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a b s t r a c t

SOFC-based cogeneration systems potentially offer high energy efficiency and reduced environmental
burden, but further research is needed for successful product commercialization. This study has been
performed within the framework of the EU project Comsos (Commercial-scale SOFC systems), whose
aim is to validate and demonstrate fuel cell-based cogeneration systems for building applications.
A Mixed Integer Linear Programming (MILP) model was developed to address the optimal design
and scheduling of the SOFC-based energy system. Main techno-economic data of the SOFC modules
were provided by the manufacturers and validated through the ComSos installations. The analysis was
applied to non-residential applications, focusing on the supermarket sector, which is characterized
by interesting features for SOFC systems, e.g., the presence of a constant electrical baseload over the
whole year. The main goal of this work is to assess the influence of different parameters, including
SOFC investment cost, stack lifetime and efficiency, to identify the conditions that make the SOFC
technology cost-effective. The Spark Spread (SS) impact was also investigated to point out the most
suitable geographical regions for the installation of SOFC cogeneration systems.

The SOFC profitability was found to be highly dependent on its investment cost and the value of
the spark spread. An SOFC cost of around 1.2 ke/kW is needed to make this technology profitable for
SS equal to -0.05 e/kWh; while a CAPEX of around 6 ke/kW is sufficient for the SOFC to be chosen
in the cost-optimal configuration when SS is 0.1 e/kWh (with stack lifetime of 5 years). Compared to
the case with no SOFC, the levelized cost of electricity is reduced by 46% if the spark spread is 0.1
e/kWh and the SOFC cost is 1.2 ke/kW, which is a reasonable CAPEX for scenarios with high SOFC
production volumes.

© 2022 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

The rising costs of fossil fuels and the need for reduced harm-
ul emissions are the main drivers to pursue more efficient and
ustainable methods of power and heat generation. As reported
y the International Energy Agency (IEA) (IEA, 2019), buildings
ccount for around 30% of final energy use and over 55% of
lobal electricity consumption. Moreover, energy consumption in
uildings is increasing with an annual average growth rate of
.1%. Buildings are also responsible for 28% of total energy-related
O2 emissions. The building sector is thus crucial for achiev-
ng the European Union (EU)’s energy and environmental goals.
he EU has established a legislative framework that includes
he Energy Performance of Building Directive (EPBD) (European
nion, 2021a) and the Energy Efficiency Directive (EED) (Euro-
ean Union, 2021b). In this context, cogeneration is considered
s an efficient solution that enables better use of fuel energy to

∗ Corresponding author.
E-mail address: paolo.marocco@polito.it (P. Marocco).
ttps://doi.org/10.1016/j.egyr.2022.06.015
352-4847/© 2022 The Authors. Published by Elsevier Ltd. This is an open access a
c-nd/4.0/).
provide heating and electricity to buildings (Fubara et al., 2014).
Among the different Combined Heat and Power (CHP) technolo-
gies, Fuel Cells (FCs) can offer improved energy efficiency and
reduced environmental burden, thus attracting great attention in
recent years (Ammermann et al., 2015).

FC-based CHP systems for residential buildings have been
analysed in many literature works. Ellamla et al. (2015) carried
out a review about the current status of FC cogeneration systems
for the residential sector. The authors reported that Proton Ex-
change Membrane Fuel Cells (PEMFCs) and Solid Oxide Fuel Cells
(SOFCs) are the most suitable FC technologies for cogeneration.
However, they also highlighted that the main disadvantage of fuel
cells is related to their high capital expense, which is primarily
due to their low production volumes. Low system lifetime and
high capital costs are, at present, the main bottlenecks in the
development of FC micro-CHP systems (Arsalis, 2019). Sorace
et al. (2017) investigated the feasibility of an FC cogeneration
system coupled with a heat pump for a residential case study.
They performed an energy and economic analysis considering

different configurations based on PEMFC and SOFC technologies.

rticle under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-

https://doi.org/10.1016/j.egyr.2022.06.015
http://www.elsevier.com/locate/egyr
http://www.elsevier.com/locate/egyr
http://crossmark.crossref.org/dialog/?doi=10.1016/j.egyr.2022.06.015&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:paolo.marocco@polito.it
https://doi.org/10.1016/j.egyr.2022.06.015
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/


P. Marocco, M. Gandiglio and M. Santarelli Energy Reports 8 (2022) 8709–8721

T
a
e
i
c
(
C
t
t
i
S
o
b
C
c
e
p
v
c
e

b
o
W
t
c
m
t
s
s
f
f
s
S
S
i
2

m
s
r
9
G
t
S
c
c
o
m

S
w
i
t
d
b
t
s
p
p
a
t
i
w
a

k
e
b

t
o
f
r
a
d
r

2

T
i
d
b
t
c
t
s

d
t
s
t
w

r
o
3

l

T

A
f

P

w
P
i

he results of their analysis revealed that the SOFC option was
ble to achieve the lowest operating costs, because of the higher
fficiency of SOFCs compared to PEMFCs. However, investment
n the SOFC configuration was found to be less convenient be-
ause of the higher capital cost of this technology. Napoli et al.
2015) also presented a comparison between PEMFC and SOFC
HP systems for the residential sector. They observed that both
echnologies were able to reduce primary energy consumption for
he electrical and thermal needs of domestic users, with further
mprovements when installing an energy storage system. The
OFC system was preferable from an energy point of view because
f its higher global efficiency; however, it was characterized
y a greater upfront cost compared to the PEMFC alternative.
aramanico et al. (2021) showed that the high SOFC investment
ost made this solution not convenient for residential systems,
ven though SOFCs led to economic savings in the operational
hase due to their promising performance. Adam et al. (2015) re-
iewed various options for heat recovery from PEMFCs and SOFCs,
oncluding that FC micro-CHP solutions can provide significant
nergy and cost savings in residential dwellings.
The installation of FCs has also been analysed in non-residential

