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Abstract: Based upon the thermodynamic simulation of a biogas-SOFC integrated process and the
costing of its elements, the present work examines the economic feasibility of biogas-SOFCs for
combined heat and power (CHP) generation, by the comparison of their economic performance
against the conventional biogas-CHP with internal combustion engines (ICEs), under the same
assumptions. As well as the issues of process scale and an SOFC’s cost, examined in the literature,
the study brings up the determinative effects of: (i) the employed SOFC size, with respect to its
operational point, as well as (ii) the feasibility criterion, on the feasibility assessment. Two plant
capacities were examined (250 m®-h~! and 750 m3®-h~! biogas production), and their feasibilities were
assessed by the Internal Rate of Return (IRR), the Net Present Value (NPV) and the Pay Back Time
(PBT) criteria. For SOFC costs at 1100 and 2000 EUR~kWe1*1, foreseen in 2035 and 2030, respectively,
SOFCs were found to increase investment (by 2.5-4.5 times, depending upon a plant’s capacity and
the SOFC’s size) and power generation (by 13-57%, depending upon the SOFC’s size), the latter
increasing revenues. SOFC-CHP exhibits considerably lower IRRs (5.3-13.4% for the small and
16.8-25.3% for the larger plant), compared to ICE-CHP (34.4%). Nonetheless, according to NPV that
does not evaluate profitability as a return on investment, small scale biogas-SOFCs (NPVpax: EUR
3.07 M) can compete with biogas-ICE (NPV: EUR 3.42 M), for SOFCs sized to operate at 70% of the
maximum power density (MPD) and with a SOFC cost of 1100 EUR-kW,; !, whereas for larger
plants, SOFC-CHP can lead to considerably higher NPVs (EUR 12.5-21.0 M) compared to biogas-ICE
(EUR 9.3 M). Nonetheless, PBTs are higher for SOFC-CHP (7.7-11.1 yr and 4.2-5.7 yr for the small
and the large plant, respectively, compared to 2.3 yr and 3.1 yr for biogas-ICE) because the criterion
suppresses the effect of SOFC-CHP-increased revenues to a time period shorter than the plant’s
lifetime. Finally, the economics of SOFC-CHP are optimized for SOFCs sized to operate at 70-82.5%
of their MPD, depending upon the SOFC cost and the feasibility criterion. Overall, the choice of the
feasibility criterion and the size of the employed SOFC can drastically affect the economic evaluation
of SOFC-CHP, whereas the feasibility criterion also determines the economically optimum size of the
employed SOFC.

Keywords: biogas; SOFC; simulation; economic feasibility

1. Introduction

Primarily motivated by climate change concerns, the interest in biogas sharply in-
creased in the new millennia. Global biogas production has more than quadrupled since
2000, with Europe leading the global race and accounting for a >50% share worldwide [1].
The EU’s biogas production doubled between 2008 and 2016, and despite slowing down
since (increased by just 3% from 2016 to 2019), an additional doubling until 2030 is
foreseen [2,3]. About 90% of the biogas production is used for power and heat cogeneration

Energies 2023, 16, 404. https:/ /doi.org/10.3390/en16010404

https:/ /www.mdpi.com/journal/energies


https://doi.org/10.3390/en16010404
https://doi.org/10.3390/en16010404
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/energies
https://www.mdpi.com
https://orcid.org/0000-0002-1053-0457
https://orcid.org/0000-0003-3868-6776
https://doi.org/10.3390/en16010404
https://www.mdpi.com/journal/energies
https://www.mdpi.com/article/10.3390/en16010404?type=check_update&version=1

Energies 2023, 16, 404

2 of 30

(CHP), although biogas upgrading to bio-methane for transportation fuel or injection to
the natural gas networks is gaining an increasing share [4]. Biogas-CHP mostly refers to
decentralized plants, in which the produced biogas is cleaned and directly fed to on-site
ICEs, of 30-40% electrical efficiency [4-8].

Solid oxide fuel cells (SOFCs) exhibit the advantage of uniquely high efficiencies
(50-60% or even >60% when combined with down-streaming turbines) compared to ICEs,
and they can ideally replace ICEs in biogas-CHP plants [5,7,9-11]. Compared to the techno-
logically more mature proton exchanging membrane fuel cells (PEMFCs), of considerably
lower cost (about one third of the SOFCs) and lower efficiency (<50%), which operate at low
temperatures (<100 °C) and require a complicated system of sequential catalytic reactors for
CO/CO; elimination and biogas conversion to pure hydrogen [5], SOFCs have advantages
such as remarkably higher efficiencies, being fuel flexible (they utilize CO and even dry
CHy as fuels), withstanding the presence of CO, up to high percentages [12] and operating
at high temperatures (~800 °C), which allow the utilization of the residual high-quality
heat and the unburned fuel in the downstream gas and/or steam turbine for additional
power generation [5]. Moreover, SOFCs bypass the disadvantages of corrosive electrolytes
and CO; recycling complexities of the molten carbonate fuel cells (MCFCs), which are
technologically less mature and also operate at high temperatures [13-15]. Nonetheless,
an SOFC’s high investment cost, currently at 7500-10,000 EUR-kWe 1 [16], compared to
<1500 EUR-kWe ! for ICEs or even the <2000 EUR-kWe~! for PEM fuel cells, renders their
use economically ineffective. Moreover, the replacement of ICEs by SOFC units would re-
quire additional and advanced biogas cleaning [7,17], as well as biogas partial reforming to
enhance the SOFC’s performance and to prevent thermal stressing and SOFC degradation
due to carbon deposition [18].

The biogas-SOFC research has been ongoing for more than 20 years [9,19-21]. SOFCs’
operation on biogas along with their potential utilization for biogas-CHP have been exten-
sively studied, and the relevant research has been repeatedly reviewed [5,18]. The relevant
research has focused on SOFCs” operating conditions [22], biogas pre-reforming [23], the
impurities effect on the activity of the anode [24-26] and prototype testing [12,27,28], in-
cluding the combined processes of artificial biogas desulfurization, pre-reforming and
SOFC short stacks [29]. The CO, content of biogas is generally considered to assist the
internal reforming of its CH4 content within the SOFC’s anode and to only slightly affect
the SOFC’s performance [9,19,27,30,31].

In parallel, considerable research efforts have been devoted to the modelling of biogas-
fed SOFCs, predicting electrical efficiencies that range between 35 and 50% of the bio-
gases’ Lower Heating Values (LHVs), depending upon the SOFCs’ operation point, the
assumed fuel utilization and the biogas partial conversion to Hy, prior to its supply to the
SOFC [9,20,32,33]. For integrated biogas-SOFC systems, as the one examined herein, which
combine SOFC units with biogases’ pre-reforming, thermally sustained by the SOFC’s
high-quality heat recycling, and down streaming gas or steam turbines for additional power
generation, electrical efficiencies of up to 60 [20,30,33] or even 70% [10] have been reported
depending upon the extent of biogas pre-reforming, the SOFC’s efficiency, the extent of
fuel utilization within the SOFC, the unburned fuel combustion, the type of downstream
process for additional power generation and other parameters [5].

Based upon the accumulated lab-scale research on artificial biogas as well as on biogas-
SOFCs and integrated process simulations, biogas-SOFC research has already reached
demonstration level in pilot and real-scale plants [34-38]. The BIOCELL project studied the
performance of a 2.8 kWe biogas-SOFC integrated process, including the effective removal
of sulphur and pre-reforming. Optimized so as to meet the heat requirements of biogas
generation, the overall electrical efficiency was reported at 34% [34]. The DEMOSOFC
project installed and operated an industrial scale 174 kWel SOFC unit at a waste water
treatment plant ((WWTP), and illustrated the technical feasibility of SOFC systems operating
on biogas with increased efficiency (50-55% electrical efficiency and 80-90% cogeneration
efficiency) and reduced emissions [36,38,39]. The biogas-SOFC integrated process did not



Energies 2023, 16, 404

3 0f 30

involve biogas pre-reforming and focused on the deep and reliable removal of biogas
contaminants [36]. The obtained efficiencies were independent of biogas CHy4 content and
constantly high, whereas the SOFC operation could cope with the WWTP’s power demand
variations [38].

Despite the ongoing intense research and the escalation of this research to biogas-
SOFC demonstration projects, only a few efforts have dealt with the economics of biogas-
SOFC solutions. These efforts recognize the SOFC unit investment cost, as well as the
investment cost of the required advanced biogas cleaning, as the most important challenges
for the economic competitiveness of the biogas-SOFC plants, compared to the established
biogas-CHP with ICE [5]. For small biogas-CHP plants of 33 m3-h~! biogas production
(~65 kWe for ICE-CHP capacity, increased to ~90 kWe for SOFC-CHP), Gandiglio et al.
performed an economic comparison between distributed biogas-CHP with traditional
ICEs and highly efficient CHP with SOFCs. The drastic increase in the electric efficiency,
from 38 to 53%, translated into higher annual incomes for the SOFC-CHP; although this
was based upon significantly increased investment. Assuming 200 EUR-kWe ™! capital
cost for the traditional biogas cleaning to ICE specifications and 1000 EUR-kWe ! for the
advanced biogas cleaning to SOFC specifications, as well as near future SOFC costs at
3000-5000 EUR-kWe ! compared to 1500 EUR-kWe ! for ICEs, they reported investment
Pay Back Times (PBT) that increased from <2 years for ICE-CHP to 3.5 and 7 years for
SOFC-CHP (depending upon SOFC cost), for a 280 EUR-MWh~! subsidized bio-electricity
price [40]. The same research group, for the same subsidized bio-electricity price and
SOFC costs variating between 3000-5000 EUR-kWe !, depending upon the plant’s capacity
(13-500 m3-h~! biogas production), compared to 1500 EUR-kWe ! for ICE, reported PBTs
that increased from 3—4 years for ICE-CHP to 9-11 years for SOFC-CHP, decreasing with the
plant’s capacity. The investment cost of the SOFC that required advanced biogas clean-up
was regarded as 300400 EUR-kWe !, compared to 175-200 EUR-kWe ! for ICEs. They also
proposed biogas upgrading to bio-methane, as an alternative to pre-reforming, which could
substantially improve economics, provided that the SOFCs” degradation rate remained
below 0.02%-1000 h—! [41]. Papadias et al. [42] estimated that a fuel cell system cost, with
advanced biogas cleaning, in the range of 40004500 EUR-kW ! could lead to positive
internal rates of return on investment (IRRs) and become competitive with the regular
biogas-CHP with ICEs, with a 120 EUR-kWh ! electricity price. The advanced biogas
cleaning system, for the practical elimination of H,S and siloxanes, accounted for about 20%
of the total equipment cost. Trendewicz and Braun [43] studied the effect of a biogas-SOFC
plant’s capacity on its economic prospects. They estimated the SOFC-CHP installation cost
to de-escalate from 6500 to 4000 EUR-kW ~! with the plant capacity increasing from 640
to 11,920 kW of biogas LHYV at the inlet, and to become economically competitive with
the established biogas-CHP systems, with electricity prices at about 120 EUR-kWh~!. The
SOFC unit area specific cost was regarded as being 1820 EUR-m 2, and the plant’s electrical
efficiency was estimated at 52% of biogas LHV. The costs of the SOFC unit and of the biogas
advanced cleaning system accounted for 27—44% and 23-25%, respectively, of the CHP
equipment cost, the first escalating with the plant’s capacity, as a result of the modular
nature of the SOFC technology. Provided that the SOFC specific cost drops adequately,
to estimated values below 3500 €-.kW~!, so the biogas-SOFC CHP solution’s propagation
could become market-driven and without state-induced incentives, the overall installed
SOFC capacity, just in the niche sector of wastewater treatment, can exceed 1300 MW [44,45].
Nonetheless, these efforts have not tackled the issue of the economically optimum sizing
of the SOFC unit, with respect to its operational point, nor the issue of the appropriate
economic feasibility criteria, to validate the economic performance of biogas-SOFC CHP.

