the high operational temperature for the reformer and the fuel cell, the efficiency of
the system is estimated as very high. The minus sign during enthalpy’s calculations (last
column of Table 2) results from the heat of the formation method, which is used to meet the
energy balance among the several branches of the simulated power plant (see Figure 1).

As presented in Figure 2, the irreversibilities encountered by the optimized system
are sufficiently low: 3.26% at the heat exchangers, 2.15% at the reformer, 5.25% at the fuel
cell and 3.74% at the burner. These produce a total amount of 14.40%, which is more than
acceptable to characterize the optimization process as successful.
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Table 2. Typical results for the optimized system, λ=2.5.

Branch Elements Temperature (K) Mass Flux (Kg/s) Enthalpy (×106 J)

1 Atmospheric Air (O2 and N2) 298.00 11.55 +0.0044
2 Biogas (CH4, CO2 and H2O) 298.00 1.00 −6.0400
3 Water (H2O) 298.00 1.44 −21.0000
4 Biogas (CH4, CO2 and H2O) 1100.00 1.00 −3.7600
5 CH4, CO2, H2O, H2, CO 1120.00 2.44 −12.7000
6 Steam (H2O) 1100.00 1.44 −16.9000
7 CH4, CO2, H2O, H2, CO, O2 and N2 1025.00 13.94 −38.6000
8 CH4, CO2, H2O, H2, CO, O2 and N2 1043.50 13.94 −46.9000
9 CH4, CO2, H2O, H2, CO, O2 and N2 921.50 13.94 −49.2750

10 CH4, CO2, H2O, H2, CO, O2 and N2 803.00 13.94 −51.5490
11 CH4, CO2, H2O, H2, CO, O2 and N2 313.50 13.94 −60.2390
12 Atmospheric Air (O2 and N2) 1000.00 13.94 +8.6900

Energy efficiency (%) 74.98
Exergy efficiency (%) 69.90

Total Thermal Losses to the environment (×106 J) 8.80
Thermal Losses to the environment through devices (% of energy entering

the system) 24.33

Thermal Losses to the environment through flue gases, see Branch 11, Figure 1 (%
of energy entering the system) 0.73

Figure 2. Cont.
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Figure 2. Sankey’s energy (a) and exergy (b) diagram for the optimized system (λ = 2.5).

To assure the reliability of the above results, we validated the results of the proposed
model against published data for the case of a pure methane feed stream. Thus, we set
λ = 198, a value that corresponds to a fuel consisting of 99% methane, and we produce the
following results:

The above results are in good agreement with available data published elsewhere [12].
The slightly different estimations of the efficiencies presented here in Table 3 can be at-
tributed to the developments of the THERMAS simulation tool, which took place through-
out the years. This new version of the computational tool embodies a totally different
approach to the management of the excess thermal energy produced during the power
plant’s operation (see elsewhere in Section 4). This agreement allows for the extensive use
of the model to analyze the system in terms of thermodynamics, sometimes simulating
situations that are very tough to be attained experimentally.

Table 3. Validation for the case of pure methane.

Energy efficiency (%) 76.20
Exergy efficiency (%) 71.16
Thermal Losses to the environment (% of energy entering the system) 20.77
Energy of flue gases, at T11, emitted to the environment (% of energy entering the system) 3.11

The parametric analysis we performed here initially focuses on chemistry, since the
production and utilization of hydrogen as well as the WGS are the crucial processes for
electricity production. Chemistry is quantified here through the extension of the relative
reactions, which is defined through the catalysts (materials) and the conditions. The effect
of this extension of the crucial chemical reactions is brought by the following Figure 3.
Precisely, the model considers the steam reforming reaction, the WGS reaction and the
oxidation of hydrogen and carbon monoxide in the SOFC. As presented, the higher the
extension of any reaction, the higher both the energetic and exergetic efficiencies.
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Figure 3. Cont.
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Figure 3. System’s efficiency as a function of extension of reforming reaction (a), extension
of WGS reaction (b) and extension of electrochemical oxidation (c).

For all the presented scenarios, the percentage of the inlet water and atmospheric
air over the stoichiometric requirements can remain at the same level of the optimized
system. It is important to be noted that by considering the WGS reaction (see Figure 3b) in
a simulated project, the overall efficiencies can be improved up to 15% (from 0% to 90%
of the reaction’s extension), while the difference between energy and exergy efficiency
remains constant.

Given that exergy is the useful energy, i.e., the amount of exergy is only a part of
the available energy, the energetic efficiency is higher than the exergetic one, while the
trend of both curves is almost identical, in any case. The relative difference between these
two efficiencies is always relatively low, thus indicating the successful optimization of the
system’s performance [12]. Additionally, it is important to be mentioned that for reforming
and electrochemical oxidization of H2 reactions, the extension cannot be set in values
under 40% due to limitations of the system arising from the optimization. This means that
by choosing values in this forbidden zone for both reactions, the SOFC’s and reformer’s
temperature has to be set under 900 K in order to satisfy the energy and exergy balance
of the system, while at this situation the thermal energy released from the burner to the
environment reaches 65%.