uildings, which possess interesting features, e.g., the presence
f a constant baseload through all the year (Accurso et al., 2021).
histon et al. (2021) carried out an expert elicitation study about

he market for stationary solid oxide fuel cells and reported that
ommercial-scale systems are the most favourable entry-level
arket in the United States (US). McLarty et al. (2016) analysed

he integration of stationary FCs into the US commercial building
tock. They found that buildings with large baseloads, such as
upermarkets and hotels, benefit most from the installation of
uel cells. Accurso et al. (2021) analysed the techno-economic
easibility of SOFC-based CHP solutions for the hotel and hospital
ector and showed that, despite the high capital expenditures, the
OFC option can become cost-effective with the help of subsidies.
tudies about SOFC installations in different types of public build-
ngs in China have been addressed in the literature (Tan et al.,
018; Jing et al., 2017).
SOFC-based cogeneration systems can also lead to environ-

ental benefits. Alns and Sleiti (2021) investigated SOFC CHP
olutions for commercial buildings, reporting cost savings and
eductions in CO2 emissions by 30%, NOx by 90% and SO2 by
0%. Hormaza-Mejia et al. (2017) reported reduced Greenhouse
as (GHG) emissions when considering an SOFC micro-CHP sys-
em with integrated thermal storage for residential applications.
imilarly, Fong and Lee (2016) found that SOFC-based micro-
ogeneration resulted in a 30.8% reduction in CO2 emissions
ompared to the conventional system. CO2 emissions reductions
f up to 62% were computed for SOFC CHP systems installed in
id-size office buildings (Naimaster and Sleiti, 2013).
This work has been carried out in the framework of the Com-

os (Commercial-scale SOFC systems) project (ComSos, 2018),
hose aim is to validate and demonstrate FC-based systems

n the mid-size range. An optimization framework, based on
he Mixed Integer Linear Programming (MILP) technique, was
eveloped to perform the optimal design and scheduling of SOFC-
ased multi-energy systems. The main goal is to identify the
echno-economic conditions that make the installation of SOFC
ystems economically convenient. Thus, the influence of various
arameters has been assessed, including electricity price, gas
rice and SOFC-related data, such as investment cost, efficiency,
nd stack lifetime. Main technical and economic data of the SOFC
echnology were provided by the SOFC manufacturers involved
n ComSos. Real part-load performance curves of the SOFC stack
ere also implemented in the optimization routine for a more
ccurate simulation of the SOFC performance. To the best of our
8710
nowledge, such a comprehensive investigation, also strength-
ned by high-quality input data from real SOFC systems, has not
een found in the previous literature.
The structure of this study is the following: Section 2 describes

he methodology that has been adopted for the optimal design
f the energy system. The objective function of the optimization
ramework is then derived in Section 3, while in Section 4 the
eference case study is introduced. In Section 5, the main results
re shown and discussed, performing a sensitivity analysis on
ifferent techno-economic parameters. Finally, conclusions are
eported in Section 6.

. Energy system modelling

Fig. 1 shows the scheme of the energy system to be designed.
he fuel cell component operates in cogeneration mode, produc-
ng both electrical and thermal energy to satisfy the building
emands. The electrical demand of the building can be covered
y electricity purchased from the electrical grid, fuel cell opera-
ion, or battery discharging. Instead, the thermal demand can be
overed through a gas boiler powered by Natural Gas (NG) from
he gas grid, fuel cell operation or thermal storage discharging. A
ensible hot water tank was considered as thermal storage.
An MILP-based approach was employed to address the optimal

esign of the poly-generative energy system. More specifically,
he model is able to compute the optimal sizing of the energy
ystem along with its optimal hourly scheduling over the entire
ime horizon (T ). A 1 year time horizon with hourly resolution
as considered in this study.
The optimization problem was formulated in MATLAB envi-

onment using IBM CPLEX as solver. Simulations were carried out
n a desktop computer with an Intel(R) Core(TM) i7-4770 CPU at
.4 GHz and 32 GB RAM.
Input parameters to the optimization framework are the fol-

owing:

• The electrical demand ∀t ∈ T
• The thermal demand ∀t ∈ T
• The cost of electricity from the grid ∀t ∈ T
• The cost of natural gas from the grid ∀t ∈ T
• Techno-economic data of the various components that are

involved in the energy system, i.e., Fuel Cell (FC), Battery
Storage (BS), Gas Boiler (GB) and Thermal Storage (TS).

he following decision variables are computed:

• The sizes of all the components of the energy system, i.e., FC,
BS, GB and TS

• The input power of the FC and GB, i.e., the gas power that is
bought from the gas grid, ∀t ∈ T

• The output power of the FC (electrical and thermal) and GB
(thermal) ∀t ∈ T

• The on and off status of the FC and GB ∀t ∈ T
• The charging and discharging power of the BS and TS ∀t ∈ T
• The amount of energy that is stored in the BS and TS ∀t ∈ T
• The electrical power that is bought/sold from/to the electri-

cal grid ∀t ∈ T .

t any time interval, the electrical power balance is given by the
ollowing relationship:

FC,out,el(t)+PBS,dc(t)+PGR,buy,el(t) = PBS,ch(t)+PGR,sell,el(t)+PLD,el(t)

(1)

here PFC,out,el (in kW) is the electrical power at the FC outlet,
BS,dc (in kW) is the battery discharging power, PGR,buy,el (in kW)
s the imported electrical power, P (in kW) is the battery
BS,ch
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Fig. 1. General layout of the SOFC-based cogeneration system.
harging power, PGR,sell,el (in kW) is the exported electrical power
(in kW), and PLD,el (in kW) is the electrical load to be covered.

