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ARTICLE INFO ABSTRACT

Handling Editor: F Gallucci Solid Oxide Fuel Cells (SOFCs) are capable of generating electrical and thermal power with very high conversion

efficiency and almost no pollutant emissions into the atmosphere. Despite extensive literature on SOFC-based

Keywords: energy system models and experimental testing at the cell and short-stack level, there is currently a lack of
SOFC performance data for SOFC modules under actual field conditions. To fill this gap, the present work investigates
I};:iicsueration the energy and environmental performance of six SOFC modules, ranging in size from 10 to 60 kW, over
Efﬁcieniy thousands of hours of operation. These systems, supplied by the three leading SOFC manufacturers in Europe,
Pollutant emissions have been installed and operated in different non-residential buildings worldwide, as part of the European
Cogeneration Comsos project. The aim of this study is to establish a comprehensive set of field operation data to characterise

commercial-scale SOFC systems. Specifically, raw data are processed to derived electrical and thermal efficiency
maps, degradation rates and pollutant emissions, including particulate matter (PM), nitrogen oxides (NOy) and
carbon monoxide (CO). A comparison with competing technologies is also provided to better highlight the po-
tential benefits of adopting SOFC-based cogeneration systems. Values in the range of 51-61% were found for the
system-level electrical efficiency under rated conditions. The electrical efficiency also remained consistently high
across a wide modulation range (between 50% and 100% of rated power), with peak values reaching 65%. In
addition, promising results were obtained for the average percentage loss in electrical efficiency, with a mini-
mum value of 0.7%,/1000 h. Regarding the environmental analysis, NOx and CO emissions were analysed at both
constant and variable power output, proving to be impressively low across the entire modulation range. The
same applies to PM concentrations, which were below ambient level. Overall, SOFCs demonstrated to be one of
the best cogeneration solutions for commercial-scale systems (tens to hundreds of kW in size), from both an
energy and environmental perspective. However, further reductions in costs and dedicated financial schemes are
necessary for a widespread market penetration.

1. Introduction and fuel cells (FCs) could serve as a viable solution within the buildings

sector, especially in areas where natural gas infrastructure is already

The building sector has made significant progress in enhancing en-
ergy efficiency over the past decade. The Energy Performance of
Buildings Directive, released in 2021 as part of the Fit For 55 Package,
seeks to accelerate building renovation rates, reduce greenhouse gas
(GHG) emissions and energy consumption, and promote the uptake of
renewable energy in buildings [1].

1.1. Fuel cells for the building sector

The International Energy Agency (IEA) [2] suggests that hydrogen
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established and where energy consumption is hard to decarbonise, such
as regions facing cold climates or within old city centres. In addition,
FC-based combined heat and power (CHP) systems have the potential to
support the electricity grid by enabling flexible modulation of power
output. As a results, they can help balance electricity supply and de-
mand, particularly during peak periods of domestic energy
consumption.

As far as the building sector is concerned, fuel cells — both solid oxide
fuel cells (SOFCs) and proton exchange membrane fuel cells (PEMFCs) —
have primarily been investigated for residential applications in Europe,
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Japan, Korea and the United States. Japan has been the leading country
for the use of micro-CHP systems in buildings through the Ene-Farm
project. Under this framework, 430,000 FC units were in operation in
Japan by the end of 2021 [2,3]. FC-based CHP solutions have also been
explored in the European residential sector through the Ene.Field and
PACE projects [4,5]: the former installed 1000 FC units between 2012
and 2017, while the latter is in the process of completing the installation
of over 2500 FC units with rated power ranging from 0.5 to 1 kW. From
the Ene.Field experience, the average SOFC electrical efficiency was
found to be about 42% under optimal conditions during laboratory tests
and 37% (with peaks up to 47%) based on real-life data from field trails
(2017 data, from Ref. [4]). According to the Ene.Field reports, FC
competitiveness in terms of life cycle cost (for small systems with a ca-
pacity of about 0.7 kW) can be attained when a cumulative production
capacity of 5000-10,000 units per manufacturer is reached. The primary
limitation of fuel cells in residential applications (as in the Ene-farm and
Ene.Field initiatives) is their small system size (<1 kW). This can lead to
high specific investment costs (as an example, the Panasonic CHP system
installed in the Ene-Farm initiative recently reached a cost of about 13,
500 €/kW for the integrated SOFC-boiler unit [6]) and, as observed in
the Ene.Field experience, to limited electrical efficiency at the system
level.

1.2. Literature review on SOFC-CHP systems

The performance of SOFC systems has also been investigated in the
scientific literature. Tan et al. [7] presented a detailed review of
SOFC-based energy systems for building applications. The authors
revised a high number of scientific works focusing on SOFC installations
in residential and commercial buildings. Their analysis revealed that the
electrical efficiency of atmospheric SOFC-CHP systems falls in the range
of 40-50%, reaching 60-70% in hybrid pressurised configurations
(SOFC-GT). Hybrid SOFC-GT systems are typically earmarked for
industrial-scale applications, primarily due to the higher investment
costs and increased system complexity [8]. In contrast, commercially
available SOFC-CHP solutions (working at atmospheric pressure) are
well-suited for deployment in the building sector for distributed heat
and power generation. Narayanan et al. [9] evaluated the integration of
an SOFC-CHP system in both older and more contemporary buildings in
Germany, integrated with photovoltaics (PV) and batteries. The SOFC
mainly operated during winter and on cloudy days, demonstrating its
effectiveness, especially for the older buildings, in covering the thermal
demand. In another study [10], a 30-kW SOFC-CHP unit was modelled
and validated considering the use of different fuels (such as methane and
methanol) and system layouts. Marocco et al. [11] investigated the role
of SOFC-CHP systems in the context of commercial buildings.
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Specifically, they assessed the impact of various parameters, e.g. the
investment cost of the SOFC technology and the spark spread (i.e.
relative difference between electricity and natural gas prices), to un-
cover the conditions that make the SOFC technology economically
profitable. Their findings indicated that an investment cost of 6 k€/kW is
sufficient for the SOFC to be chosen in the cost-optimal configuration
when the spark spread is about 0.1 €/kWh. The same authors also
explored the environmental sustainability of such systems at different
carbon intensity levels of the electricity grid [12]. De Masi et al. [13]
discussed preliminary experimental testing of a 1-kW SOFC CHP unit
powered by hydrogen, installed in a nearly zero energy house. Addi-
tionally, they developed a dynamic numerical model using TRNSYS
software, which was subsequently validated with real operating data.