In this context, and aiming to contribute to the crucial aspects that have not yet
been tackled by the literature regarding the economic evaluation of the biogas-SOFC
options, the present study assesses the economic feasibility of biogas-SOFC CHP, by the
direct comparison of its economic performance with the conventional ICE-based biogas
cogeneration, under the same assumptions. Thus, as well as the core issues of: (i) the
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SOFCs high investment cost that hinders their application despite their high efficiency, and
(ii) the process scale effect on economics, which have already been issued in the literature;
the present investigation also focused on: (iii) the sizing of the employed SOFC unit,
with respect to its operational point, i.e., for the biogas-SOFC integrated plant to either
implement a small SOFC unit of lower cost, to operate at its maximum power density
and low efficiency, or a larger and more expensive SOFC unit, to operate at lower power
density and higher efficiency, (iv) the effect of the economic feasibility criteria used to
assess the economics, on the economic assessment itself, and (v) the effect of economic
feasibility criteria on the optimization of the employed SOFC size. Regarding the latter,
the IRR criterion, which pays more attention to the initial investment, tends to charge
poorer economic performance to the biogas-SOFC CHP due to its considerably higher
initial investment, compared to the conventional biogas-CHP with ICEs. Consequently,
it should be expected to optimize this performance for smaller SOFC units of lower cost
and efficiency. On the other hand, the NPV criterion, which pays more attention to the
annual profitability, should be expected to optimize the biogas-SOFC plant’s economic
performance for larger SOFC units of higher efficiency, despite their higher cost, whereas
the NPV-based PBT should be expected to compromise this effect because it calculates
profitability for a shorter time period. The study was based upon the simulation of a biogas-
SOEFC integrated system and the economics of biogas plants, according to the specified
Excel Calculation Tool for Economic Analysis of Biogas Plants (Biogas Plants Calculation
Tool—BPCT) of the Big-East project that was used [46].

2. Methodology

The overall methodology was to design, thermodynamically simulate and cost a SOFC-
based CHP process, for two distinct cases of biogas supply rate (250 and 750 m3-h~1). These
SOFC-CHP processes were considered to substitute the conventional ICE-CHP systems
of two regular biogas-CHP plants of the aforementioned biogas capacities. The BPCT
tool of the Big-East project [46] breaks down the initial investment of conventional biogas
plants, and allows the substitution of the performance characteristics (efficiency and power
generation) and the cost of the ICE-CHP system, which is initially incorporated in the tool,
by the performance characteristics and the cost of the simulated SOFC-CHP system. The
same tool calculates the depreciated annual operation expenses as well as the depreciated
annual revenues, according to an externally defined discount rate, set by the BPCT tool to
the typical value of 5.5%. Based upon the BPCT-calculated depreciated annual revenues
of both the biogas-ICE and the biogas-SOFC CHP plants, throughout the plants’ lifetime
(regarded at 15 years), the economic performance of both the ICE and the SOFC biogas-CHP
options, at the aforementioned capacities, was evaluated by the economic criteria of the
Internal Rate of Return (IRR), the Net Present Value (NPV) and the Pay Back Time (PBT).
For the biogas-SOFC CHP plants of either 250 or 750 m3-h~! biogas capacity, SOFC units of
variable sizes (i.e., of variable surface areas) and costs were considered, so the employed
SOFC units were able to operate at variable efficiencies and power outputs.

2.1. System Description and Process Simulation
The integrated SOFC-based CHP process is shown in Figure 1 and includes:

e additional biogas purification, with respect to the purification required for diesel
engine biogas-CHP;
a biogas and an air blower;
the biogas pre-reformer with incorporated heat exchange, utilizing a part of the anode’s
exhaust, for the partial CH4 conversion to Hp;
the SOFC fuel cell system, including system balancing and power conditioning;
a preheater for the cathodic air supply;
an afterburner, for the complete combustion of the remaining fuel agents, that exit the
SOFC’s anode unburnt;

e  asteam turbine unit, for additional electricity generation.
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Figure 1. Scheme of the proposed cogeneration process using SOFC cell.

Biogas of typical composition (Stream 1) is purified (Stream 2), slightly compressed
(Stream 3) and mixed with the 50%vV of the anode’s exhaust gases (Stream 7), which are
rich in steam and at high temperature (800 °C), and directly utilized as the reforming agent.
The mixture (Stream 4) is then fed to a catalytic reformer, where 66.8% of the biogas” CHy is
converted to H, and carbon dioxide, still at 800 °C. The heat required to maintain a constant
temperature at the pre-reformer is provided by the hot exhaust gases of the afterburner
(Stream 13).

The pre-reformed fuel (Stream 5) is fed to the anode of the fuel cell, the cathode
of which is supplied with preheated air (Stream 11). The cell operation temperature is
set to 800 °C, with a typical fuel utilization factor (Uy) of 80% [43]. The anode’s exhaust
gases (Stream 6) are partially (50% v) recycled to the pre-reformer (Stream 7) and the
rest (Stream 8) are catalytically burned in the afterburner, with the cathode’s depleted air
(Stream 12). The burner’s exhaust (Stream 13) is used to supply heat at the pre-reformer
and the air preheater (Stream 14), while the remaining high-quality heat is supplied to the
steam turbine (Stream 15). In the steam turbine, the after-burner’s exhaust gases generate
superheated steam at 40 bars, which condensates at 0.6 bars, to generate low-quality heat
for the anaerobic digester and potentially other uses. The pressure drops, regarded for the
individual components of the process, are given in Table 1.

Table 1. Pressure drops in the biogas-SOFC process components [43].

System Component AP (kPa)
fuel purification unit 0.10
pre-reformer (fuel stream/heat exchanger stream) 0.02/0.02
stack (anode/cathode) 0.02/0.07
air preheater (air stream/exhaust gases stream) 0.05/0.05
afterburner 0.02

boiler 0.05
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P, bar
T, °C
Ych4, %
Ycoz, %
Y2, %
Yo, %
YNz, %
Yoz, %
Y/\r, %
Vas0 1, m3-h!
V750 1, m3-h1

P, bar
T, °C
Ych4, %
Ycoz, %
YH2, %
Y0, %
Yno, %
Yo2, %
YA,-, %
Vaso 1, m3-h!
V50 1, m3-h!

1.01
37.0
60.00
35.91
0.50
2.34
0.50
0.50
284.0
852.1

1.22
504.6 2

0.04
1.28
77.81
20.87
0.09
18,009.5
54,028.6

Two distinct cases of biogas supply (250 and 750 m3-h~!) were examined. In both
cases, the operation of the integrated process was investigated for a range of SOFC units
of variable surface areas. For the aforementioned biogas supply rates and a given fuel
utilization (i.e., for constant fuel consumption and total current), the alteration of the
SOFC’s surface area (i.e., of its size and cost) alternates its current density and the operation
potential, as well as the SOFC’s power generation and efficiency. This alteration also affects
the heat duty of the cathode preheater and the residual heat supply to the steam turbine.

The operational features (streams’ temperatures, pressures, compositions and flowrates)
of the biogas-SOFC CHP system of Figure 1, for the minimum examined SOFC size, which
corresponds at SOFC’s operation at maximum power density, are presented in Table 2.
Temperatures at the exits of the air preheater (Streams 11 and 15) variate with the employed
SOFC unit size and electric efficiency, affecting the steam temperature (Stream 20) and its
flowrate, as denoted in Table 2. The pattern for the thermodynamic calculations of the
involved processes is presented in Appendix A.

Table 2. Flowrates, molar fractions and operational conditions of the biogas-SOFC CHP system of
Figure 1, for SOFC operation at maximum power density.

0.91 1.19 1.19 117 115 115 115 1.01 1.27
37.0 56.7 555.3 800 800 800 800 25.0 50.9
60.15 60.15 18.80 4.99 - - - - -
36.00 36.00 41.31 43.10 43.72 43.72 43.72 0.04 0.04
0.50 0.50 8.50 46.78 12.14 12.14 12.14 — -
2.35 2.35 30.91 4.87 43.90 43.90 43.90 1.28 1.28
0.50 0.50 0.32 0.26 0.24 0.24 0.24 77.81 77.81
0.50 0.50 0.16 - - - - 20.87 20.87
- - - - - - - 0.09 0.09
314.3 255.9 2055.7 3385.7 3788.1 1894.0 1894.0 8334.8 7209.5
943.0 767.6 6167.2 10,157.0 11,364.2 5682.1 5682.1 25,004.4 21,628.4
115 113 111 1.06 1.01 0.60 0.60 40.00 40.00
800 860.2 755.8 388.203 120.0 85.5 85.5 86.8 328.24
0.04 3.08 3.08 3.08 3.08 - - - -
1.32 5.14 5.14 5.14 5.14 100.00 5 100.00 © 100.00 © 100.007
80.63 75.37 75.37 75.37 75.37 - - - -
18.01 16.41 16.41 16.41 16.41 - - - -
0.10 0.09 0.09 0.09 0.09 - - - -
25,438.7 29,253.1 27,034.4 18,193.3 11,349.0 39.4 0.02 0.02 1.06 8
76,316.0 87,759.2 81,103.3 54,579.9 34,047.0 118.1 0.05 0.05 3.17°

1 Volumetric flows for the cases of 250 and 750 m3-h~1 STP. 2 Increases to 616.9 °C with the increase in the SOFC’s
area. 3 Decreases to 276.1 °C with the increase in the SOFC’s area. * Decreases to 256.1 °C with the increase in the
SOFC’s area. > Water/steam mixture of biogas production. ¢ Liquid water. 7 Superheated steam. 8 Decreases to
0.87 m®-h~! with the increase in the SOFC’s area. ? Decreases to 2.62 m>-h~! with the increase in the SOFC’s area.