The thermal power balance was instead defined as follows:

PFC,out,th(t)+PGB,out (t)+PTS,dc(t) = PTS,ch(t)+PLS,th(t)+PLD,th(t) (2)

where PFC,out,th (in kW) is the thermal power at the FC outlet,
PGB,out (in kW) is the thermal power at the gas boiler outlet,
PTS,dc (in kW) is the TS discharging power, PTS,ch (in kW) is
the TS charging power, PLS,th (in kW) is the dissipated thermal
load (power loss), and PLD,th (in kW) is the thermal load to be
covered. The PLS,th term was added to always satisfy the thermal
power balance. It was assumed that the PLS,th term is dissipated;
however, it could represent a possible revenue if there is, for
example, a district heating network to which the excess heat can
be sold.

The size of the FC and GB component (i.e., rated power in
kW) was treated as a continuous variable that is allowed to vary
within a certain size range, as reported below (with i = FC, GB):

Pi,rated,min ≤ Pi,rated ≤ Pi,rated,max (3)

Similarly, the size of the energy storage devices (i.e., storage
capacity in kWh) was constrained as follows (with i = BS, TS):

Capi,min ≤ Capi ≤ Capi,max (4)

The lower size limit of each component was set to zero, which
means that a certain technology is selected in the system config-
uration whenever the MILP simulation returns a value of its size
greater than zero.

2.1. Fuel cell

Eq. (5) sets the constraints on the minimum and maximum
operating power of the fuel cell (in terms of electrical power):

y · P (t) ≤ P (t) ≤ y · P (t) (5)
FC,min FC,rated,aux FC,out,el FC,max FC,rated,aux

8711
where the terms yFC,min and yFC,max are the lower and upper
bounds of the FC modulation range. PFC,rated,aux is an auxiliary
variable that is defined as:

PFC,rated,aux(t) = PFC,rated · δFC (t) (6)

where PFC,rated (in kW) is the FC rated power and δFC is a bi-
nary variable that is equal to 1 if the FC is on or 0 if off. The
introduction of the PFC,rated,aux variable is required to transform
the product of PFC,rated and δFC in the following set of linear
inequalities:

PFC,rated,aux(t) ≤ PFC,rated − (1 − δFC (t)) · PFC,rated,min (7)

PFC,rated,aux(t) ≥ PFC,rated − (1 − δFC (t)) · PFC,rated,max (8)

PFC,rated,aux(t) ≤ PFC,rated,max · δFC (t) (9)

PFC,rated,aux(t) ≥ PFC,rated,min · δFC (t) (10)

Starting from the FC electrical efficiency curve (i.e., electrical effi-
ciency as a function of the outlet electrical power), a performance
curve that relates the outlet electrical power to the inlet gas
power was derived. This performance curve was then modelled
by means of a Piecewise Affine (PWA) approximation. According
to the PWA approach, the FC performance curve (which relates
the outlet electrical power to the inlet power) was approximated
by means of p line segments. The positions of the related p + 1
breakpoints were found by performing an optimization prob-
lem (Gabrielli et al., 2016). The PWA approximation was then
implemented within the MILP framework according to the pro-
cess detailed in Marocco et al. (2021b). The following constraint
was applied for each i-th line segment of the performance curve,
i ∈ {1, . . ., p}:

PFC,out,el(t) ≤ αFC,el,i · PFC,in(t) + βFC,el,i · δFC (t) (11)

where PFC,in (in kW) is the FC inlet power (in terms of gas), αFC,el,i
is the slope of the i-th segment and βFC,el,i (in kW) is the intercept
of the i-th segment. Eq. (11) was then rearranged as:

P (t) ≤ α · P (t) + c · P (t) (12)
FC,out,el FC,el,i FC,in β,FC,el,i FC,rated,aux
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he expression for the estimation of αFC,el,i and cβ,FC,el,i can be
ound in Appendix A.

The thermal power generated by the fuel cell was instead
xpressed as follows:

FC,out,th(t) = ηFC,th · PFC,in(t) (13)

here ηFC,th is the fuel cell thermal efficiency, which was evalu-
ted by means of linear approximation.

.2. Gas boiler

The modulation range of the gas boiler was imposed through
q. (14):

GB,min · PGB,rated,aux(t) ≤ PGB,out (t) ≤ yGB,max · PGB,rated,aux(t) (14)

where yGB,min and yGB,max define the modulation range of the
gas boiler. The PGB,rated,aux variable is described by the following
equation:

PGB,rated,aux(t) = PGB,rated · δGB(t) (15)

here PGB,rated (in kW) is the GB rated power and δGB is a binary
ariable that is equal to 1 if GB is operating and 0 otherwise.
qs. (7) to (10), adapted for the GB, were then used for a linear
epresentation of the product between PGB,rated and δGB.

The thermal power generated by the gas boiler was assessed
hrough Eq. (16), where PGB,in is the GB inlet power (i.e., the
mported gas power) and ηGB is the GB efficiency, which was
ssumed to be constant in this analysis.

GB,out (t) = ηGB · PGB,in(t) (16)

.3. Battery storage

The behaviour of the battery storage was modelled through
he following linear dynamics:

BS(t) = EBS (t − 1) · (1 − σBS) + ηBS,ch · PBS,ch (t − 1) · ∆t

−
PBS,dc (t − 1) · ∆t

ηBS,dc

(17)

here EBS (in kWh) is the stored energy, σBS is the battery
self-discharge coefficient, ηBS,ch is the battery charging efficiency,
ηBS,dc is the battery discharging efficiency and ∆t is the duration
of the time interval.

The operation of the battery storage was also bounded be-
tween a minimum and maximum State-Of-Charge (SOC) value
as described by Eq. (18). The SOC parameter is defined as the
ratio of the stored energy to the rated capacity of the storage
system. A minimum SOC value higher than 0 was set to mitigate
the degradation of the battery over time.

CapBS · SOCBS,min ≤ EBS(t) ≤ CapBS · SOCBS,max (18)

A periodicity constraint was also added to impose the same
storage level at the beginning and at the end of the time horizon.