When integrated with an electrolyser, solid oxide fuel cells can also
provide energy storage services. Mottaghizadeh et al. [14] proposed a
solid oxide cell-based energy storage for an islanded building and
explored the potential for thermal integration between the fuel cell and
electrolyser units. Specifically, through the implementation of a network
of heat exchangers, the SOFC can effectively supply heat to the elec-
trolyser during its endothermic and standby modes. An in-depth life
cycle assessment (LCA) of SOFC systems for a single-family house was
conducted in a study by Di Florio et al. [15]. The authors compared an
SOFC system fuelled by natural gas (NG) and a reversible solid oxide cell
(r-SOC) fed by hydrogen. The outcomes of this investigation showed that
the NG-powered SOFC is currently the environmentally preferred
choice, while r-SOC systems (which rely heavily on power supply from
the electrical grid) will only become advantageous in future scenarios
with a higher penetration of renewable energy sources (i.e. lower carbon
intensity of the electrical grid). In the literature review conducted by
Lamagna et al. [16], a growing interest in the r-SOC technology was
highlighted, although this solution is still in a pre-industrialisation stage
with few real applications in the building sector.

Finally, solid oxide fuel cells powered by biogas have demonstrated
high electrical efficiency values, reaching up to 55% [17]. Biogas-fed
SOFC modules have been identified as ideal CHP technology in the
market segment corresponding to a few tens of kW in size [18]. In
addition, when considering target investment costs for the SOFC tech-
nology, interesting economic benefits were shown through the operation
of biogas-based SOFC cogeneration systems compared to traditional
solutions [19].

1.3. SOFC-CHP systems: producers and ongoing project
Despite the limitations of small-size residential applications, interest

in SOFC technology continues to grow. The inherent benefits, such as
fuel flexibility, high operating efficiency and near-zero pollutant

Table 1
List of EU-funded projects focused on stationary SOFC-CHP (at system level) from 2013 onwards (Source: Clean Hydrogen Initiative).
Project Project title Time Description
acronym
CH2P Cogeneration of Hydrogen and Power using solid oxide 2017-2022  Building a transition technology for early infrastructure deployment (natural gas or
based system fed by methane rich gas bio-methane to produce hydrogen and power with SOFCs)
Comsos Commercial-scale SOFC systems 2018-2023  Strengthening the European SOFC industry’s world-leading position for SOFC
products in the range of 10-60 kW, installing totally 450 kWe
D2Service Design of 2 Technologies and Applications to Service 2015-2020  Simplifying both residential and commercial fuel cell systems for easy, fast and save
system service and maintenance
DEMOSOFC Demonstration of large SOFC system fed with biogas from  2015-2020  Design and installation of an industrial size 175 kWe SOFC plant running on sewage
WWTP biogas
DIAMOND Diagnosis-aided control for SOFC power systems 2014-2017  Improving the performance of SOFCs for CHP applications by implementing
innovative strategies for on-board diagnosis and control
INNO-SOFC Development of innovative 50 kW SOFC system and 2015-2019  Development, manufacturing and validation of the next generation 50 kW SOFC
related value chain system
PACE Pathway to a Competitive European FC mCHP market 2016-2023  Major initiative aimed at ensuring the European mCHP sector makes the next move to
mass market commercialisation
RoRePower Robust and Remote Power Supply 2019-2023  SOFC systems for off-grid power generation in certain markets
SO-FREE Solid oxide fuel cell combined heat and power: Future- 2021-2024  Development of a fully future-ready SOFC-based system for CHP generation

ready Energy

998



M. Gandiglio et al.

International Journal of Hydrogen Energy 85 (2024) 997-1009

Table 2
Producers of SOFC modules (complete system) and specifications for the available products.
Producer Commercial Product Rated power [kW] Electrical efficiency [% LHV] Fuel Source
Bloom Energy Bloom 330 kW 65-53% NG, biogas [20]
Energy Server 5.5
Bloom Energy Hydrogen fuel cell 300 kW 52% Hy [21]
Bosch SOFC 10 kW 60% NG, H,, biomethane [22]
Convion C60 60 kW 60% NG, biogas [23]
FuelCell Energy SOFC 250 kW 62-65% NG, Hy [24]
Mitsubishi Heavy Industries MEGAMIE 250 kW 53% NG [25,26]
Hybrid SOFC-GT
SolydEra Bluegen BG-15 1.5 kW* 57% NG (with up to 20% Hy), SNG, biomethane 271
Sunfire PowerPlus 20 kW >50% NG, Hy [28,29]

@ Larger modules are also available by combining the single 1.5 kW modules.

emissions make this solution extremely attractive for power and heat
generation in medium-to large-scale applications. In addition, the in-
vestment cost for SOFCs has significantly decreased in recent years, now
ranging between 4 and 8 k€/kW [12]. A list of European projects dealing
with SOFC-CHP systems for stationary applications since 2013 is pro-
vided in Table 1. On a global level, seven major SOFC manufacturers
have been identified and are listed in Table 2, which also includes
specifications of their available commercial products (note that
stack-only producers are not included).