2.1.1. Biogas Production

In order to determine the operational characteristics of the low solids (5%), mesophilic
anaerobic digester for biogas production, the Excel Calculation Tool for Economic Anal-
ysis of Biogas Plants (Biogas Plants Calculation Tool—BPCT) of the Big-East project was
used [46]. For the simulation needs, a typical average biogas composition was consid-
ered (Table 3), which is in agreement with the typical biogas composition of the BPCT. A
60/40%w mixture of cattle waste and energy silage (silage maize) was considered as the
raw biomass feedstock. Based upon the BPCT’s assumptions, 14,440 tn-yr~! of cattle waste
(10% TS, specific biogas production: 25 m®-tn~1) and 9626 tn-yr~—! of energy silage (32%
TS, specific biogas production: 190 m>-tn~!) were fed to the digester, for the production
of 250 m3-h~! of biogas with CH/CO, = 60/40%v composition, and 43,319 tn-yr ! of
cattle waste and 28,879 tn-yr~! of energy silage, for the production of 750 m3-h~! of biogas,
of the same composition. For conventional power generation in an ICE of 40% electric
and 88% cogeneration efficiency, the aforementioned capacities corresponded to electric
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power generations of 600 and 1800 kW, respectively. According to the same tool, 30% of the
generated heat and 7% of the generated electricity were consumed in the unit itself. Thus,
the available electric power was 558 and 1674 kW, in the two cases, while the available
thermal power was 504 and 1512 kW, respectively [46].

Table 3. Biogas composition, % [47].

CHy

CO,

H,O N> H,S NHj; 0O, H;

60.00

35.91

2.34 0.50 0.20 0.05 0.50 0.50

Typical harmful impurities of biogas refer to H,S and siloxanes. H,S requires removal
due to its corrosive nature, and if fed to a SOFC system, it poisons the nickel catalyst,
which is present in both the pre-reformer and the anode [47]. For the safe operation of
the SOFC unit, the H,S concentration must be maintained below 0.2 ppm [48]. Siloxanes
are highly volatile, organic compounds that oxidize to SiO; glassy deposits and they are
particularly dangerous in high temperature fuel cells, as they can fill the porous structure
of the anode [49]. The concentration of siloxanes in the biogas for fuel cell applications
must remain below 3 ppm.

Thus, biogas purification usually involves the successive steps of desulphurisation and
desiloxanation. Regarding siloxanes, their concentration after purification was considered
negligible, while the concentration of H,S after desulphurisation was considered equal to
the biogas feed specification for SOFCs, i.e., 0.2 ppm [43]. At the outlet of the purification
processes, cleaned biogas was considered to be 37 °C (i.e., at the temperature of the
mesophilic anaerobic digester) and 91 kPa (i.e., 10 kPa below the pressure of the atmospheric
digester—Table 1).

2.1.2. Biogas Pre-Reformer

Pre-reformers are widely used in SOFC systems, in order to partially convert CHy to
H; and COy, prior the fuel cell, and thus to prevent carbon deposition at the anode as well
as to balance local thermal gradients within the cell [50-52]. Exhaust gas recirculation to the
pre-reformer is a common practice for fuel cell systems” design [43]. The benefits associated
with this option have to do with the use of the high temperature steam generated at the
anode, which bypasses the necessities for an additional steamer/superheater as well as for
the consumption of fresh water. For the simulation of the pre-reformer, a typical operation
temperature (800 °C [53]) was considered, and the overall reaction:

CH4 +2 Hzo — COZ +4 H2 (1)

was assumed to reach the equilibrium at this temperature. The partial recycle of the anode’s
exhaust gas was used as the reforming agent consisting of 43.7% CO;, 43.9% H,0O, 12.1%
Hj and minor amounts of N. To prevent carbon deposition on the nickel catalyst of the
pre-reformer, through the Boudouard equilibrium:

CO, +C+2CO ()

the steam to carbon ratio (S/C) ratio:

NH,0
S/C= — 20 3
ncy, + Nco, ©)

(nfo, ncra and nepyp are the corresponding molar flowrates at the reformer’s inlet) should
be greater than 0.46, at 800 °C [53]. The CO; content of both the biogas and the reforming
agent shifts forward the Boudouard equilibrium; thus, less steam is required to ensure
carbon-safe operating conditions [50], whereas the increase in S/C decreases the overall
electrical efficiency of biogas-SOFC processes [43]. In view of the above, a 50% recycle ratio
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of the anode’s exhaust was selected as the reforming agent, resulting in a 0.51 S/C, i.e.,
~10% higher than the minimum safety threshold.
The thermodynamically calculated equilibrium constant K of Reaction 1:

K= exp < _AGIr{eTa‘ctiOHZ > (4)

at the pre-reformer’s temperature, resulted in a 66.8% CH4 conversion in both cases of 250
and 750 m3-h~! biogas supply, which is in accordance to relevant literature [54].

2.1.3. SOEC

A typical anode-supported planar SOFC was regarded for the simulation, and it
was set to operate at the typical temperature of 800 °C [53]. The remaining CHjy in the
pre-reformed biogas (Stream 5), was assumed to be totally converted to additional Hp,
through Reaction 1, within the SOFC’s anode. This was due to H, consumption at the
anode, as well as the progressive steam generation by H, combustion, that further shift the
equilibrium of Reaction 1. Thus, the fuel utilization (Uy) at the SOFC was regarded at 80%
of the total H; fed to its anode, i.e., the molecular H, at the anode’s inlet and the H, that is
stoichiometrically generated within the anode by the internal reforming of CHy.

Preheated air, composition shown in Table 4, was supplied to the SOFC’s cathode. The
air supply to the cathode was set accordingly, so that the depleted air exited the cathode
with 18% O,. The air supply to the cathode was calculated at 9789.8 and 29,231.0 kg-h !
for 250 and 750 m>-h~! biogas supply, respectively.

Table 4. Assumed air composition, %.

N> 0, CO, H,0 Ar
77.81 20.87 0.04 1.28 0.093

For the operating potential of the SOFC:
Vel = E — Nact — Nohm — Neonc [V] ®)

(E is open circuit voltage (OCV) at the operating conditions and nact, Nohm, Nconc Stand
for the activation, the ohmic and the concentration overpotentials, respectively (n¢onc was
regarded negligible, for SOFC operation near its nominal power output), E was calculated
by the Nernst Equation [55]:

RT Y
E=F°+- 1In aveHZ,a515 [V] (6)
4F YaveHZO,an X Yaﬁ/eOZ,cath

where E° is the OCV at standard conditions (1.185 V), and the molar fractions Yayer2,an,
Yave02,cath and Yayer20,an Were calculated as the mean values, between the inlet and the
outlet of the anode or cathode, respectively. The activation overpotential was calculated
as [55]:

Nact =1 X (Ractan + Ract cath) [V] @)

where i is the cell’s current density (A-m~2) and Ractan/ Rict cath the activation resistances
of the anode/cathode, respectively [55]:

RxT
Ractan = m _E [sz} 8
Dan x n X F X (YH2) an xexp( an)
RxT
Ract,cath = [sz] )

Death X 0 x F x (Yo,)™ e x exp(%)
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The Dan/Death, Man/Meapn and Ean/Ecan coefficients are given in Table 5, for the
regarded anode (Ni/YSZ cermet) and cathode (LSM/YSZ cermet), respectively. For the as-
sumed constant Uy, the activation resistances remained constant, at Ryct an = 641 X 1075 O'm?
and Ryt cath = 1.36 X 1075 O-m?, regardless the biogas supply rate or the SOFC’s surface area.

Table 5. Constants for activation resistances calculation [55].

Dan
Dcath

213 x 1078
1.49 x 1011

A-m—2 Man 0.25 Ean 110,000 J-mol~!
A-m™2 Math 0.25 Ecath 160,000 J-mol~!

The SOFC’s ohmic overpotential ngn, was calculated by the specific ohmic resistances
p; of the employed components [56]:

B:
pi = A; X exp (Tl) [Om] (10)
(subscript i refers to the Ni/YSZ anode, the LSM/YSZ cathode, the YSZ electrolyte and the

LaCrOs current collector), where i represents cell’s current density (A-m~2)and A;, B, 1;
are given in Table 6. The ohmic overpotential of the cell was calculated as [56]:

Nobum = izpié—i v] an)

with ]; and s; standing for the thickness and the surface area of each individual component,
respectively, and varied with the SOFC’s surface area.

Table 6. Constants for the ohmic resistances calculation [56].

A;, Om Bi, K l;, pm pj, Om
YSZ 0.0000029 10,350 50 1.876 x 10710
Ni/YSZ 0.000003 1392 545 8.198 x 107
LSM/YSZ 0.0000081 —600 400 1417 x 1075
LaCrO3 0.001256 —469 100 9.937 x 1072

The total current of the cell was constant for each one of the two cases of biogas supply,
and was calculated by the relation:

=2 x F x Fp [A] (12)

where Fp, - stands for the O?~ anions’ supply to the anode (mol-sec™!), which was stoi-
chiometrically determined by the anodic H, consumption and F is the Faraday’s constant
(96.484 cb-mol~1). The current density is given by:

I

i=
Acell

[A-m~2] (13)

where A is the apparent surface area (m?) of the cell, and the overall electrical power
generated by the cell was calculated as:

P=Veen x 1 (W] (14)

As mentioned previously, the performance and the economics of the integrated pro-
cess were studied for SOFC units of different surface areas (i.e., for SOFCs of different size
and cost), regarding each one of the examined biogas feeds. For constant total current
(determined by the biogas feed and the constant Uy), these surface areas were selected
accordingly, so that for the SOFCs to operate at or below their maximum power density
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(MPD), i.e., for current densities lower than the current density at the MPD. At this opera-
tional region, the decrease in the current density increased the SOFCs’ efficiency and power
output, but decreased the residual heat for the steam turbine. The overall efficiency of the
cell was defined as:

W
NSOFC = LP?\OII;CZ x 100 [%] (15)

where Wsorc stands for the electrical power generated by the SOFC and LHVp; for the
Lower Heating Value of the H, consumed at the anode.