2.4. Thermal storage

The approach described by Steen et al. (2015) was considered
for the modelling of the thermal storage system. At each time
step, the energy that is stored in the hot water sensible TS was
expressed as:

ETS(t) = ETS (t − 1) ·
(
1 − σTS,1

)
− σTS,2 · ϕTS · CapTS

+ ηTS,ch · PTS,ch (t − 1) · ∆t −
PTS,dc (t − 1) · ∆t (19)
ηTS,dc

8712
where ETS (in kWh) is the stored energy, ηTS,ch is the TS charging
efficiency and ηTS,dc is the TS discharging efficiency. The param-
eters σTS,1, σTS,2 and ϕTS have been introduced to model the TS
losses, which depend on the amount of energy stored in the
TS, the rated capacity of the TS and the ambient temperature.
The ϕTS parameter was defined as a function of the minimum
temperature (Tmin), maximum temperature (Tmax) and ambient
temperature (Tamb), as follows (Steen et al., 2015):

ϕTS =
Tmin − Tamb

Tmax − Tmin
(20)

As reported by Eq. (21), the SOC of the thermal storage was
imposed to vary within a certain range.

CapTS · SOCTS,min ≤ ETS(t) ≤ CapTSSOCTS,max (21)

Finally, analogously to the battery, a periodicity constraint on the
stored energy was also introduced for the thermal storage.

3. Objective function assessment

The objective function of the optimization problem is the
total Net Present Cost (NPC) of the system (in e). As shown in
Eq. (22), the NPC is the present value of all the costs incurred
by the system over its lifetime, including capital (CAPEX) and
operating (OPEX) expenditures, minus the present value of the
salvage revenues.

CNPC = CNPC,capex + CNPC,opex − CNPC,salv (22)

The CNPC,capex cost takes place at the beginning of the analysis
period. It was computed as the sum of the capital expenditures of
all the components that are involved in the energy system, i.e., BS,
FC, GB and TS. The relationship for the estimation of the operating
expenditures was expressed as follows (with i = BS, FC, GB, TS):

CNPC,opex =

n∑
j=1

∑
i Copex,i,j + CGR,buy,el,j − CGR,sell,el,j + CGR,buy,gas,j

(1 + d)j

(23)

where the subscript j represents the j-th year of the simulation,
Copex,i,j is the annual OPEX of the i-th component, CGR,buy,el,j is
he annual cost due to the electricity purchased from the grid,
GR,sell,el,j is the annual revenue from the sale of electricity to the
rid, CGR,buy,gas,j is the annual cost due to the gas purchased from
he grid (to feed both FC and GB), d is the discount rate, and n (in
ears) is the lifetime of the project. The Copex,i,j term was defined
s a fraction of the CAPEX of the i-th component (the value of the
ercentage fraction varies according to the component). Copex,i,j
lso includes replacement costs if the i-th component must be
eplaced during the j-th year. The following expression was used
o evaluate the CGR,buy,el,j term (in e/yr):

GR,buy,el,j =

8760∑
t=1

(
PGR,buy,el(t) · cGR,buy,el(t)

)
(24)

where PGR,buy,el (in kW) is the electricity purchased from the
electrical grid and cGR,buy,el (in e/kWh) is the related electricity
price. Similarly, the annual cost associated with the imported gas
was assessed by means of the following equation (in e/yr):

CGR,buy,gas,j =

8760∑
t=1

(
PGR,buy,gas(t) · cGR,buy,gas(t)

)
(25)

where cGR,buy,gas (in e/kWh) is the gas price and PGR,buy,gas (in kW)
is the gas purchased from the gas grid, which is the sum of the
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Fig. 2. Electrical (a) and thermal (b) load profiles of the reference case study over the year.
mported gas to power the FC and GB components, as reported
y Eq. (26).

GR,buy,gas(t) = PFC,in(t) + PGB,in(t) (26)

A constant price of the exported electricity (i.e, cGR,sell,el in e/kWh)
was adopted for the estimation of the CGR,sell,el,j contribution.

The average price of electricity and gas was used to evaluate
the Spark Spread (SS) parameter, whose expression is reported in
Eq. (27) (Market Observatory for Energy, 2019). The 0.5 value that
appears in Eq. (27) is the reference efficiency for conventional
power plants.

SS = cGR,buy,el,avg −
cGR,buy,gas,avg

0.5
(27)

The salvage value of a certain i-th component, i.e., Csalv,i (in e),
takes place at the end of the project lifetime (n). It was assumed
this term to be proportional to the remaining lifetime of the com-
ponent (Marocco et al., 2021a). The salvage value of a component
was set to zero if its lifetime is equal to or greater than n. The
resent value of the overall salvage contribution, which appears
n Eq. (22), was computed as follows:

NPC,salv =

∑
i Csalv,i

(1 + d)n
(28)

n the post-processing phase, focusing on the electrical-side con-
rol volume (see Fig. 1), the Levelized Cost Of Electricity (LCOE)
as also assessed to further compare the various system sce-
arios. The LCOE has been evaluated as the ratio between the
verall discounted costs for the electricity production and the
iscounted electrical energy supplied to the building. The overall
osts include CAPEX and OPEX of the FC and BS systems, natural
as purchased for the SOFC operation, electricity bought from the
rid, revenues (for the electricity sold to the grid and salvage
alues) and savings (for the heat recovered from the FC) (Beckers
t al., 2013).

. Reference case study

The presented MILP-based methodology has been applied to
he case study of a supermarket, located in North Italy (Milan,
T) as base case. Commercial and retail buildings, such as super-
arkets, are interesting end-users for the SOFC technology since

hey usually require a constant electrical demand over time, due
o the refrigeration equipment. The availability of a baseload well
atches with an SOFC system, whose optimal operating strat-
gy is typically based on a continuous operation with reduced
hermal cycles (Marocco et al., 2019).
8713
Fig. 3. Cost of electricity and gas over the year.