1.4. Contribution to existing literature

There are limited studies in the literature that provide power-
efficiency curves of SOFC modules derived from real field operation
[17,30]. Moreover, the existing literature lacks a comprehensive over-
view of SOFC systems, encompassing real-world performance and
environmental measurements. Previous projects and initiatives have
highlighted discrepancies between nominal data on the datasheet and
actual field performance, underlining the need for in-depth analysis of
data collected from real installations sites. These data are crucial for
improving the accuracy and robustness of the eco-technoeconomic as-
sessments of SOFC-based energy systems.

The present work aims to fill this gap by providing performance data
and emissions measurements gathered from the long-term operation
(thousands of hours) of various commercial-scale SOFC modules

Water for the steam reformer can be
supplied externally through a water pump
or intemally by anode recirculation

Heat for the steam reformer can be supplied by the
SOFC stack (direct/indirect internal reforming) or by an
extemal burner fed by extra fuel (exteral reforming)

Pump

Fuel pre-heating demand can be .

(ranging in size from about 10 to 60 kW) fuelled by natural gas in non-
residential buildings. The field operation is conducted as part of the
Comsos project [31,32], which involves the three main European solid
oxide cell producers: SolydEra, Sunfire and Convion. The novel dataset
includes measurements of electrical and thermal efficiency, degradation
rate as well as emissions (NOx, CO, PM). Energy and environmental
indicators are also presented as a function of the loading rate, allowing
for an assessment of SOFC technology performance under both rated
power and part-load conditions.

This work is structured as follows: Section 2 provides a description of
the SOFC-CHP layout and the installations within the Comsos project.
Section 3 details the methodology used for evaluating the energy and
environmental performance. Finally, the results are presented in Section
4 and conclusions are drawn in Section 5.

2. SOFC-CHP system definition
2.1. SOFC-CHP layout

The typical configuration of an SOFC-CHP system is illustrated in
Fig. 1. The fuel (natural gas in this analysis) is supplied to the anode side
(green lines), while air (orange lines) is directed to the cathode side. Pre-
heated natural gas undergoes partial or complete reforming (based on
the system design) to produce Hy and CO before entering the anode [33].
In smaller systems, the steam reforming process might use external

) Electrical power
Thermal power

~—» Fuel

=% Anode exhaust
Air

~—» Cathode exhaust
Exhaust gases

covered completely by the exhaust
gases or by electric heaters

Fuel pre-heating

Water

Post-combustor

SOFC stack

. """"""": Fuel and air Heat recovery

Psorcin Reformer : Anode L > pre-heating unit
— @
1

~ Filter Blower ) X | i
Air =] Air pre-heating ; Cathode : e —
» ] S| ' recover the available heat

Alr pre-heating demand can be
covered completely by the exhaust \y
gases or by electric heaters

Auxiliary
components

Psorceel

4 DC electricity

for the end-user site

Post-combustion is used to convert the
residual fuel in the anode outlet stream
into useful thermal energy. The amount
of residual fuel varies with the chosen
fuel conversion rate in the stack.

Psorc.in ﬁla
00I

Gross AC electricity

Net AC electricity

Fig. 1. Typical layout of an SOFC-CHP system.
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SOFC units Total power
installed installed

Italy 1 9 kW
Germany 2 18 kW
Austria 1 25 kW
Estonia 1 60 kW
China 6 185 kW
us 1 24 kW

Fig. 2. Comsos installations by July 2023.

water, whereas large systems employ internal anode recirculation to
avoid water consumption. The air is initially filtered, then directed to a
blower and pre-heater before reaching the cathode side. Even if not
depicted in the figure, air recirculation may be used to enhance system
efficiency, despite the increased system complexity associated with
high-temperature recirculation loops [34].

The SOFC stack operates at a temperature of approximately 800-850
°C and generates DC electrical power, which is then converted to AC
power by an inverter. A fraction of the as-produced electrical power is
supplied to the auxiliary components such as blowers and pumps.
Additionally, due to the exothermic nature of the SOFC reaction, the
generated thermal power can be used to cover the thermal need of the
steam reformer. Alternatively, excess thermal power can be exported via
the air flow, which is supplied in excess compared to the stoichiometric
value. In smaller systems, the necessary heat for the steam reformer can
also be provided by an external burner, fuelled by additional natural gas.

The residual unreacted fuel (Hy, CO) in the anode exhaust gases
undergoes combustion with the cathode exhaust in a catalytic post-
combustor. The resulting high-temperature gas stream is used to pre-
heat the incoming fuel and air, later serving as a source of heat pro-
duction at the end-user site. Exhaust gases are typically available to the
end-user at a temperature ranging between 150 and 250 °C. It is worth
noting that all the abovementioned auxiliaries are integrated into the
commercial SOFC modules available in the market.

The SOFC-CHP systems under investigation in this study exhibit
various internal configurations, influenced by the size and layout
choices made by the manufacturers. Due to confidentiality constraints
regarding the internal system layout, specific details are not provided.
The systems are treated as a unified black box, analysed from the
perspective of the end-user.

2.2. SOFC-CHP installations in the COMSOS project

The Comsos project (Commercial-scale SOFC systems, 2018-2023) is
an EU-funded initiative aimed at enhancing the European SOFC indus-
try’s global leadership in the production of SOFC systems within the
10-60 kW power range. The primary goal of the project is to achieve a
cumulative installed power capacity exceeding 300 kW. The core of the
consortium consists of the following three SOFC system manufacturers:
Convion (60-kW SOFC unit), Solydera (9-kW SOFC unit) and Sunfire
(25-kW SOFC unit). Collaborating partners include VIT (coordinator
and responsible for data analysis), Politecnico di Torino (involved in
data analysis and exploitation activities) and BlueTerra (focused on

1000
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market and business models).