The influence of biogas composition on the efficiency of the system appears in Figure 4,
where several λ-ratios have been considered. As mentioned above as well as in the relative
research literature, different raw materials and different digestion operating conditions
correspond to biogas of different compositions, i.e., of different “λ” ratios [24]. Additionally,
in order to compare different simulated scenarios using several ratios of CH4 over the inlet
biogas, it is important to keep the inflow of water and atmospheric air almost constant (see
Figure 1, branch 1 and 3) at≈7% and 27% over the stoichiometric requirements accordingly,
as they have been chosen for the optimized system (see Table 2). Finally, temperatures for
reforming, the SOFC and burner operation for all the simulated projects have been set at
those of the optimized system, as presented above.
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Figure 4. Effect of “λ” on system’s efficiency.

Higher λ values actually correspond to biogas that is rich in methane, and therefore
more suitable to be utilized in the reformer to produce H2. In this sense, the energy and
exergy efficiency remain almost constant with λ. It is worth noticing that even if the systems
which are fed by biogas of low ratios appear to produce lower electric energy up to 35.3% in
absolute value (see Figure 5), they can keep their efficiencies in higher levels under a proper
optimization process (the difference between system with λ = 1.28 and λ = 3.08). This is
because CO2 does not contain significant exploitable energetic content that can be utilized
in the given power plant. The behavior of the efficiency with the biogas compositions
sounds quite strange, but can be easily explained, as presented through Figure 5. The feed
steams of low methane content produce low electricity, but it is necessary to underline
that their energetic content is low as well. On the other hand, the ratio between these two
magnitudes, for the optimized systems, is of the same high level as for high-methane fuels.
Nevertheless, Figure 5 reveals the chemical energy of the fuel, the electricity produced and
the thermal losses of the system for different biogas compositions (as presented elsewhere
in the manuscript) to clearly explain the approximately constant behavior for the energy
efficiency, as obtained through the optimization process.

Figure 5. Effect of “λ” on system’s inlet energy (ENin), the produced electricity (ENout) and the
thermal wastes to the environment (Q).
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5. Conclusions

In this work, a power plant based on an SOFC and supplied by biogas has been
simulated for various biogas compositions. It is found that the extension of all the reactions
should be of high level, except of CO oxidization, which does not seriously affect the
power plant’s overall efficiency due to the limitations imposed by the reaction itself.
Although of low contribution, CO oxidation must be incorporated in the system to assure
the completeness of the analysis. In this respect, an indicative result is that by setting
the extension of the CO oxidization reaction to zero, the system’s overall efficiency drops
only by less than 1%. As expected, the reforming reaction is more critical than the WGS,
while hydrogen utilization in the cell is actually the key player for increasing the system’s
performance. Furthermore, the biogas composition, as seen through “λ”, is the most
decisive parameter that strongly affects both the optimization of the system as well as its
energy performance in absolute values, while the overall exergy and energy efficiency
can be of almost constant trend, even for supplying fuels of CH4 content lower than 75%.
By moving towards methane-richer fuels, both energy and exergy attain high levels (see
Figure 5), while the relative efficiencies are approximately constant (t ~75% and ~69%,
respectively, see Figure 4). Feedstock, such as agricultural residues and landfill waste, is
more suitable to produce hydrogen-rich biogas through anaerobic digestion [31].
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Nomenclature

Latin symbols
CP Molar Isobaric Specific Heat Capacity (J mol−1 K−1)
Cε

P Mean Isobaric Exergy Capacity (J kmol−1 K−1)
Ex Exergy (J)
H Enthalpy (J)
I Irreversibility (J)
IQ Irreversibility due to heat losses (J)
LHV Lower Heating Value, 802.34 (kJ mol−1)
M Mass (mol)
n Efficiency (%)
Q Thermal Energy (J)
R Gas constant, 8.1344 (J mol−1 K−1)
S Entropy (J)
T Temperature (K)
W Work (J)
x Molar fraction



Appl. Sci. 2021, 11, 3112 13 of 14

Greek symbols
∆H Enthalpy of a reaction (J mol−1)
∆T Temperature difference (K)
ε Exergy (J)
Subscripts
0 Property at the state of the environment
3 Property at path 3 of Figure 1
bio Biogas
burn Burner
burn env From burner to environment
burn ref From burner to reformer
el Electric
en Energy
ex Exergy
i Index for chemical species
in Input
l Streams throughout a device
out Output
prod Products (chemical elements)
r Chemical reaction
react Reactants (chemical elements)
SOFC Solid Oxide Fuel Cell
tot Total amount of components
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