2.1.4. Afterburner

A catalytic afterburner was used to totally combust the remaining fuel components of
the part of the SOFC’s anode exhaust gases that was not recycled to the pre-reformer. The
depleted air from the SOFC’s cathode was used for the combustion, corresponding to a vast
oxygen excess of about 4000%, with respect to the H; fuel supplied to the afterburner. The
temperature at the outlet of the afterburner was calculated at 860.1 °C, by its energy balance.

2.1.5. Steam Turbine

A steam turbine was employed for the supplementary power generation by the
residual high-quality heat of the process. Exhaust gases from the cathode’s air preheater
enter the boiler of the steam turbine at 276.1-388.2 °C, depending upon the SOFC’s surface
area, and they were to set to vent the integrated process at 120 °C. Water enters the boiler as
compressed liquid at 86.8 °C and exits as superheated steam at 40 bar. The steam turbine’s
condenser was set to operate at 60 kPa, in order to generate heat at an adequate temperature
(88.3 °C), for the digester’s heat requirements. The isentropic efficiencies of the turbine
and the pump were assumed at 75 and 85%, respectively [57]. A part of the condenser’s
low-quality heat was used for the digester’s thermal requirements, which were calculated
by the BPCT at 216.0 and 648.0 kW, for the cases of 250 and 750 m3-h~! biogas supply,
respectively. The corresponding heat generation at the condenser was 277.2-543.4 kW for
the 250 m3-h~! case and 832.5-1588.7 kW for the 750 m3-h~! case, decreasing with the
SOFC’s surface area.

2.1.6. Other Equipment (Blowers and Heat Exchangers)

The air blower increases the ambient air pressure to counterbalance the pressure drops
at the air preheater’s air stream (5 kPa), the fuel cell’s cathode (7 kPa), the afterburner
(2 kPa), the pre-reformer’s exhaust gas stream (2 kPa), the air preheater’s exhaust-gas
stream (5 kPa) and the boiler (5 kPa) (Table 1). Thus, considering that ambient air enters the
blower at 25 °C and 101.3 kPa, its duty was to increase this pressure to 127.3 kPa. Regarding
71.3% isentropic efficiency [43], the air blower power consumption was calculated at
72.2 kW for the case of 250 m®-h~! biogas supply and 217.2 kW for the 750 m>-h~! case
(the outlet temperature was calculated at 50.9 °C).

The biogas blower aimed to overcome the pressure losses at the pre-reformer’s fuel
stream (2 kPa), the anode (2 kPa), the afterburner (2 kPa), the pre-reformer’s exhaust-gas
stream (2 kPa), the air preheater’s exhaust-gas stream (5 kPa) and the boiler of the steam
turbine (5 kPa). Assuming 101.3 kPa at the vent of the integrated process, the biogas blower
should increase the biogas pressure from 91 to 119.3 kPa. Its isentropic efficiency was
considered at 71.3% [43], and the electrical work consumed was calculated at 2.27 kW
for the 250 m®-h~! case and at 6.68 kW for the 750 m®-h~! (the outlet temperature was
calculated at 56.7 °C).

The air preheater (considered as a shell-tube heat exchanger) was employed to heat air
from 50.9 °C to the temperature required for the SOFC’s thermal balance. This temperature
was calculated at 504.6 to 616.9 °C, increasing with the SOFC’s surface area, regardless the
biogas feed to the integrated process, due to the higher SOFC’s overall power output at
higher surface area, which decreases the SOFC generated heat, thus increasing its thermal
requirements. The high temperature exhaust gases, after the pre-reformer, enter the air
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preheater at 837.6 °C, regardless both the scale (i.e., the biogas supply rate) of the integrated
process and the surface area of the employed SOFC. The latter is due to fact that, despite the
decreased heat generation at larger SOFCs, this deficit is counterbalanced by the increased
temperature of the cathodic air supply.

2.2. Cost Data

The total investment (I1) of the conventional biogas plant with a CHP system based
on ICEs was estimated by the correlation [58]:

It =4.671 x Wy — 092 [ME€] (16)

where W is the net generated electrical power in kW. According to the BPCT calculation
tool, the contribution of the individual cost elements to the total It is given in Table 7 [46].
This allocation allows the separated calculation of the CHP system. Thus, for the con-
ventional CHP unit, the total It was calculated by Equation (16), whereas for the SOFC
CHP system, the cost of the SOFC unit was separately calculated and added to the BPCT
calculation tool to replace the cost of the conventional CHP system.

Table 7. Individual investment costs of the unit based on Standard Evaluation Sheet of CRES [46].

% of IT
Installation, buildings and site preparation 34.15
Machinery purchase 26.83
Electronic equipment 8.29
Project design and supervision 8.78
CHP system 21.95

The investment cost of the SOFC-based CHP system was calculated by the detailed
costing of the Figure 1 equipment and systems, i.e., for:

the biogas cleaning system;
the biogas and the air blowers;
the air preheater;

the afterburner;

the pre-reformer;

the SOFC unit;

the steam turbine.

N U L=

The costs of the biogas cleaning system (Ccg), the pre-reformer (Cpr) and the after-
burner (Car) were calculated by correlations extracted from the relevant work of [43], based
upon the Lower Heating Value of biogas (LHV}, (for the assumed biogas composition of
Table 3, LHVb = 21.49 MJ]-m 3, as calculated by the LHV of its CH, content) at the inlet
of the process (values were converted to euros by the equivalence factor 0.922 EUR-$ !
and inflated from 2011 to 2022, assuming 2%-a~ ! average inflation). Regarding the biogas
cleaning system, Ccg was calculated by the correlation:

Ccs =1091.6 x InLHV, — 68014  [KEUR] (17)

at 1434.9 and 2895.7 KEUR for 250 and 750 m*-h~! of biogas production, respectively. The
pre-reformer cost was estimated by the correlation:

Cpgr = 0.423 x LHV,,>%”?  [KEUR] (18)

at 74.39 kKEUR for 250 m®-h~! biogas production and 155.72 kEUR for 750 m?-h~! biogas
production, while the afterburner’s cost was calculated by the correlation:

Car = 0.019 x LHV, 1 [KEUR] (19)
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at 37.23 and 112.87 kEUR for the two cases of biogas production, respectively.

The blowers and the air preheater costs were taken by the online Matches tool. For
the blowers, this cost was based at the blowers’ volumetric flowrate at its inlet, for rotary
or centrifugal blower type [59], and for the biogas blower was estimated at 5.36 kEUR for
250 m3-h~! biogas production and at 11.85 kEUR for 750 m3-h~! biogas production. For
the air blower, the corresponding costs were found at 80.82 and 96.75 kEUR, respectively.
For the air preheater, the cost was estimated by the required heat exchange surface area
(App), for a shell-tube heat exchanger [60]. Apy was calculated by the equation:

Q=Ux A X ATy, [W/m?] (20)

where Q is the heat transfer [W], as calculated from the process simulation, U is the total
heat transfer coefficient, regarded at 30 W-m~2.K~!, and ATy, is the mean logarithmic

temperature difference:
AT1 — AT2

AT1 K]
In 315

ATy, = (21)
(AT = Thy — Tep and AT, = Ty — Teq, where 1 and 2 subscripts denote the inlet and outlet
streams, h denotes the exhaust gas high temperature stream and c denotes the air low
temperature stream), still calculated by the process simulation. The duty and, consequently,
its size and cost of the air preheater varied with both the process’s scale and the SOFC’s
surface area, in the ranges of 65.28-81.60 kEUR, for 250 m3-h~! of biogas production and
95.34-118.29 kEUR, for 750 m®-h~! of biogas production.

Regarding the SOFC unit cost, Hydrogen Europe Strategic Research and Innovation
Agenda (SRIA) [16] targets a gradual cost reduction from about 10,000 EUR-kW,, ! today,
to 2000 EUR- kW, ~! in 2030, for SOFC units >50 kW,;, whereas experts estimate further
cost reduction to 1100 EUR- kW ! in 2035, in a pathway towards a <2750 EUR- kW, !
in 2050 [11,61]. In this context, the SOFC unit cost was regarded at two distinct values,
i.e., at 2000 and 1100 EUR-kW, . These costs, referring to 2030 and 2035, respectively,
corresponded to 5269 and 2898 EUR-m 2 of superficial surface area, for the calculated, by
the present simulation, power density of 2.63 kW-m~2, at the maximum power point of
SOFC'’s operation, which was in agreement with the relevant literature (biogas-fed SOFCs
power density is reported at 207-273 kW-m~2 [5,43].

The steam turbine’s cost (Cst) was calculated as for an integrated unit and based upon
0.6 escalation factor [62]:

Csr = C1 (QST ) v
st = Crgr x - [EUR] (22)
Qsr

where Qgt (kW) is the steam turbine’s capacity, expressed as heat supply at its inlet,
and C™ ¢ (= EUR 27,989) is the reference cost for the reference heat supply of Qrefer
(=15.1 kW) [63]. The cost of the steam turbine changes with the scale of the process (i.e., the
biogas production), and with the SOFC size (i.e., the apparent surface of the cell), and varied
from EUR 69.93-109.00 k for 250 m3-h~! of biogas production and EUR 135.27-207.12 for
750 m3-h~! of biogas production.

The indirect costs for the installation of the SOFC-CHP integrated process, including
the engineering, the construction, the legal fees, etc., were considered at 37% of equip-
ment/units cost [43].

The annual operating costs were calculated from the BPCT calculation tool [46], and
referred to: (i) personnel cost (considered for one worker per installed 300 kWe, calculated
at 25 kEUR-a~! per worker and 50 kEUR-a~! for administration cost), (ii) repair and main-
tenance of the biogas plant, excluding the CHP system (calculated at 2% of the buildings
cost, 6% of machinery cost and 4% of electric equipment cost), (iii) repair and maintenance
of CHP system, which was calculated at 0.010 EUR-kWh™1!, for the conventional diesel-ICE
system and 0.011 EUR-kWh ™!, for the SOFC CHP process, including the SOFC stack re-
placement every five years [43], (iv) insurance costs accounted for 1% of the equipment and
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units costs, (v) other operational costs, related to the biomass/manure handling (vehicles,
personnel, lifters, etc.), which were regarded as 1.6 EUR-tn~! the BPCT calculation tool [46],
and (vi) the maize silage cost, which was regarded as 40 EUR-tn~! [64] (manure biomass
was regarded as zero cost). Operating costs, including maize silage, were inflated by an
assumed average annual inflation of 2%-a~!.