A geographical representation of the Comsos SOFC installations,
along with data on installed capacity up to July 2023, can be found in
Fig. 2. More than 445 MWh of electrical energy have been generated by
the nine SOFC units installed in China, Austria, Estonia and Italy,
spanning more than 16,800 operating hours.

The present work provides results on six distinct SOFC modules (two
per manufacturer) installed in different regions around the world. For
confidentiality reasons, the analysed SOFC modules will not be associ-
ated with any producer, and the results will be referenced with generic
identifiers for the SOFC modules (1A, 1B, 2A, 2B, 3A, 3B).

3. Methods
3.1. Performance analysis

This section describes the methodology used to evaluate the energy
performance of the SOFC units.

3.1.1. Electrical and thermal efficiency

The efficiency evaluation was conducted — where data were available
- in accordance with the international standard IEC 62282-3-200 for
stationary fuel cell power systems [35]. The values of electrical effi-
ciency (1, in %) and thermal efficiency (7, in %) were provided by the
SOFC manufacturers through monthly reports [36]. Specifically, at each
time step (t), they were defined as follows:

Psorc.alt)
— —sorcett) 1
el Psorcin(t) W
Psorcm(t)
— "/ 2
1) Psorcin(t) @

where Psorc o (in kW) and Pgopc i, (in kW) are, respectively, the electrical
and thermal power generated by the SOFC system, and Psorc in (in kW) is
the inlet power. The term Pgopc Was assessed as the net AC electrical
power generated by the SOFC module (as illustrated in Fig. 1). It was
evaluated after the balance-of-plant (BOP) of the SOFC module (i.e.
blowers, electric heaters, pumps, electronics, DC/AC inverter, etc.). The
electrical efficiency #,; thus represents the net efficiency of the entire
SOFC module, from the inlet fuel (natural gas from the grid) to AC power
(delivered to the end-users or to the grid).

The term Pgsopc, Was quantified as thermal power available for the
end-user, generally measured on the water side of the exhaust gas-water
heat exchanger, as depicted in Fig. 1. Finally, Psorcin Was computed
based on the mass flow rate and the lower heating value (LHV) of the
inlet fuel (i.e. natural gas from the gas network in the present work).

The total efficiency of the SOFC module (7,,,, in %) was evaluated as
the sum of the electrical and thermal efficiencies, as typically done for
the assessment of CHP systems:

_ Psorca(t) + Psorc.n(t)

= 3
Psorcin(t) ®

Neoe (t)

In order to avoid a direct connection between the SOFC performance and
its manufacturer, the efficiency curves are shown as a function of the
normalised electrical power (ysorc.i, in %), which stands for the elec-
trical power (Psorce) normalised with respect to the rated electrical
power of the SOFC module (Psorc rated):

Psorc.lt)
Psorc rated

Ysorce(t) = (©)]
The parameter ysorc ranges from 0%, when the SOFC is off or in
stand-by mode (open circuit voltage), to 100%, when the SOFC operates
at its rated power output.
The time step (denoted as t) of the available data is 1, 15 or 60 min,
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depending on the SOFC module and the datalogging setup. Based on the
data supplied by the manufacturers, efficiency values in three key
operating points were then extracted:

- Efficiency at rated power (1 qeq @and 7y rqreq> in %), defined as the
average efficiency value for all the data with ysopce > 99.5%.

- Efficiency at 50% of rated power (7, 509, and 77,5, 500, in %), defined as
the average efficiency value for all the data with 49.5% < ysorce <
50.5%.

- Maximum electrical efficiency (7,4, in %), defined as the highest
electrical efficiency value among the available data. Once this point
was identified, the corresponding operating point (ysorce) and
thermal efficiency (,,) were retrieved.

3.1.2. Degradation rate

In this study, the degradation of the electrical efficiency of the SOFC
systems was also investigated. The goal was to analyse the SOFC mod-
ules from the perspective of the end-user, thus collecting data at the
system boundaries. Consequently, the degradation rate was determined
as the percentage decline in the SOFC electrical efficiency over time.

The degradation rate (d.x, in %,/1000 h) was analysed for sequential
time periods, each spanning 1000 h. The number of time periods (N)
varies depending on the hours of operation of each SOFC module. For a
given time period (k), the degradation rate stands for the reduction of
the average AC electrical efficiency with respect to the previous time
period (k — 1). It was computed as follows (k = {2,...,N}):

(’7el.k - ”el.k—l)
Metk—1

deLk

()

where 7, is the average AC electrical efficiency in the time period k,
and nel‘kfly is the average AC electrical efficiency in the time period k — 1.
The degradation rate is thus expressed as an electrical efficiency loss
between two subsequent time periods. This analysis can be applied to
different regions of the efficiency curve (i.e. by setting a minimum and
maximum value of Ysorc.r)-

3.2. Emissions analysis

The emissions measurements (field measurements) were conducted
by means of a laboratory-in-a-van approach. All measuring equipment,
computers, calibration gases, and related instrumentation were installed
into a van, which was then transported to the installation sites [36]. A
simplified representation of the measurement setup is depicted in Fig. 3
[30]. It can be seen that a heated sampling line is positioned inside the
exhaust chimney. Extracted gas is then conveyed, through two distinct

Gas measurements
(NOx, CO)

'n
=
Py

Fuel gas in

Sampling line

y

SOFC

Ambient air in »
Exhaust gas out

Fig. 3. Emissions measurement setup.
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sampling lines, to the FTIR (Fourier-transform infrared spectroscopy) for
measuring gaseous species and to the ELPI (electrical low-pressure
impactor) for measurement of particulate matter (PM). Further details
on the measurement setup can be found in Ref. [37].