The supermarket hourly load profiles (electrical and thermal)
have been retrieved from Wilson (2014), because robust electrical
and thermal hourly load demand profiles are not available for the
EU/IT area. The chosen dataset contains load profile data for 16
commercial building types and residential buildings in all TMY3
locations in the United States. The Typical Meteorological Year
(TMY3) provides one year of hourly data that best represents me-
dian weather conditions over a multiyear period for a particular
location.

The selected load profiles refer to a supermarket that has a
floor area of 45,000 ft 2 (with one single floor) and is located in
the city of St. Louis (Missouri, US). The location has been chosen
since it has the same climatic zone as the city of Milan (IT)
according to the Köppen–Geiger classification (Rubel et al., 2017)
(humid subtropical climate cfa: warm temperate, no dry season,
hot summer). Consequently, the case study is also representative
of a typical supermarket located in Central-Southern Europe.

Electrical and thermal load profiles for the reference year are
shown in Fig. 2. The electrical baseload is evident on the left graph
(Fig. 2a), where around 85 kW are requested for the refrigeration
(24/7 operating throughout the year). The peaks are due to the
opening-dependent equipment such as lighting. A seasonal trend
is also visible, with a higher demand during the summer period,
due to the cooling load. The total electrical load (2402 MWh/yr)
is mainly due to the supermarket facilities (around 70% of the
load), followed by interior equipment, light, fans and cooling. As
shown in Fig. 2b, the thermal load suffers from a strong seasonal
variation, due to the heating season, while the minor continuous
load is due to the domestic hot water. The total thermal demand
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Table 1
Techno-economic assumptions of the battery storage component.
Parameter Value Ref.

Charging efficiency 0.95 Marocco et al. (2021a)
Discharging efficiency 0.95 Marocco et al. (2021a)
Self-discharge coefficient (stored energy) 5%/month Gracia et al. (2018)
SOC range 0.2 to 1 Marocco et al. (2021a)
Lifetime of the BS module 10 yr Crespi et al. (2021)
Lifetime of the BOP Project lifetime Assumption
Investment cost 450 e/kWh Lamagna et al. (2021)
Replacement cost (% of Inv. cost) 50% Schopfer et al. (2018)
OPEX fixed (% of Inv. cost) 2%/yr Crespi et al. (2021)
Table 2
Techno-economic assumptions of the SOFC component.
Parameter Value Ref.

Electrical efficiency Efficiency curve Langnickel et al. (2020)
Thermal efficiency Efficiency curve Langnickel et al. (2020)
Lifetime of the stack (current value) 5 yr Accurso et al. (2021), Whiston et al. (2021)
Lifetime of the BOP Project lifetime Assumption
Modulation range (% of rated power) 30 to 100% McPhail et al. (2017), Gandiglio et al. (2018)
Investment cost (current value) 11,980a e/kW Accurso et al. (2021)
Replacement cost (% of Inv. cost) 45% ComSos (2018)
OPEX fixed (% of Inv. cost) 1%/yr Caramanico et al. (2021)

aIncluding commissioning & installation costs.
Table 3
Techno-economic assumptions of the gas boiler component.
Parameter Value Ref.

Efficiency 95% Gandiglio et al. (2014)
Lifetime Project lifetime Assumption
Modulation range (% of rated power) 15 to 95% Ferroli Industrial Heating (2021)
Investment cost 125 e/kW Ferroli Industrial Heating (2021)
OPEX fixed (% of Inv. cost) 3%/yr Giarola et al. (2018)
Table 4
Techno-economic assumptions of the thermal storage component.
Parameter Value Ref.

Charging efficiency 0.95 Gabrielli (2019)
Discharging efficiency 0.95 Gabrielli (2019)
Self-discharge coefficient σTS,1 0.057% Steen et al. (2015)
Self-discharge coefficient σTS,2 0.056% Steen et al. (2015)
Minimum temperature 40 ◦C ComSos (2018)
Maximum temperature 65 ◦C ComSos (2018)
SOC range 0 to 1 Gabrielli et al. (2018)
Lifetime Project lifetime Assumption
Investment cost 104 e/kWh Ferroli Industrial Heating (2021)
OPEX fixed (% of Inv. cost) 2%/yr Assumption
Table 5
Other techno-economic assumptions.
Parameter Value Ref.

Discount rate 4% Assumption
Commissioning & installation costs (% of Inv. cost) 10% Napoli et al. (2015)
Project lifetime 20 yr Assumption
(692 MWh/yr) is dominated by the gas used for the heating
system (with a share higher than 90%), followed by the interior
equipment and the domestic hot water.

The annual average costs of electricity and natural gas
in e/kWh) have been retrieved from the Eurostat database for
on-household consumers (Eurostat - Data Explorer, 2022a,b)
nd include both the energy price and all the taxes and levies
or Italy. An hourly profile has been then produced following the
eal costs trends for Italy during 2020 (Gestore Mercati Energetici
GME), 2022). The hourly cost trends of electricity and natural
as for the reference year are shown in Fig. 3. In this scenario,
he resulting SS, evaluated according to Eq. (27), is equal to
.055 e/kWh. In Section 5, a sensitivity analysis on SS will be
8714
performed to evaluate the influence of this parameter on the
profitability of the SOFC investment.

The main techno-economic assumptions that have been used
in this work are summarized in Tables 1 to 4, referring to the
battery, fuel cell, gas boiler and thermal storage, respectively.
The tables include, for each component, technical and economic
information (e.g., efficiency, lifetime, modulation range, invest-
ment and operating costs) and related sources. Table 5 shows
other general economic assumptions such as the plant lifetime,
the discount rate and the commissioning and installation cost.
The latter term has been applied to all the components except
for the SOFC system, whose cost already includes the contribution
due to commissioning and installation (Accurso et al., 2021).
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Fig. 4. Current electrical (blue) and thermal (red) efficiency curve of the SOFC
component. (For interpretation of the references to colour in this figure legend,
the reader is referred to the web version of this article.)