3. Results and Discussion
3.1. Process Performance

The calculated SOFC’s operating potential and power density vs. current density
are plotted in Figure 2a. For constant fuel utilization factor and constant fuel supply to
the SOFC, for each one of the two process scales examined, the total electrical current of
the cell is also constant (1274.1 and 3822.1 kA, for 250 and 750 m3-h~! biogas production,
respectively). For constant total current, the current densities of Figure 2 correspond to
different SOFC surface areas, i.e., to different SOFC sizes (and consequently costs). The
SOEFC surface areas, in order for the current density to variate in the examined range,
are depicted in Figure 2b. These current densities also correspond to a range of power
densities, from 70-100% of the SOFC’s maximum power density (MPD), as denoted in
parentheses in Figure 2. Thus, for the constant total current, in order for the SOFC to operate
at 247.40-553.95 mA-cm 2 (1.84-2.63 kW-m~2, that is 70-100% of the MPD, respectively)
for both the examined biogas production capacities, its surface area should range from
230 to 515 m? for 250 m?-h~! biogas production, and from 710 to 1540 m? for 750 m>-h~!
biogas production.
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Figure 2. SOFC size and operation characteristics: (a) SOFC operation potential and power density
(values in parentheses denote power density as percentage of the SOFC’s maximum power density),
(b) SOFC’s surface area, and (c) SOFC efficiency and total power generation, for the two examined
scales of the integrated plant.



Energies 2023, 16, 404

14 of 30

generated power, MW

net power, MW

e
o
(=]

0.50

0.25

0.00

1.00

0.75

0.50

0.25

The SOFC’s efficiency (Equation (15)) does not depend on the overall biogas produc-
tion and the scale of the integrated process, and increases as the current density decreases
(Figure 2c). This results in increased total power generation for SOFC operation at lower
current densities, i.e., for larger SOFC size and surface area, for each one of the two exam-
ined plant’s capacities. Thus, for 250 m®-h~! biogas production, a SOFC unit large enough
to operate at 70% of its MPD (515 m? surface area), was calculated to generate 948.3 kW
that decreased to 605.9 kW, for a SOFC unit adequately smaller, so as to operate at its MPD
(230 m? surface area). The corresponding SOFC generation for the integrated biogas plant
of 750 m3-h~! biogas production was maximized at 2842.0 kW for the maximum examined
SOFC’s surface area of 1540 m? of maximum efficiency (50.1%) and minimum current
density (247.40 mA-cm~2), and 1870.1 kW for 710 m? SOFC’s surface area of minimum
efficiency (32.0%) and maximum current density (553.95 mA-cm~2), respectively.

The SOFC’s power generation (Psorc) increases with the cell area, whereas the steam
turbine generated power decreases due to the higher SOFC’s electrical efficiency, which
reduces the residual high-quality heat of the integrated process, and consequently the
available heat for power generation at the turbine (Figures 3 and 4). For both plant’s
capacities of 250 and 750 m®-h~! biogas production, Psorc increases by 56.5%, by sizing
the cell accordingly, so as to operate at 70% of its MPD, compared to a smaller cell, sized
to operate at MPD (from 0.61 to 0.95 MW for the small plant and from 1.87 to 2.84 MW
for the large plant, respectively). Conversely, the steam turbine-generated power (Psr)
decreases by 52.3% (from 0.15 to 0.07 MW for the small plant and from 0.42 to 0.21 MW for
the large plant, respectively), for the same size variation in the employed SOFC, resulting
in an overall increase in the total generated power (P1) by 35.4% (from 0.75 to 1.02 MW for
the small plant and from 2.29 to 3.05 MW for the large plant), and a 41.9% increase (from
0.635 to 0.901 MW for the small plant and from 1.941 to 2.701 MW for the large plant) in
the net power production (Pngr), of the biogas-SOFC integrated process. PNgr refers to Pr
minus the electricity consumption by the biogas production process and the blowers of the
SOFC-based CHP system, of Figure 1, and it is the available power for the integrated plant
to sell at 220 EUR-MWh 1.

steam turbine

[ ]
;

e

SOFC-CHP

ICE-CHP

(b)

200

250 300 350 400 450 500 550
SOFC area, m?

Figure 3. Biogas plant power generation and its dependence on the employed SOFC unit size, for
250 m®-h~! biogas production.
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Figure 4. Biogas plant power generation and its dependence on the employed SOFC unit size, for
750 m3-h~! biogas production.

Regarding the SOFC-based CHP, PNgr was computed to be 14-62% higher than the
net power generation in a conventional ICE-CHP (i.e., Pngpr = 0.635-0.901 MW, compared
to the 0.558 MW by the conventional diesel engine, for 250 m®-h~! biogas production, and
PneT = 1.944-2.701 MW, compared to the 1.674 MW of the conventional ICE, for 750 m3-h~1
biogas production). The available heat generation of the integrated process (i.e., the residual
heat from the steam turbine minus the heat requirements of the anaerobic digestion for
biogas production, which was regarded available for selling at 40 EUR-MWh ') decreased
with the employed SOFC size (from 0.33 to 0.06 MW for the 250 m?-h~! biogas production
case, compared to 0.50 MW for ICE-CHP, and from 0.94 to 0.18 MW for the 750 m3.h~1
case, compared to 1.51 MW for conventional CHP).

3.2. Cost of Investment and Operational Expenses

Due to the modularity of the SOFC technology and the constant values of the SOFC’s
area specific cost used herein, the SOFC unit cost is linearly proportional to its size. Com-
paring Figures 5a and 6a for the lower regarded SOFC area specific cost (1100 EUR- kW, !
or 2898 €-m 2, foreseen for 2035), the total initial investment for the large capacity plant
was 1.95-2.41 times higher than the total initial investment for a small capacity plant, this
ratio decreasing with the employed SOFC size. For the higher regarded SOFC area specific
cost, the total initial investment for the large plant was 2.50-2.62 times higher than that of
the smaller. Notably, the net power generation (PNgr) of the large scale plant was 3.00 times
higher than the net power generation of the small scale plant. This fact denotes the decrease
in the specific investment cost, which reduces from 6.44-7.40 KEUR-kW,, ! for the small
plant to 5.39-5.82 KEUR-kW,, ! for the large plant, regarding the low SOFC area specific
cost, and from 8.29-8.58 KEUR-kW,, ! for the small plant to 7.01-7.24 KEUR-kW, ! for
the large plant, regarding the high SOFC area specific cost.
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Figure 5. Initial investment of: (a) the conventional biogas-CHP plant with ICE-CHP, for 250 m3.h~1
biogas production capacity, and of the corresponding SOFC-CHP system, for (b) 2898 EUR-m 2
SOFC area specific cost and (c) 5269 EUR-m~2 SOFC area specific cost.

For both the regarded area specific SOFC’s costs, the overall initial investments of
the biogas-SOFC integrated plants is significantly increased with the employed SOFC’s
size (Figures 5 and 6). Thus, for the minimal SOFC specific cost (2898 EUR-m~2) and for a
SOFC unit of 230 m? surface area and 32.0% efficiency, operating at its maximum power
density, the initial investment for the small scale biogas-SOFC plant was calculated to be
2.80 times higher than of the conventional ICE biogas-CHP plant (EUR 4.70 M compared
to EUR 1.68 M). The overall electric efficiency of the SOFC-based plant was calculated at
45.2%, compared to the 40% of the conventional ICE biogas plant—Figure 5a. Still, for the
minimum area specific SOFC cost of 2898 EUR-m 2, the employment of a much larger cell
of 515 m? that operates at 70% of its maximum power density, with 50.6% SOFC efficiency
and 63.0% plant efficiency, the initial investment of the SOFC-biogas plant was calculated
to be 3.45 times higher than the conventional biogas plant. These factors increase from
2.80 to 3.24 and from 3.45 to 4.45 for the increased SOFC’s specific cost projection to 2030
(2000 EUR-kW,; ! or 5269 EUR-m~2). For the large scale biogas plant (750 m3-h~! biogas
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production—Figure 6a), the economies of scale lower the aforementioned factors to 2.45 and
3.15 times for 2898 EUR-m 2 area specific SOFC cost and for SOFC areas escalating from
710 to 1540 m? (operation at 100% and 70% of the maximum power density, respectively);
and to 2.95 and 4.24 times for 5269 EUR-m 2 area specific SOFC cost and the same SOFC
area escalation.
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Figure 6. Initial investment of: (a) the conventional biogas-CHP plant with ICE-CHP, for 750 m3-h~!
biogas production capacity, and of the corresponding SOFC-CHP system, for (b) 2898 EUR-m 2
SOFC area specific cost and (c) 5269 EUR-m 2 SOFC area specific cost.

Overall, the SOFC size escalation that increases the net power generation (PNgr) of
the SOFC-CHP processes by 41.9%, regardless of the plant’s size (from 0.64 to 0.90 MW
for the small scale plant, and from 1.94 to 2.70 MW for the large scale one), results in a
23.4-37.2% increase in the small plant’s investment cost and a 28.5-43.5% increase in the
large plant’s investment cost. Thus, the 14-62% increase in the SOFC-CHP net power
generation, compared to the conventional ICE-CHP, is obtained by the increase in the initial
investment by 2.80-3.45 and 3.24—4.45 times for the small scale plant, increasing with the
SOFC'’s size and area specific cost, and by 2.45-3.15 and 2.95-4.24 times for the large scale
plant, affected by the same factors.

The two main cost elements of the initial investment of the SOFC-CHP process
(Figure 1) as well as of the total biogas-SOFC plant are the costs of the SOFC unit and
of the biogas cleaning system, the second being independent of the employed SOFC unit
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size since it aims to treat the total biogas production, of the plant. These two cost factors
combined correspond to the 62-69% of the total investment for the SOFC-CHP system of
Figure 1 and to the 44-56% of the total investment for the biogas-SOFC plant, depending
upon the size of the employed SOFC unit for each plant capacity, as well as upon the plant’s
capacity (Figures 5 and 6). Solely, the SOFC unit investment cost corresponds to 20-51% of
the investment for the CHP system of Figure 1 and to 14-42% of the total investment of the
biogas plant, increasing with the size of the employed SOFC unit for each plant capacity,
and with the capacity of the integrated biogas-CHP plant due to the non-linear escalation
of the costs of the rest of the units of the integrated process.