The FTIR analyser was employed to measure NOy and CO concen-
trations, which were recorded on a volume basis (¥; ., in ppmy, where i
= NOx or CO) during the emissions measurement campaign. Generally,
it is preferable for emissions data to be expressed in relation to the
electrical power produced (y;.;, in mg/kWh, where i = NOy or CO) to
facilitate comparability with other power production technologies. The
conversion from mass to energy basis was performed according to Eq.
(6), based on the mass flow rate of the exhaust gas stream (m,y, in kg/h).
Alternatively, depending on the available data, the volume flow rate
(Vex, in N1/min) was also used for the estimation of y; ;, as shown in Eq.
(7). The exhaust gas flow rate is usually not directly measured within the
SOFC unit; it was thus estimated through a mass balance, calculated as
the sum of the inlet air and fuel mass streams.

Mex-MW;
iel(t) = Yivol (L —_— (©)
Yiel(t) = Yivor(£) MW-Psorcal(t)
Ve 60-MW;
yi.el(t) :ytvnl(t) (7)

where MW; (in g/mol) is the molecular weight of the i-th component
(NOx and CO) and MW,, (in g/mol) is the molecular weight of the
exhaust gas stream. Due to the high dilution rate, the latter was assumed
equal to the molecular weight of air. NOy was considered as NOg .

The ELPI device was instead used to measure the PM concentration
in the exhaust gas stream. The main components of the ELPI are the
charger and the low-pressure impactor: the particles are charged within
the charger, whereas the aerodynamic size classification is done inside
the impactor. ELPI is able to measure (in real-time) size distribution and
concentration of particles in the size range from 8 nm to 10 pm. Prior to
analysis with the ELPI, the sampling flow from the exhaust pipe was
diluted to approximately 1:7 with purified compressed air. Background
levels (zero) were measured as a reference by using High Efficiency
Particulate Air (HEPA)-filtered air. Particulates concentration was pro-
vided as number of particles per cubic centimetres and results were
analysed without any conversion.

4. Results and discussion

This section includes an analysis of the performance of the SOFC
modules, focusing on efficiency figures (electrical, thermal, total) and
degradation rates. Additionally, measurements of pollutant emissions
(NOy, CO, PM) are presented.

4.1. Performance analysis

4.1.1. Electrical and thermal efficiency

The present work focuses on the analysis of six SOFC modules fuelled
by natural gas, selected from the full set of installations within the
Comsos project. Specifically, two modules (A and B) were chosen for
each of the three manufacturers (1, 2 and 3), selecting the systems with
the highest number of operating hours within the project. Results in
terms of rated electrical and thermal efficiencies (17,; 4z @0d 1 rgreq) are
shown in Fig. 4 and Table 3. Table 3 also shows the cumulative operating
hours to which the data available in this work refer. The values of rated
electrical and thermal efficiency were calculated as described in Section
3.1.1.

The electrical efficiency (net electrical efficiency, from natural gas
input to AC power output) in rated conditions is in the range 51-61%,
while the rated thermal efficiency ranges from 18 to 28%. The latter
mostly depends on the thermal management on the end-user side and
varied greatly across the tested SOFC modules. Data on thermal
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Fig. 4. Electrical and thermal efficiency (at rated power) of the six SOFC
modules involved in the analysis. Rated electrical and thermal efficiency are
calculated as described in Section 3.1.1.

Table 3

Operating hours, electrical, thermal and total efficiency (at rated power) for the
six SOFC modules involved in the analysis. Rated electrical and thermal effi-
ciency are calculated as described in Section 3.1.1.

SOFC Operating AC electrical Thermal Total

unit hours [h] efficiency [%] efficiency [%] efficiency [%]
#1A 5016 53.3% 17.8% 71.1%

#1B 9354 50.7% 21.7% 72.4%

#2A 4129 60.8% 28.4% 89.2%

#2B 3122 60.7% na.” na.”

#3A 46" 56.6% 26.6% 83.2%

#3B 4195 56.0% 26.6% 82.6%

# The results of SOFC #3A are provided in terms of FAT test (this is the reason
for the reduced number of operating hours).

b The data on thermal recovery were not available for SOFC module #2B. As a
consequence, thermal and total efficiency were not evaluated.

efficiency for SOFC module #2B are not available because it was oper-
ated without heat recovery during the analysed period (decision from
the site owner).

For all six modules, details regarding the efficiency curves and
electrical efficiency at rated power, at reduced power (50% of the rated
power) and at the maximum efficiency point are available in the Ap-
pendix. The performance of one module for each manufacturer is
investigated below. In particular, SOFC modules #1A, #2A and #3A are
considered.

Fig. 5 shows the electrical efficiency map (electrical efficiency as a
function of the normalised electrical power) for the three selected SOFC
modules (#1A, #2A and #3A). A very high electrical efficiency (be-
tween 45% and 65%, with most of the data above 50%) was found for
the 50-100% modulation range. The SOFC modules were thus able to
operate in a wide modulation range (up to 50% of the rated power)
while maintaining stable performance in terms of electrical power
generation. It is noteworthy that SOFC #1A (blue dots) and SOFC #2A
(red dots) also operated at lower partial loads, up to 20-30% of the rated
power, with a limited reduction in electrical efficiency (which was about
40% at a normalised AC electrical power of 30%).
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Fig. 5. AC electrical efficiency map for 3 different SOFC modules (#1A, #2A
and #3A).