Table 2 shows data (investment cost, stack lifetime and effi-
iency) for the SOFC system in the current scenario: projections
nd target values will be deeply analysed in Section 5. The SOFC
ystem is also characterized by variable performance depending
n the operating point, following the electrical (blue line) and
hermal (red line) efficiency curves shown in Fig. 4. Electrical
nd total efficiency trends were retrieved and fitted from the
esults of a real industrial FC installation, performed in the frame-
ork of the European DEMOSOFC project (Langnickel et al., 2020)
which is also in line with results from Comsos framework).
n this context, a 100 kW SOFC system was operated for over
4,000 h (Gandiglio et al., 2020). The thermal efficiency (red line)
hown in Fig. 4 has been evaluated as the difference between total
nd electrical efficiency (both available in Langnickel et al., 2020).
he efficiency curves have been then converted into performance
urves modelled by means of a PWA approximation, as explained
n Section 2.1.

. Results and discussion

The optimal design of the energy system was first performed
onsidering the current techno-economic data of the SOFC tech-
ology. For the sake of comparison, a scenario with target values,
erived in the framework of the Comsos project, was also carried
ut. The SOFC input parameters of the two scenarios are summa-
ized in Table 6. A 70% reduction in the cost of the SOFC system
s expected, as well as a two-fold increase in the stack lifetime.
he value of the target electrical efficiency at rated power was
omputed assuming a 15% increase in the current rated value.
he 15% increase was set according to the manufacturers’ target
alues provided in the framework of the Comsos project data
ollection (Gandiglio et al., 2018). The difference between the
arget and current rated value (∆) was then used to derive
he curve of the target electrical efficiency. More specifically, all
oints in the current electrical efficiency curve (see Fig. 4) have
een moved upwards by a value equal to ∆ so as to preserve the
urve shape (Gandiglio et al., 2018). Table 6 also shows the re-
ulting value of the maximum electrical efficiency, which changes
rom 56.7% to 64.1%. The target thermal efficiency was assessed
tarting from the target electrical efficiency and hypothesizing
nchanged the overall efficiency (i.e., the sum of electrical and
hermal efficiencies).

The main sizing results of the two scenarios are reported in
able 7. It can be noted that, at present, it is not economically
onvenient to install SOFC systems. In the optimized system
8715
Table 6
Techno-economic parameters of the Current and Target scenarios.
Parameter Current Target Comsos

Investment cost SOFC system 11,980 e/kW 3340 e/kW
SOFC stack lifetime 5 yr 10 yr
Electrical efficiency at rated power 49.1% 56.4%
Maximum electrical efficiency 56.7% 64.1%

configuration, all the electrical demand is covered by imported
electricity from the grid and all the thermal demand is covered
by the gas boiler, fed by imported NG, with the support of a
thermal storage. This results in a levelized cost of electricity of
around 0.172 e/kWh. As shown in Fig. 5a, most of the NPC in the
Current scenario is due to the electricity purchased from the grid,
which accounts for roughly 86.5% of the total cost. The second
main contribution is the purchase of natural gas from the grid to
power the gas boiler (11.2% of the NPC), whereas the costs due
to the thermal storage and gas boiler are almost negligible (2.3%
of the NPC).

As reported in Table 7, the presence of an SOFC system be-
comes economically advantageous in the Target scenario, where
it is suggested to install 255 kW of SOFC modules. This size value
corresponds approximately to the average annual value of the
building’s electrical power demand. The SOFC-based system leads
to an increase in the costs linked to the system components,
which, unlike the Current scenario, are no longer negligible. In
fact, the total SOFC cost, i.e., sum of SOFC CAPEX, OPEX and
replacement contributions, accounts for 22.2% of the NPC. In the
Target scenario, the purchase of natural gas is the highest cost
share (almost half the NPC) since, compared to the Current sce-
nario, the gas consumption increases to run the SOFC (from 763
to 3,322 MWh/yr). However, the SOFC operation makes it possible
to reduce the amount of electricity purchased from the grid (from
2,042 to 649 MWh/yr), which is responsible for only 26.2% of the
NPC. As shown in Table 7, it should also be noted that the FC-
based CHP leads to a reduction in the GB rated power (from 514
to 416 kW) and TS capacity (from 371 to 334 kWh). Moreover,
the battery is not present in either the Current or Target scenario,
since its installation is not economically convenient considering
its current investment cost and no grid operating constraints.

Fig. 5b shows that, at the beginning of the project lifetime,
the Target scenario is more expensive than the Current one due
to the high upfront cost of the SOFC technology. However, the
SOFC operation allows the operating costs to be reduced, making
the Target scenario cheaper starting from the sixth year (relative
payback time).

After proving that the SOFC technology becomes convenient
when SOFC target values are reached, a sensitivity analysis was
carried out to better investigate the influence of the main SOFC-
(CAPEX, stack lifetime and efficiency) and market-related (spark
spread) parameters.

Fig. 6 reports the optimal FC size as a function of the in-
vestment cost of the FC system, for different values of FC stack
lifetime and spark spread. FC CAPEX reduction up to 90% of the
current value has been considered in this study. Indeed, costs of
the FC system as low as 1 ke/kW have been reported with grow-
ing production volumes and further R&D (Ammermann et al.,
2015; Battelle Memorial Institute, 2016). The SS parameter was
varied from −0.05 to 0.1 e/kWh so as to cover the value of most
European countries, as displayed in Appendix B (Fig. B.1). Spark
spread values close to zero or negative correspond to countries
where the electricity cost is comparable (or even lower) than the
natural gas one. On the contrary, a high SS represents countries
with an electricity cost higher than that of NG. The FC stack
lifetime was also analysed in the range from 5 (current) to 10
(target) years.