Overall, the SOFC-CHP system cost was calculated to correspond to 68.2-75.2% of
the total investment of the biogas-SOFC integrated plant, for 2898 EUR-m~2 SOFC’s area
specific cost, and the 73.6-82.6%, for 5269 EUR-m 2 SOFC’s area specific cost, depending
upon the integrated process capacity and the SOFC unit sizing. Thus, compared to the
conventional biogas-CHP plant, for which the CHP-system cost corresponds to 22.0% of the
total investment cost, the SOFC-CHP system corresponds to about or above three quarters
of the total investment of biogas-CHP integrated plant.

The biogas-SOFC plant operation expenses were found to be 9.7-22.8% higher than
the operation expenses of the conventional biogas plant due to the higher cost of the
SOFC-CHP system and the maintenance and insurance expenses, which were regarded
as proportional to this cost. Thus, for both the examined plant capacities, these expenses
were affected by both the size of the employed SOFC and the assumed SOFC area specific
cost, and ranged from 0.68 to 0.76 MEUR-a~! for the 250 m?-h~! biogas production plant,
and 1.93 to 2.15 MEUR-a ! for the 750 m®-h~! biogas production plant. Biomass cost was
constant for either the conventional or the biogas-SOFC plant (0.385 MEUR-a~! for the
250 m®-h~! biogas capacity, and 1.155 MEUR-a~! for the 750 m3-h~! biogas capacity), and
corresponded to 50-56% of the annual operation expenses of the biogas-SOFC plant.

3.3. Feasibility Evaluation

The economic feasibility of the examined biogas-SOFC plants was assessed by the
criteria of the Net Present Value (NPV), the Pay Back Time (PBT), based on NPV of the
annual revenues, and the Internal Rate of Return (IRR). NPV is defined as:

n EBTD

NPV =) Tron It [EUR| (23)
where EBTD stands for the plant’s annual Earnings Before Taxes and Depreciation, r is the
annual discount rate, regarded herein at the typical value of 5.5%, n is the plant’s lifetime
(15 years) and I is the total initial investment. PBT is the time period for which the NPV
value becomes zero, i.e., the time period at which the sum of the Net Present Value of the
annual earnings becomes equal to the initial investment. On the other hand, IRR is defined
as the annual discount rate that nullifies NPV:

EBTD
NPV =0=Y (

ATTRRF - Iy [EUR] (24)

where IRR reflects the average annual return on the initial investment, i.e., the average
depreciated annual profitability, divided by the investment. Thus, the IRR criterion, by its
nature, pays more attention to the height of the initial investment, which is required in order
for the annual revenues to be obtained, and tends to give a lower evaluation for investments
of high initial cash outflow. On the other hand, NPV calculates the overall depreciated
cash flows throughout the lifetime of an investment, counting the initial investment as just
one of these cash flows. Thus, NPV gives a higher evaluation for investments of overall
higher lifetime cash flows, and it is less affected by the initial cash outflow. The PBT, in
turn, calculates the depreciated annual revenue cash flows up to the time that they become
equal to the initial investment. Thus, PBT tends to devaluate the effect of high annual
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revenues since these high annual revenues are not accounted for in the total lifetime of
the investment.

3.3.1. Economic Feasibility of the Small Scale Biogas-CHP Plant

Regarding the biogas plant of 250 m®-h~! biogas capacity, Figure 7 shows that the
computed IRR values for the case of employing a SOFC-CHP system are considerably lower
than the IRRs of the conventional case ICE-based biogas-CHP. The maximum calculated IRR,
for the lower regarded SOFC area specific cost (2898 EUR-m~2) was 13.4%, corresponding
to almost one third of the IRR obtained for the conventional biogas ICE-CHP (34.4%). For
the higher regarded SOFC area specific cost (5269 EUR-m~?2), this maximum IRR value
further drops to 8.5%, i.e., to less than one quarter of the IRR of the ICE-CHP biogas plant.

250 m3-hr! biogas

ICE biogas-CHP

SOFC biogas-CHP

 SOFC biogas-CHP

300 350 400 450 500 550
SOFC area, m?

Figure 7. Dependence of: (a) IRR, (b) NPV and (c) PBT of the smaller scale biogas plant (250 m3-h~1
biogas), on the size of the employed SOFC unit and its area specific cost, and their comparison to
conventional biogas-CHP of the same biogas capacity.

Moreover, Figure 7a shows that for the lower regarded area specific cost of the SOFC,
the IRR of the biogas-SOFC plant is maximized for SOFC area at 465 m?, i.e., for a SOFC
unit sized accordingly so as to operate at 75% of its maximum power density (MPD). On
the other hand, for the higher area specific cost of the SOFC, the IRR is maximized for an
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about 15% smaller SOFC unit of 400 m? surface area, i.e., for a SOFC unit sized to operate
at 82.5% of its MPD. This observation denotes the effect of the SOFC cost on the optimum
size of the employed SOFC unit.

Thus, in the case where the IRR criterion was chosen for the economic feasibility eval-
uation, the biogas-SOFC options were not found to be able to economically compete with
the already established biogas-CHP with ICEs, even for the rather low SOFC technology
costs, regarded herein. That is because the IRR criterion emphasizes the height of the
initial investment that is required for the increased annual revenues of the biogas-SOFC
plant. Thus, despite the up to 57% increase in the net generated power, the more than
quadrupled initial investment considerably suppressed the IRR values of the SOFC-CHP
biogas plant. Moreover, the increase in the size of the employed SOFC unit did not seem to
drastically affect IRR, denoting that the increase in power generation for larger SOFC units
is mostly counterbalanced by the increase in their cost. Nevertheless, IRR variates with the
employed SOFC size, and according to the IRR criterion, the economic performance of the
biogas-SOFC options are optimized for the employed SOFCs, which operate at 75-82.5% of
the SOFC’s MPD, depending upon the SOFC’s area specific cost.

On the other hand, the NPV criterion (Figure 7b) shows that for the lower SOFC’s
specific cost (2898 EUR-m 2 or 1100 EUR-kW,, !, foreseen at 2035), the biogas-SOFC plant
can obtain NPV values comparable to those of the conventional biogas-CHP, suggesting
that the alteration IN the economic feasibility criterion alters the results of the feasibility
assessment itself. Thus, the IRR criterion of Figure 7a renders the SOFC-CHP economic
performance to fall considerably short compared to conventional biogas ICE-CHP, whereas,
for the lower regarded SOFC cost, the NPV criterion attains a maximum value of EUR
3.07 M, which was comparable to the NPV of the conventional ICE-CHP (EUR 3.42 M).
This was due to the fact that the NPV feasibility criterion evaluates the lifetime cash flow
of an investment, suppressing the effect of the height of the required initial investment.
Nonetheless, for the higher SOFC’s specific cost (5269 EUR-m 2 or 2000 EUR-kW, !,
foreseen at 2030), the NPV dropped significantly, and its maximum calculated value was
EUR 1.31 M, i.e., less than half the NPV of the conventional ICE-CHP.

For the low SOFC cost of 2898 EUR-m 2, the maximum NPV of EUR 3.07 M was
obtained for a SOFC unit sized to operate at 70% of its MPD, i.e., for a larger, compared to
IRR, SOFC unit of 500 m? surface area. This fact denotes the effect of the feasibility criterion
on the economically optimum size of the employed SOFC unit. Due to the nature of the
NPV feasibility criterion, the NPV values are maximized for larger SOFC units, which
along with the maximization of the initial investment, also maximize the overall revenues
throughout the investment’s lifetime. As expected, compared to IRR, the NPV criterion,
which pays less attention to the initial investment in favor of the increased annual revenues,
optimizes the biogas-SOFC CHP for larger and more expensive SOFC units, which obtain
higher power generations and higher annual revenues. Nevertheless, for the higher SOFC’s
specific cost of 5269 EUR-m 2, the optimum SOFC size was reduced to 440 m? (operation
at 77.5% MPD) since the effect of the SOFC cost still causes the optimum size to be reduced
to smaller and less expensive SOFC units. That is because the optimum SOFC size and
operation point is calculated by the balance between the increased power generation and
the increased cost of larger cells. Consequently, the more expensive the SOFC unit, the
smaller the SOFC size that optimizes the economic performance of the biogas-SOFC plant.

The PBT criterion, in turn, reduces the positive effect of the SOFC-CHP’s increased
annual revenues by suppressing the time period for which it calculates these revenues, and
magnifying the negative effect of the also increased initial investment. Thus, for the same
initial investment, the NPV criterion calculates the increased revenues for the whole of the
investment’s lifetime, whereas the PBT calculates them for the shorter time period required
for these revenues to become cumulatively equal to the initial investment. Consequently, the
calculated PBTs (11.08-15.20 yr for 2.898 EUR-m 2 area specific SOFC cost and 7.72-11.29 yr
for 5269 EUR-m 2 area specific SOFC cost) for the small scale biogas-SOFC plant (Figure 7c)
are considerably higher than the Pay Back Time (3.08 yr) of the conventional biogas-ICE
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CHP. For the economically optimum case of the low SOFC area specific cost and the
optimized size of the employed SOFC unit, the minimum calculated PBT (7.72 yr) was
considerably higher than the conventional plant’s PBT; and the overall PBT-based economic
evaluation was similar to that of the IRR criterion, rendering biogas-SOFC CHP plants
as not able to be economically competitive with the conventional biogas-ICE CHP plants.
Moreover, the economically optimum SOFC size, according to the PBT feasibility criterion,
coincides with that calculated for the IRR criterion (465 m? SOFC, for the SOFC’s specific
cost at 1100 EUR-kW~!, and 400 m? for the SOFC’s specific cost 2000 EUR- kW 1), giving a
higher validation of the importance of the increased SOFC-CHP initial investment, over
the effect of the increased annual revenues for larger and more expensive SOFC units.