Fig. 6 illustrates the thermal efficiency map for SOFC #1A and SOFC
#2A (as no operational data from the field were available for SOFC
#3A). The thermal efficiency tends to increase as the produced electrical
power decreases. This phenomenon occurs because, when decreasing
the electrical power production, the stack is operated in different
operating conditions (e.g. fuel utilisation) that lead to a higher rate of
heat production at the system level. Lower electrical efficiency is thus
compensated with increase in thermal efficiency. In the modulation
range of 50-100%, thermal efficiency varies greatly between 15% and
45%. These values then increase up to approximately 55% for lower
loads (20% normalised electrical power).

The high variability observed in thermal efficiency values can be
ascribed to two main factors. Firstly, it results from the limited precision
of the commercially available heat measurement sensors in the heat
recovery circuit. Secondly, it is influenced by the thermal recovery
strategy which depends on the specific requirements of the end-user. In
the investigated sites, the heat generated within the SOFC modules is
commonly employed for heating and domestic hot water purposes,
operating within a temperature range of 40-80 °C on the water side.

The key operating points (i.e. rated electrical power, 50% normalised
electrical power, and maximum efficiency point) were also extracted
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Fig. 6. Thermal efficiency map for SOFC modules #1A and #2A.
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Table 4

AC electrical and thermal efficiency of the SOFC modules in the key operating
points (derived as explained in Section 3.1.1): rated power, 50% of rated power
and maximum efficiency point.

Normalised AC electrical power [% AC electrical Thermal efficiency

Psorc, rated] efficiency [%] [%]
SOFC #1A

100% (rated) 53.3% 17.8%
50% 51.7% 15.6%
84.9% (max. electrical efficiency) 56.6 % 17.0%
SOFC #2A

100% (rated) 60.8% 28.4%
50% 59.1% 14.5%
73.5% (max. electrical efficiency) 64.8% 24.6%
SOFC #3A

100% (rated) 56.6% 26.6%
50% 59.3% 22.1%
51% (max. electrical efficiency) 64.3% 22.1%

Table 5

Performance comparison between the Comsos SOFC units and conventional
cogeneration systems in the commercial-scale range (tens to hundreds of kW),
except for the power plants (combined cycles). Data refer to NG-fed systems.

Technology Rated AC electrical efficiency [%] Ref.

SOFC 53-61 This work
MCFC 45-50 [38]
PEMFC 35-45 [39]

ICE 35-40 [33]

Gas turbines 15-20 [38]
Power plants (combined cycles) 50-65 (only large-scale systems) [40,41]

from the efficiency maps and are provided in Table 4. Points with
maximum AC electrical efficiency above 60% are detected: 64.8% for
SOFC #2A and 64.3% for SOFC #3A. As already mentioned, the elec-
trical performance remains stable even during partial load operation: AC
electrical efficiency is between 52% and 59% for a normalised AC
electrical power of 50%.
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technologies for electricity generation, as shown in Table 5. Alternative
technologies for decentralised commercial-scale power production, such
as PEMFCs, molten carbonate fuel cells (MCFCs) and internal combus-
tion engines (ICEs), are characterised by lower performance compared
to SOFCs. Low-temperature fuel cells (e.g. PEMFCs) and ICEs show ef-
ficiency values in the range 35%-45%, whereas higher figures are
associated with MCFCs (up to 50%). Small-scale gas turbines are the
worst solution in terms of efficiency, with values below 20%. On the
contrary, large-size power plants, such as traditional gas turbine com-
bined cycles, can achieve higher efficiencies (above 60%), but only for
MW- to GW-scale plants.

If the end user can guarantee relatively continuous operation (i.e.
limited number of on-off cycles), SOFCs — which show a rated electrical
efficiency of over 50% — are the best-in-class solution for decentralised
power generation in the commercial-scale sector (tens to hundreds of
kW in size). Moreover, they can effectively vary the electrical power in
the modulation range from 50% to 100% (percentage of the rated
value), while ensuring stable and good performance.

4.1.2. Degradation rate

The degradation rate was estimated for the six SOFC modules as
defined in Section 3.1.2. As an example, Fig. 7 shows the effect of degra-
dation on the AC electrical efficiency of SOFC #2A. As visible from the
zoom on the right side of Fig. 7, focused on the rated power area, the ef-
ficiency gradually decreases when moving from the green (0-1000 h) to
the light blue (1000-2000 h) to the yellow (2000-3000 h) dots. The nor-
malised electrical power decreases from 100% to approximately 93-95%
during the first 3000 h of operation. Primarily, this can be attributed to
stack degradation affecting the performance of the entire system.

The degradation rate was also evaluated, for all the six SOFC mod-
ules, in the 70-100% modulation range and results are shown in Table 6.
The analysis focused on this region (close to the rated power) since most

Table 6
Average degradation rate for the six analysed SOFC modules
in the 70-100% modulation range (percentage of the rated

The performance of the six investigated SOFC modules at rated power).
ower aligns with the values declared by the manufacturers in their
p g . y . SOFC Degradation rate [%/1000h]
datasheet and with the performance of commercial SOFC systems
available in the market. The electrical and thermal efficiency values :g g;
under rated conditions for these commercial products are provided in #9A 1'3
the Supplementary Material (Table S1). #9B 3.2
The values for the rated AC electrical efficiency determined in the #3A na.
Comsos project were also compared with the rated values of alternative #3B 0.7
70
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of the SOFCs operated in this area during the analysed period. The
limited number of data available for other regions of the efficiency map
(<70%) were not sufficient to retrieve reliable degradation rate values.

The results presented in Table 6 are given as average degradation
rates over the entire operating period (obtained by averaging the
degradation rates of all the 1000-h intervals, computed according to Eq.
(5)). No data are provided for SOFC #1A and SOFC #3A because no
clear degradation trend was discernible (SOFC #1A) and the number of
available hours was not sufficient for the analysis (SOFC #3A). The
degradation rate for the other four SOFC modules was found to be be-
tween 0.7 and 3.2%/1000 h. Despite the wide range discovered, three
out of four modules showed degradation rates below 1.3%,/1000 h, with
two of them achieving 0.7%,/1000 h.