It can be noted that the spark spread has a significant im-
pact on the optimal sizing results. Considering an SS value of
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Table 7
Main results of the Current and Target scenarios.
Scenarios FC

[kW]
GB
[kW]

BS
[kWh]

TS
[kWh]

EGR,buy,el
[MWh/yr]

EGR,sell,el
[MWh/yr]

EGR,buy,gas
[MWh/yr]

LCOE
[e/kWh]

NPC
[Me]

Current 0 514 0 371 2,041.7 0 763.4 0.172 6.48
Target Comsos 255 416 0 334 649.3 2.4 3,321.7 0.138 5.53
Fig. 5. (a) Breakdown of the NPC (at the end of the project lifetime) of the Current and Target scenarios. (b) NPC over the project lifetime of the Current and Target
scenarios. The SS of the case study is 0.055 e/kWh (Italy). Electricity share (on the left graph) corresponds to the net value between the imported and the exported

lectricity (the revenue due to exported electricity is zero in the Current scenario and negligible in the Target one).
0.05 e/kWh (Fig. 6a), it is profitable to install the FC-based CHP
ystem only if the SOFC cost is around 1.2 to 2.4 ke/kW, i.e., a
eduction of the current CAPEX by at least 80%. The cost of the
uel cell at which its installation becomes convenient increases as
he SS increases. Concerning the 5 year lifetime case (blue bars of
ig. 6), a 90% cost reduction is required for the SOFC to become
onvenient with SS equal to −0.05 e/kWh, whereas a reduction
f only half of the current CAPEX is sufficient for the FC to be
hosen in the optimal system configuration if SS is 0.1 e/kWh. The
enefits of a longer stack lifetime are also evident in Fig. 6, where
t is shown that a higher value of this parameter facilitates the
ntry of the SOFC in the cost-optimal configuration. For example,
n order for the SOFC to be profitable in scenarios with SS of
.1 e/kWh (Fig. 6d), the current cost of the fuel cell should be
educed by 50% if the FC stack life is 5 years and by 30% if the
C stack life is 10 years. It is also noteworthy that the optimal FC
ize varies considerably with the variation of SS. In fact, when
S is −0.05 e/kWh, the maximum FC rated power is around
5 kW, which is close to the electrical baseload of the building
see Fig. 2a). The fuel cell size increases up to more than 400 kW
hen SS is 0.1 e/kWh. This size value corresponds approximately
o the maximum electrical power demand of the building, except
or the share related to the load increase in the summer period.

Fig. 7 shows the LCOE as a function of the FC CAPEX and for
ifferent SS values, with FC stack lifetime of 5 years. A decrease
n the LCOE is connected to the installation of the SOFC system,
hose effectiveness improves significantly as the spark spread

ncreases. With SS equal to −0.05 e/kWh, which is close to that
f Finland and Sweden (see Fig. B.1), the LCOE is reduced by
nly 0.4% when the FC cost drops from the current value (around
2 ke/kW) to 1.2 ke/kW. On the contrary, considering 0.1 e/kWh
s SS, reducing the FC CAPEX by 90% leads to a decrease in the
COE from 0.172 to 0.093 e/kWh, i.e., 46% LCOE reduction. There-
ore, SOFC-based cogeneration systems are particularly suitable
or countries with a high spark spread, such as Denmark, the
nited Kingdom and Germany, where SS is close to 0.1 e/kWh
or even higher (see Fig. B.1).
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The breakdown of the NPC by varying the FC CAPEX is dis-
played in Fig. 8 for different SS scenarios. The SOFC is not installed
at its current cost, and the resulting NPC is around 6 to 7 Me,
which is mainly due to the electricity purchased from the grid
and, secondly, the gas to power the gas boiler. The largest cost
share is thus represented by the operating expenses, whereas
the total cost of the thermal storage and gas boiler is almost
negligible. The SOFC system allows the cost of imported elec-
tricity to be reduced, which is more evident as the FC CAPEX
decreases and the spark spread increases. As shown in Fig. 8d,
this electricity cost becomes almost negligible when the FC CAPEX
is around 1.2 ke/kW and SS is 0.1 e/kWh. The FC presence also
leads to an increase in the NPC due to FC-related costs (i.e., FC
CAPEX, OPEX and periodic stack replacements) and operating
costs for imported natural gas. However, these higher expenses
are justified by the lower cost related to the imported electricity,
which results in a net decrease in the total NPC. It can be observed
that, with SS equal to 0.05 and 0.1 e/kWh, the cost share due to
the FC decreases when the FC CAPEX falls below 3.6 ke/kW, even
if the size of installed FC increases (see Fig. 6). This is because the
positive effect of a lower specific FC CAPEX (ke/kW) prevails over
the increase in costs linked to the greater FC size.

It was also found that, in scenarios highly favourable for the
SOFC, i.e., low FC CAPEX and high SS, the fuel cell system is used
to convert natural gas into electricity that is both consumed by
the building and sold to the grid, as shown in Fig. 8d (negative
contribution, i.e., revenues, due to exported electricity).

Finally, the effect of the SOFC efficiency and stack lifetime on
the LCOE is displayed in Fig. 9, considering SS equal to 0.05 e/kWh
(which is close to the average European SS). It can be noted
that, compared to the case with enhanced efficiency (red curve),
the benefit of longer lifetime (orange curve) is more relevant at
higher FC CAPEX values. By decreasing the investment cost of the
SOFC (i.e., lower impact of replacement costs), the LCOE differ-
ence between the improved efficiency case and improved lifetime
case decreases, until reaching an LCOE of around 0.125 e/kWh
for both cases (which corresponds to a 27% reduction in LCOE
compared to the current scenario).
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Fig. 6. FC size as a function of the FC CAPEX for different FC stack lifetime values and spark spread values: SS = −0.05 (a), SS = 0 (b), SS = 0.05 (c), and SS =
0.1 e/kWh (d). The current FC efficiency curve is considered. (For interpretation of the references to colour in this figure legend, the reader is referred to the web
version of this article.)