In this context, Table 8 summarizes the main operational and economic features of
the small biogas-CHP plants, as well as their feasibility performance indicators of IRR,
NPV and PBT. Notably, the annual operation expenses of the biogas-SOFC plants are only
slightly increased, compared to the conventional ones, despite the multiple times increase
in the initial investment, and the consequent increase in the maintenance and insurance
costs. This is due to the high share of the annual biomass cost, which is the same for both
CHP options. It should also be mentioned that, despite the considerable net heat generation,
especially for the conventional biogas plant, or for small employed SOFCs, that operate at
MPD, the heat-related annual revenues are rather small compared to the electricity annual
revenues due to the considerably lower heat shelling price (40 EUR-MWHg, !, compared
to the 220 EUR-MWHy,, ). Thus, the annual heat revenues correspond to 15% of the total
annual revenues for the conventional biogas plant, dropping to 8% for the biogas-SOFC
plant operating at MPD and to 1.5% for the biogas-SOFC operating at 70% of the MPD.

Table 8. Summary of the main operational and economic characteristics, and the feasibility perfor-
mance of the smaller scale biogas-CHP plant.

. . 3 250.00
Biogas Capacity, m*>-h-1 ICE SOEC
Operation point MPD 70% MPD
SOFC size, m? 230 515
nei, % 40 4521 62.99
Net elec. power, MW, 0.558 0.635 0.901
Net thermal power, MWy, 0.504 0.327 0.061
SOF%IS};{Q_CI;‘;;’EE' 1100 2000 1100 2000
SOFC spec. cost, EUR-m—2 2897.91 5268.93 2897.91 5268.93
Investment, EUR M 1.68 4.70 5.45 5.80 7.47
0"“‘“;225??:,”; 0.62 0.68 0.69 0.74 0.76
IRR @, % 34.36 8.13 5.33 13.38 8.04
NPV ®, EUR M 3.420 0.775 —0.055 3.070 1.212
PBT @, yr 3.08 11.29 15.20 7.73 11.59

(@ Biomass cost 0.385 MEUR-yr~!. @ In total, 13.41% maximum, at 465 m? SOFC area (operating at 75% of the
MPD), for SOFC specific cost 1100 EUR-kW 1, and 8.52% maximum at 400 m? SOFC area (operating at 82.5%
MPD), for SOFC specific cost 2000 EUR-kW 1. @ In total, EUR 3.070 M maximum at 515 m? SOFC area (operating
at 70% of the MPD), for SOFC specific cost 1100 EUR-kW™!, and EUR 1.308 M maximum at 440 m? SOFC area
(77.5% MPD), for SOFC specific cost 2000 EUR-kW 1. @ A 7.72 yr minimum at 465 m? SOFC area (operating at
75% of the MPD), for SOFC specific cost 1100 EUR-kW~!, and 11.08 yr minimum at 400 m?2 SOFC area (82.5%
MPD), for SOFC specific cost 2000 EUR-kW 1.

3.3.2. Economic Feasibility of the Large Scale Biogas-CHP Plant

The effect of the feasibility assessment criterion on the feasibility assessment itself
becomes more profound for the case of the larger biogas plant of 750 m®-h~! biogas capacity.
For this plant capacity, the IRR values of the SOFC-CHP biogas plant (Figure 8a) remain
lower than the IRR of the conventional ICE-CHP biogas plant, and the PBT values are,
accordingly, higher, both suggesting a deteriorating economic performance of the biogas-
SOFC CHP. Conversely, the NPV values of the SOFC-based plant (Figure 7b) become
considerably higher than those of the ICE biogas plant, suggesting that in the case where
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the lifetime revenues are of prime interest, the economic performance of SOFC-CHP is
considerably superior.
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Figure 8. Dependence of: (a) IRR, (b) NPV and (c) PBT, of the smaller scale biogas plant (750 m3-h~!
biogas), on the size of the employed SOFC unit and its area specific cost, and their comparison to
conventional biogas-CHP of the same biogas capacity.

Regarding IRR, Figure 8a shows that, compared to the small plant capacity (Figure 7a),
the IRR of the large plant increases significantly. For the lower assumed SOFC’s area specific
cost of 2.898 EUR-m 2 (foreseen at 2035), the maximum IRR value reaches 26.9%, rendering
the large scale biogas-SOFC plant as economically feasible, although of lower economic
effectiveness compared to the conventional biogas-ICE CHP (IRR: 34.4%). Nonetheless,
for the higher regarded SOFC’s area specific cost of 5269 EUR-m~?2 (foreseen at 2030), the
maximum IRR value drops to 19.0%, rendering the biogas-SOFC plants as having marginal
economic feasibility, with comparatively lower economic performance. These significant
IRR improvements with the plant’s capacity denote the scale effect on the economic viability,
and reflect the impact of the fact that the initial investment of the larger plant does not
increase proportionally to its power output and its annual revenues. Thus, although the net
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power generation, and consequently the annual revenues, of the large scale plant is 3 times
higher than the net power generation and the annual revenues of the small scale plant, its
injtial investment is only 1.95-2.41 times higher, for the lower regarded SOFC area specific
cost, depending upon the employed SOFC's size, and 2.50-2.62 times higher, for the higher
regarded SOFC area specific cost, still depending upon the employed SOFC’s size.

In the case where the NPV criterion is used for the investment validation, the biogas-
SOFC options exhibit considerably improved feasibility prospects compared to the conven-
tional biogas-ICE plant, of the same biogas capacity, even for the higher examined area
specific SOFC cost. Regarding the lower SOFC’s area specific cost, the calculated NPV was
maximized at EUR 21.0 M, more than double the NPV (EUR 9.3 M) of the conventional ICE
biogas-CHP. For the higher SOFC’s specific cost, the NPV was maximized at EUR 15.7 M,
i.e., about 50% higher than the NPV (EUR 9.3 M) of the conventional ICE biogas-CHP, and
25% lower than the maximum NPV for the lower SOFC area specific cost.

Notably, for the lower area specific cost of the SOFC, the NPV maximization is obtained
for the maximum examined surface area (1540 m?) and the maximum investment cost of
the employed SOFC unit, which operates at higher efficiency and also maximizes power
generation and annual revenues. This is due to the nature of the NPV criterion, which is
mostly determined by the annual income cash flows, throughout the investment’s lifetime,
and is less affected by the height of the initial investment. Still, for the lower SOFC’s area
specific cost, the NPV drops to EUR 15.0 M, for the minimum SOFC surface area (710 m?)
of minimized investment cost. That is because the employment of a small SOFC unit
decreases the efficiency (Figure 2), and consequently the power generation and the annual
revenues, throughout the plant’s lifetime, and despite the decrease in the employed SOFC
cost. For the higher area specific cost of the SOFC, the NPV maximization is obtained for a
smaller SOFC unit of 1325 m?, reflecting the effect of the SOFC’s area specific cost on the
optimization of the employed SOFC’s size. As for the case of the small biogas plant, the PBT
economic criterion resulted in an economic assessment that coincided with that of the IRR
criterion. Thus, the calculated PBTs of the SOFC-CHP options were higher than the PBT
of the conventional biogas-ICE CHP, and the optimum SOFC size was shifted to smaller
SOFC units of 960 and 1140 m?, decreasing with the increase in area specific SOFC cost. The
minimum calculated PBTs dropped from 5.7 to 4.17 yr, with the increase in the regarded
area specific SOFC cost, compared to the 3.08 yr of the conventional ICE-CHP biogas plant,
rendering the SOFC options economically viable but of lower economic performance.

In this context, Table 9 summarizes the main operational and economic features of the
large scale biogas-CHP plants, as well as their feasibility performance indicators of IRR
and NPV. Compared to the small biogas plants (Table 8), the overall economic performance
of both the SOFC and ICE CHP options was calculated to be improved due to the fact that
the increase in the initial investment, for the large scale plants, is lower than the increase
in the power output. For both the examined plant scales, compared to a maximum of
40% electrical efficiency for the conventional diesel engine biogas-CHP, the SOFC-based
CHP system, of 45.2-63.0% electrical efficiency, was computed to generate 13-57% more
power, depending upon the employed SOFC size and denoting both the ability of SOFCs to
drastically increase the power output of biogas-CHP plants, as well as the remarkable effect
of the size of the employed SOFC unit on this power output. Nonetheless, this increase in
electricity generation and annual revenues is obtained at the expense of much higher initial
investment. For a SOFC power-specific cost at 2000 EUR-kWel ~!, foreseen by 2030, the total
investment of the biogas-SOFC plant was calculated to be 3.15-4.45 times higher than the
conventional ICE biogas plant, depending upon the process scale and the employed SOFC
size. For SOFC specific cost at 1100 EUR-kWel !, foreseen by 2035, the total investment
increase was calculated at 2.45-3.45 times, compared to the conventional biogas-CHP.

In cases where the IRR or the PBT criteria are chosen for the economic feasibility
evaluation, the biogas-SOFC options were not found to be capable of economically com-
peting with the already established biogas-CHP with ICEs, even for the rather low SOFC
technology costs assumed herein. That is because these criteria emphasize the height



Energies 2023, 16, 404

24 of 30

of the initial investment, which is required in order to achieve the efficiency and power
generation gains. Thus, despite the up to 57% increase in the net generated power, the
more than quadrupled initial investment suppressed the IRR values and substantially
increased the PBTs of the biogas-SOFC CHP, compared to the conventional biogas-CHP
options. Moreover, the increase in the size of the employed SOFC unit did not seem to
remarkably affect either IRR or PBT, denoting that for these criteria, the increase in power
generation for larger SOFC units, is mostly counterbalanced by the increase in their cost.
Within these mild variations of IRR and PBT values, with the employed SOFC size, the
economic performance of the biogas-SOFC options tends to be optimized for SOFCs that
operate at 75-82.5% of the SOFC’s MPD for the small scale plant and 85-92.5% MPD for
the large scale plant.

Table 9. Summary of the main operational and economic characteristics, and the feasibility perfor-
mance of the larger scale biogas-CHP plant.