The reasons behind the degradation of SOFC systems are complex
and multifaceted. Degradation phenomena in SOFCs are typically
investigated at the cell and stack levels in the literature [42]. Firstly, the
cell structure (electrolyte-supported, electrode-supported or
metal-supported) can influence the performance (such as open circuit
voltage and ohmic losses) from the beginning of life [43]. Secondly,
various degradation mechanisms can occur during SOFC operation. In
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the cathode, issues such as poisoning, microstructural deformation and
chemical and thermal strains can arise. In the electrolyte, phase transi-
tion, impurities diffusion, dopant diffusion and mechanical failures are
possible. The anode can experience microstructural changes, coking,
poisoning and delamination. The interconnector may suffer from
corrosion, chromium vaporization and mechanical failures. Finally, as
demonstrated in the works by Lai et al. [44,45], degradation can be
influenced by the operating point (current density), the working tem-
perature and fuel utilisation. A review of degradation rates (expressed as
voltage reduction per thousand hours) is provided in the Supplementary
Material (Table S2). For the same current density and operating condi-
tions, voltage degradation can be related to electrical efficiency degra-
dation. Results using reformate natural gas as fuel (as in the present
study) show degradation rates in the range 0.2-2 %/1000h. This range
aligns with the findings of the present research, which are slightly higher
due to the expected increased degradation in real-world operation
compared to laboratory conditions (e.g. variable load operation and
thermal cycles).

4.2. Emissions analysis

This section deals with the analysis of the emissions measurements,
specifically PM, NOy and CO emissions under both steady and variable
power output conditions. Typically, the majority of fuel supplied to an
SOFC system undergoes electrochemical reactions within the stack,
resulting in 0 PM and NOy emissions. Downstream the stack, a catalytic
post-combustor is employed to convert the unreacted fuel (Hz and CO)
from the anode. The combustion reaction occurring in the post-
combustor could lead to a small generation of PM and NOy, and to
some unreacted CO. Furthermore, other residual PM could also be found
in the inlet air after the filtering process. In contrast to previous litera-
ture [30] — where higher detection limits led to the impossibility of
estimating the actual pollutants level — the current analysis employed
more accurate systems, allowing for a quantitative evaluation of pol-
lutants at the SOFC outlet.

Fig. 8 shows the PM level (in number of particles per cm?, in the size
range of 8 nm-10 pm) at the SOFC outlet (purple dots) and in the sur-
rounding environment (grey line). The analysis was performed at con-
stant power output and refers to an SOFC module from manufacturer #1
(defined here as SOFC #1). The average PM emissions during the 45 h of
analysis amounted to 531 particles per cm®, while the average ambient
concentration was recorded at 9626 particles per cm®. As discussed
above, when the SOFC system operates, the incoming air is filtered (thus
removing particulate matter) and no particulates are generated within
the SOFC stack. The minimal PM level detected at the outlet of the SOFC
system can be attributed to both the catalytic post-combustor and to
some residual particulates in the airflow after the inlet filtration.
Consequently, PM concentration in the exhaust gases was lower than
that in the surrounding environment.

For the same SOFC module (SOFC #1), CO and NOy emissions were
also measured in the same test campaign at constant power output. The
results for CO and NOy emissions are shown in Fig. 9a and b, respec-
tively. It can be seen that the average CO emissions stand at 5.5 mg/
kWh, while the average NOy emissions amount to 6.9 mg/kWh.

As shown in Fig. 10, the level of CO and NOy emissions was also
assessed for SOFC modules of the other two manufacturers (denoted
here as SOFC #2 and SOFC #3). In this case, the results were analysed
under conditions of variable power output, within the modulation range
of 50-100%. The differences in emissions values among the investigated
SOFC modules may be ascribed to the different system layouts, such as
different fuel conversion rates within the stack and different post-
combustion operating conditions (i.e. air-fuel ratio) as discussed in
Fig. 1. SOFC #2 shows an average CO emissions level of 32.1 mg/kWh,
while NOy emissions amount to 51.8 mg/kWh. Slightly lower values are
observed for SOFC #3: the average CO and NOy emissions are 19.2 mg/
kWh and 39.6 mg/kWh, respectively. The results reveal that pollutants
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values remain relatively stable across the selected modulation range and
are not adversely impacted by part-load operation. This independence of
pollutant emissions from the power output of the cogeneration system
constitutes a significant advantage of SOFC systems when compared to
conventional combustion-based technologies (where part-load opera-
tion often results in increased emission levels because of the off-design
operation of the combustion section) [46].

The average data for CO and NOy emissions from the three investi-
gated SOFC modules are summarised in Fig. 11: they are in the range
6-32 mg/kWh (CO) and 7-52 mg/kWh (NOy).

A comparison of pollutant emissions with alternative power generation
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Fig. 11. Average CO and NOy emissions from the Comsos SOFC modules.
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technologies is presented in Table 7. The data from this study (for the
SOFC technology) are provided in both mg/kWh and in mg/Nm?® to
facilitate the comparison with available data in the literature. The emis-
sions from SOFCs during field operation are very low and align with the
reported emissions values for other fuel cell technologies (MCFC and
PEMFC). Emissions from internal combustion engines, which are widely
employed for CHP applications, are in the range of approximately
280-520 mg/kWh for NOy and around 620 mg/kWh for CO. These values
can be achieved through an appropriate combustion system layout.
Indeed, it should be noted that the formation of NOy and CO occurs under
opposite combustion conditions: NOy emissions are reduced in low-
dilution combustion zones, whereas CO formation is inhibited in high-
dilution combustion zones. Achieving an exhaust stream with low NOy
and low CO levels thus necessitates a proper combustion set-up and,
typically, a post-combustion unit to cope with the existing normative. Even
when expressed in terms of power produced (mg/kWh), emissions from
ICEs are about 1-2 order of magnitude higher than those from fuel cell-
based systems.