Fig. 7. LCOE as a function of the FC CAPEX for different spark spread values. The graphs refer to the current FC efficiency curve and FC stack lifetime of 5 years.
The secondary y-axis shows the percentage change in LCOE with respect to the case with current FC CAPEX.
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0

Fig. 8. Breakdown of the NPC (at the end of the project lifetime) as a function of the FC CAPEX for different spark spread values: SS = −0.05 (a), SS = 0 (b), SS =
.05 (c), and SS = 0.1 e/kWh (d). Graphs refer to the current FC efficiency curve and FC stack lifetime of 5 years.
Fig. 9. LCOE as a function of the FC CAPEX by varying the FC stack lifetime and efficiency. The spark spread is set to 0.05 e/kWh. The secondary y-axis shows the
percentage change in LCOE with respect to the case with current FC CAPEX.
6. Conclusions

This work investigates the techno-economic feasibility of
SOFC-based CHP systems for non-residential buildings, with a fo-
cus on the supermarket sector. The analysis makes use of valuable
data and experience from the European Comsos and DEMOSOFC
projects. Real SOFC efficiency curves were implemented within
the optimization framework for an accurate assessment of the
8718
SOFC performance. The main aim is to identify the conditions
that allow SOFC technology to become economically viable. The
following parameters have been analysed to assess their impact
on the sizing results: spark spread and SOFC-related data such as
investment cost, stack lifetime and efficiency.

The spark spread and the fuel cell CAPEX were shown to be
key drivers for a successful business case. The higher the spark
spread, the better the economic performance of the investment.
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he use of SOFC systems leads to almost no advantage when the
park spread is around −0.05 e/kWh, which is close to that of
inland and Sweden. At this SS value, the FC-based CHP becomes
rofitable only with SOFC costs of around 1.2 to 2.4 ke/kW, which
eans a reduction of at least 80% of the current SOFC CAPEX.
cost of 6 ke/kW is instead sufficient for the SOFC to become
rofitable if SS is set to 0.1 e/kWh (around the value of Denmark,
nited Kingdom and Germany) and the stack lifetime is 5 years.
ith SS of 0.1 e/kWh and increasing the stack lifetime to the tar-

get value of 10 years, the SOFC cost-effectiveness already occurs
with a CAPEX of around 9.6 ke/kW. The LCOE decreases by only
.4% if SS is equal to −0.05 e/kWh and the FC cost is reduced from
he current value (12 ke/kW) to 1.2 ke/kW (which is reasonable
or scenarios with high FC production volumes). Instead, the LCOE
eduction would be up to 46% with SS of 0.1 e/kWh. In scenarios
ith low FC CAPEX and high SS, i.e., cheap NG and expensive
lectricity, it was also observed that it is convenient to use the
OFC to convert NG into electricity for sale to the grid. Grid sales
evenues become non-negligible with SS of 0.1 e/kWh and FC cost
f around 1.2 ke/kW.
To sum up, a high spark spread is required to make the SOFC

ystem profitable. In high SS scenarios (0.05–0.1 e/kWh), the
OFC technology can offer significant savings if a reduction in the
OFC cost occurs, which is expected in the next few years with
n increase in the level of maturity of this technology.
Future steps will involve the analysis of the environmen-

al benefits of SOFC-based cogeneration systems. Based on the
ptimization framework here discussed, a multi-objective opti-
ization model will be developed to deal with both economic
nd environmental indicators, also considering the effect of an in-
rease in the share of unconventional gas in the grid (e.g., biogas,
iomethane and hydrogen).

cronyms

BOP Balance Of Plant
BS Battery Storage
CAPEX Capital Expenditures
CHP Combined Heat and Power
EU European Union
FC Fuel Cell
GB Gas Boiler
GHG Greenhouse Gas
GR Grid
LCOE Levelized Cost Of Electricity
MILP Mixed Integer Linear Programming
NG Natural Gas
NPC Net Present Cost
OPEX Operating Expenditures
PWA Piecewise Affine
SOC State Of Charge
SOFC Solid Oxide Fuel Cell
SS Spark Spread
TMY Typical Meteorological Year
TS Thermal Storage
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ppendix A

The parameters αFC,el,i and cβ,FC,el,i of Eq. (12) were computed
ccording to Eqs. (A.1) and (A.2) (Marocco et al., 2021b), for
ach i-th line segment of the FC performance curve (i.e., outlet
lectrical power as a function of the inlet gas power) with i ∈

1, . . . , p}.

FC,i =
ηFC,el,i+1 · zFC,i+1 − ηFC,el,i · zFC,i

zFC,i+1 − zFC,i
(A.1)

cβFC,el,i =

[
zFC,i · ηFC,el,i

+

(
zFC,i+1 · ηFC,el,i+1 − zFC,i · ηFC,el,i

)
· zFC,i

zFC,i − zFC,i+1

]
·

1
ηFC,el,p+1

(A.2)

here ηFC,el,k and zFC,k represent the electrical efficiency and the
raction of the rated inlet power (in terms of gas) referred to the
-th breakpoint of the performance curve, respectively. The term
stands for the number of line segments of the curve (p + 1 is

he total number of breakpoints).

Table A.1 reports the parameters of the PWA approximation
f the SOFC performance curve. They were derived based on the
lectrical efficiency reported in Fig. 4. The four line-segments
i.e., 5 breakpoints) are able to accurately describe the SOFC
erformance curve since the relative error is always lower than
.2%.

Table A.1
Parameters for the PWA approximation of the SOFC performance
curve (outlet electrical power as a function of the inlet gas power).
z1 z2 z3 z4 z5
0.396 0.478 0.592 0.757 1.000

η1 η2 η3 η4 η5

0.372 0.511 0.565 0.552 0.491

Appendix B

See Fig. B.1.
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Fig. B.1. Spark Spread for European countries (evaluated from Eurostat database for non-household consumers over the last three years).
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