. S 3. 750.00
Biogas Capacity, m*-h-1 ICE SOEC
Operation point MPD 70% MPD
SOFC size, m? 710 1.540
net, % 40 4521 62.99
Net elec. power, MW, 1.674 1.944 2.701
Net thermal power, MWy, 1.512 0.941 0.184
SOFC spec. cost, €-kW~! 1100 2000 1100 2000
SOFC spec. cost, €-m~2 2897.91 5268.93 2897.91 5268.93
Investment, M€ 4.62 11.32 14.55 13.62 19.55
Operation exp. ¥, M€-a~! 1.75 1.93 1.95 2.10 2.15
IRR @, % 34.41 24.05 18.51 25.25 16.75
NPV ©, M€ 9.25 15.02 12.46 20.97 15.41
PBT ¥, yr 227 4.72 6.25 4.33 6.43

(@ Biomass cost 1.155 MEUR-yr~!. @ In total, 26.19% maximum at 1140 m? SOFC area (operating at 85% of the
MPD), for SOFC specific cost 1100 EUR-KW~!, and 19.00% maximum at 960 m? SOFC area (92.5% of the MPD), for
SOFC specific cost 2000 EUR-kW~1. ©® In total, EUR 20.967 M maximum at 1540 m? SOFC area (operating at 70%
of the MPD), for SOFC specific cost 1100 EUR-kW~!, and EUR 15.712 M maximum at 1395 m? SOFC area (75% of
the MPD), for SOFC specific cost 2000 EUR-kW~1. @ A 4.17 yr minimum at 1140 m? SOFC area (operating at 85%
of the MPD), for SOFC specific cost 1100 EUR-kW 1, and 5.70 yr minimum at 960 m?> SOFC area (92.5% MPD), for
SOFC specific cost 2000 EUR-kW 1.

On the other hand, the use of the NPV criterion significantly alters the overall pic-
ture. Thus, for the low SOFC technology costs (1100 EUR-kWel 1), even the smaller scale
biogas-SOFC plant can economically compete with diesel engine biogas-CHP. For the same
criterion, the larger scale biogas-SOFC plant was found to be considerably more economi-
cally effective than the corresponding conventional biogas-CHP, even for the higher SOFC
technology costs (2000 EUR-kWel ') targeted for 2030. That was due to the fact that the
NPV feasibility criterion evaluates the total cash flow of an investment, suppressing the
effect of the height of the required initial investment. As expected, and still due to the nature
of the NPV feasibility criterion, the NPV values tend to be maximized for larger SOFC units,
which also maximize the initial investment. Thus, for a 1100 EUR-kWel ! specific SOFC
cost and either the smaller or the larger plant capacity, the NPV is maximized for the larger
employed SOFC that operates at 70% of the MPD, i.e., for the SOFC unit of maximum cost,
which maximized the initial investment. That was because the larger employed SOFC also
maximized the net power generation and consequently the annual revenues of the plant.
For a 2000 EUR-kWel ! specific SOFC cost, the economically optimum size slightly shifts
to smaller SOFC units that operate at about 75-77.5% of the MPD, to compromise for the
increase in the initial investment for larger cells, with the lower net power generation and
annual revenues for smaller ones.

Overall, in the case where the lifetime cash flow of the investment, regardless of the
height of the investment itself, is of the investors’ prime interest, and the NPV feasibility
criterion is chosen for the economic assessment, then the biogas-SOFC technology was
found to be economically superior (under the regarded cost and bio-electricity pricing
assumptions) compared to the conventional one, despite the up to more than 4 times
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higher initial investment. That is because of its increased electricity generation and annual
profitability, which stands for both of the assumed area specific costs of the employed
SOFC. Nonetheless, this much higher required investment for the SOFC-biogas plants
suppressed their IRR and PBT values, despite their overall much higher electricity revenues
and profitability. Regarding the effect of the size of the employed SOFC unit, the IRR and
the PBT criteria were maximized for smaller SOFC sizes, compared to the economically
optimum SOFC sizes for NPV maximization.

These findings can be affected by several parameters. Thus, for lower bio-electricity
prices than the 220 EUR-MWh ! regarded herein, the biogas-SOFC advantage of hav-
ing substantially increased annual incomes would be weakened, thus deteriorating their
NPV-assessed performance. On the other hand, a potentially higher biomass cost than
the 40 EUR-tn ! regarded herein would represent a proportionally higher reduction in
the biogas-ICE annual revenues, thus suppressing their NPV performance and favouring
the assessment of the biogas-SOFC option. The same also stands for the regarded plant’s
lifetime. Increasing the plant’s lifetime to 20 years, which is often regarded in the liter-
ature [44,45,65], would disproportionally improve the biogas-SOFC NPV performance
compared to that of the conventional biogas-ICE due to its drastically increased net power
generation and annual revenues. Thus, for increased plant lifetimes, the biogas-SOFC
options would appear to be economically superior for higher SOFC costs, and probably
sooner than 2030. Finally, potentially reduced costs of biogas cleaning costs, compared to
the ones regarded herein, are expected to improve both the IRR and the NPV performance
of the biogas-SOFC options by reducing the overall initial investment. Nonetheless, the
performed analysis clearly demonstrated that the sizing of the employed SOFC unit, can
majorly affect the economic performance of biogas-SOFC plants, whereas the choice of
the economic feasibility criterion can drastically alter the assessment of this performance.
Moreover, the optimum SOFC size for biogas-SOFC CHP-plants depends not only upon
the SOFC technology cost but also on the choice of the feasibility criterion.

4. Conclusions

In the present work, a biogas-SOFC CHP process was thermodynamically simulated in
order to correlate its main operational features with its overall performance and investment
cost. Incorporating this process as the CHP system of a biogas plant within the BPCT tool of
a biogas plant’s economic evaluation, the present work estimated the economic feasibility
of biogas-SOFC plants and its comparison with the economic feasibility of the already
widespread biogas-CHP plants with ICE-CHPs.

Against the already widespread biogas-CHP with ICE, the SOFC-based biogas-CHP
was calculated to obtain remarkably higher efficiency and overall power generation, but
at the expense of a much higher initial investment, whereas both the power generation
and the initial investment increased with the size of the employed SOFC unit. The present
work examined the balance between the increased investment costs and the increased
power generation of biogas-SOFC plants, in terms of their overall economic performance
and in comparison with the economic performance of the conventional biogas-CHP with
ICE. Among several parameters that affect this balance, the present work has focused on
the sizing of the employed SOFC unit, as well as on the feasibility criteria utilized for
the economic assessment, based upon realistic assumptions regarding the most crucial
cost factors of biogas generation and the employed CHP systems, the cost of biomass, the
electricity /heat pricing and the foreseen SOFC costs.

The main conclusion was that as the SOFC technology costs approach the targeted val-
ues for 2030 and 2035, the biogas-SOFC CHP option approaches economic competitiveness
against the widespread current option of ICE-based biogas CHP. This competitiveness is
strongly depended upon the choice of the feasibility criterion as well as upon the choice of
the economically optimum size of the employed SOFC unit. Moreover, the choice of the
economically optimum SOFC unit also depends upon the choice of the assessment criterion.
In the case where the overall lifetime cash flow and not the return on the investment is of
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prime interest, then the NPV criterion assesses the biogas-SOFC option as economically
superior to the established biogas-ICE one, even for SOFC technology costs higher than the
ones targeted for 2030.
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Appendix A. Thermodynamic Calculations

For the calculation of sensible heat in the currents of the process of Figure 1, the
calculation of the extent and the thermal effect of the involved reactions, and of the power
produced or consumed, in the system components and processes of the same figure, the
analytical expressions of the specific heat capacity were used at constant pressure (cp):

(a+b><T+c><T2+d><T3)
1000

= [kJ-kmol 1.K~1] (A1)

where i indicates the chemical compound or element (CHy, CO;, H,O, Ny, H,S, NHs,
O,, Hy, CO, Ar, SOy), T is the absolute temperature [K] and a, b, ¢ kxt d are the relative

constants, which are given in Table A1 [66].

Table A1l. Thermodynamic values [66].

Cp, kJ-kmol1.K-1 Ah° As® Ag°
a b c d kJ-kmol—1 kJ-kmol-1.K-1 kJ-kmol 1

CH, 19.890 5.02 x 1072 127 x 107° —1.10 x 10°8 —74,520 —80.94 —50,400
CO, 22.260 5.98 x 1072 —3.50 x 1075 7.47 x 107° —393,514 292 —394,384
H,0y, 32.240 1.92 x 1073 1.06 x 1075 —3.60 x 10~ —241,826 —44.41 —228,592

N, 28.990 —157 x 1073 8.08 x 10~° —2.87 x 107°

H,S 34.200 —20,100

NH; 27.568 2.56 x 1072 9.91 x 107° —6.69 x 1077 —46,200

O, 25.480 1.52 x 1072 —7.16 x 107° 1.31 x 107°

H, 29.110 -1.92 x 1073 4.00 x 107® —8.70 x 10710

Cco 28.160 1.68 x 1073 5.37 x 107° —2.22 x107? —110,525 89.75 —137,269

Ar 20.785

SO, 25.780 5.80 x 1072 —3.81 x 1075 8.61 x 10~° —296,100

In the same table, values of the standard enthalpy of formation (Ah®) and standard
entropy of formation (As®) of the involved chemical compounds (standard conditions:
T° =298.15 K and P° = 101,325 kPa) are given. Gibbs free energy is defined as:

Ag® = Ah® — T° x As® [KJ-kmol ] (A2)
Sensible heat Qj in stream | of the process was calculated by Equation:

Q=) fixq [Ks| (A3)
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where f{; is the molar flow of component i at stream ] (kmol-s~1) and qi is the molar sensible
heat (kmol-s~!) of component i at temperature Tj of the stream J, which is calculated by
the integral:
T .
= / " ehdT [IJ-kmol Y] (Ad)
Tref

where T, is the reference temperature, which for the present study was considered equal
to 25 °C (298.15 K—the temperature at which the sensible heat of any substance is set
to zero).

The change in the molecular entropy (kJ-kmol~!-K~!) of component I from the stan-
dard conditions to the conditions of the stream J, was calculated by the integral equation:

/ R [k -kmol 1] (A5)

Tret

which was used both for the calculation of the isentropic work in the compression and
expansion devices of the process, and for the calculation of the equilibrium position of the
chemical reactions when this was deemed necessary. The change in the free energy of the
reactions (AGyxn), bounded by the equilibrium, was calculated from the equation:

AGrn = Zp Ap x Agp — Y A x Ag, [k -kmol '] (A6)

where r and p denote the reactants and the products of the reaction, A is the corresponding
stoichiometric coefficient and Agi is the molar free energy of the component i at the
temperature T of the reaction, which is calculated from the equation:

AgiT = AhT — T x As;T [KJ-kmol™1] (A7)

where Ah;7T is the molar enthalpy of component i at the reaction temperature T, calculated
from the equation:
T .
AR = AR + /T bdT [KJ-kmol ] (A8)
ref

and As;T is the molar entropy of component i at the temperature T of the reaction, calculated
from the equation:

— AP+ / PdT [ -kmol ] (A9)
rcf

The pressure ratio, in the equations for calculating entropy changes, has been omitted,
due to negligible pressure changes, throughout the process and the system components.
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