Table 7
Emissions comparison between the SOFC solution and other technologies for
power production. Data refer to NG-fed systems.

Technology NOy emissions CO emissions Ref.
SOFC 6.9-32.1 mg/kWh 5.54-51.8 mg/  This work
1.2-6.1 mg/Nm® kWh
0.8-6.0 mg/Nm®
MCFC 4.5 mg/kWh n.a. [47-49]
PEMFC 6.9 mg/kWh 7.11 mg/kWh [50]
ICE 282-517 mg/kWh 618 mg/kWh [51-55]
<250 or < 500 mg/Nm® 650 mg/Nm>
Power plants (combined ~ 208-243 mg/kWh 6-11 mg/Nrn3 [54,56,
cycles) 80-100 mg/Nm® 57]
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5. Conclusions

This study provides performance figures and emissions measure-
ments obtained from the long-term operation (thousands of hours) of
various commercial-scale SOFC modules installed in non-residential
buildings. The assessment was performed as part of the Comsos proj-
ect, focusing on six SOFC modules (namely SOFC #1A, #1B, #2A, #2B,
#3A and #3B) supplied by the three main SOFC manufacturers at Eu-
ropean level. Electrical and thermal efficiency values, degradation rates
and pollutant emissions were presented and discussed. In addition, a
comparison with competing cogeneration technologies was carried out.

The main results of the analysis can be wrapped up as follows.

The system-level electrical efficiency (measured from natural gas input
to AC electricity output) ranged from 51% to 61% under rated condi-
tions, whereas the rated thermal efficiency was between 18% and 28%.
Notably, a very high electrical efficiency spanning from 45% to 65%
(with most data exceeding 50%) was found for the 50-100% modu-
lation range (expressed as percentage of the rated power). The SOFC
modules are thus able to operate across a broad modulation range
while maintaining stable performance in terms of electricity genera-
tion. Moreover, maximum electrical efficiency values higher than 60%
were observed (64.8% for SOFC #2A and 64.3% for SOFC #3A).

The degradation rate was investigated for four SOFC modules and
was found to be in the range 0.7-3.2 %/1000 h (expressed as a
reduction in the electrical efficiency). Despite this wide range iden-
tified, the degradation rate was less than 1.3%/1000 h for three
modules (and equal to 0.7 %,/1000 h for two of them).

In terms of PM emissions, the SOFC systems operated by filtering the
inlet air (thus removing particulates) and producing almost no par-
ticulate matter. For this reason, the SOFC exhaust gases resulted in
lower PM emissions (531 cm™3) compared to the surrounding envi-
ronment (9626 cm ). Additionally, CO and NOy emissions were
assessed, with results in the range of 6-32 mg/kWh and 7-52 mg/kWh,
respectively. It is noteworthy that emissions levels remained relatively
constant across the modulation range and were not affected by part-
load operation.

Overall, if the end user can guarantee near-continuous operation (with

Acronyms
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limited number of on/off cycles), SOFCs are the best-in-class solution for
decentralised power generation among commercial-scale systems (range
from tens to hundreds of kW). Future work will involve continuing the
analysis of the long-term operating data to delve deeper into the degra-
dation phenomena, and to evaluate the SOFC performance under different
fuel feedings (including biogas and hydrogen).
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AC Alternating current

BOP Balance of plant

CHP Combined heat and power

DC Direct current

ELPI Electrical low-pressure impactor
EU European Union

FAT Factory acceptance test

FC Fuel cell

FTIR Fourier transform infrared spectroscopy
GHG Greenhouse gas

GT Gas turbine

HEPA High efficiency particulate air filter
HV High voltage

ICE Internal combustion engine

LCA Life cycle assessment

LHV Lower heating value

MCFC Molten carbonate fuel cell

NG Natural gas

PEMFC Proton exchange membrane fuel cell
PM Particulate matter

PV Photovoltaics

r-SOC Reversible solid oxide cell

SNG Synthetic natural gas

SOC Solid oxide cell

SOFC Solid oxide fuel cell

WWTP Wastewater treatment plant
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Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi.org/10.1016/j.ijhydene.2024.08.332.
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Fig. B1. AC electrical efficiency for 6 different SOFC modules.
Table B1

AC electrical and thermal efficiency of the SOFC modules in the key operating points: rated power, 50% of rated power, and
maximum efficiency point.

Normalised AC electrical power [% Psorc, rated] AC electrical efficiency [%] Thermal efficiency [%]
SOFC #1A

100% (rated) 53.3% 17.8%
50% 51.7% 15.6%
84.9% (max electrical efficiency) 56.6 % 17.0%
SOFC #1B

100% (rated) 50.7% 21.7%
50% 46.0% 23.0%
36.6% (max electrical efficiency) 58.8% 32.9%
SOFC #2A

100% (rated) 60.8% 28.4%
50% 59.1% 14.5%
73.5% (max electrical efficiency) 64.8% 24.6%
SOFC #2B

100% (rated) 60.7% n.a.”*
50% 61.0% n.a.*
76.5% (max electrical efficiency) 67.3% n.a.x
SOFC #3A

100% (rated) 56.6% 26.6%
50% 59.3% 22.1%
51% (max electrical efficiency) 64.3% 22.1%
SOFC #3B

100% (rated) 56.0% 26.6%
50% 54.5% 27.8%
76.7% (max electrical efficiency) 58.4% 22.1%

* The data on thermal recovery were not available for SOFC module #2B. As a consequence, thermal and total efficiency were not
evaluated.
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