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ARTICLE INFO ABSTRACT

Handling editor: G Chicco In this study, an innovative energy solution to fulfil the electricity and heating needs of a mixed community,
including residences, a commercial building, and a small brewery has been investigated. The primary objective is
to comprehensively analyse the technoeconomic, and environmental aspects of a UK-based solid oxide fuel cell
(SOFC) energy hub designed for local-scale electricity and heating demands. This present study investigates two
different configurations: (a) SOFC-based cogeneration and (b) SOFC-heat pump cogeneration configuration.
These configurations are modelled to provide year-round electricity and heating for a local scale application and
are evaluated using hydrogen and natural gas as fuels. A thorough environmental assessment is also conducted
for SOFC and SOFC-heat pump system configurations fuelled by natural gas. The hydrogen fuelled SOFC-heat
pump configuration outperforms other system configuration with energy efficiency of 96 %. Meanwhile, the
hydrogen-fuelled SOFC cogeneration system yields maximum exergy efficiency at 61.51 %. The natural gas-
powered SOFC-heat pump cogeneration system yields the lowest levelized cost of energy (LCOE) at 0.1603
£/kWh, in comparison to the higher LCOE of 0.213 £/kWh for the alkaline hydrogen-fuelled system. The natural
gas-fuelled SOFC system emits 0.3352 kg/kWh of CO,, with even lower emissions of 0.275 kg/kWh for the SOFC-

Keywords:

Hydrogen energy

Solid oxide fuel cell

CHP

Technoeconomic analysis
Decarbonisation

heat pump system configuration.

1. Introduction
1.1. Motivation and background

With increasing energy demand, growing concerns on environmental
challenges associated with traditional fossils fuels and the consequences
of climate change becoming more apparent, it is critical to move towards
cleaner and sustainable energy sources. Hydrogen is a clean fuel, and it
is expected to play a major role in achieving decarbonisation targets. It is
projected that hydrogen demand in the UK expected to grow in the early
2030s and installed production capacity requirement could reach up to
20 GW by the year 2035 [1]. Large scale deployment of low carbon fuels
and zero carbon fuels such as green hydrogen is required in the United
Kingdom, as it is committed to achieve net zero target by the year 2050
[2].

In the UK, natural gas boilers or electric heating are the predominant
heating options for most residential homes and commercial office
buildings. Very few homes and buildings use heat pumps for heating,
and hydrogen for heating homes is in the phase of a pilot project trial
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[3]. It will be a challenging task to completely replace natural gas boilers
with hydrogen boilers in a short period of time. Presently some new gas
boiler supports up to 20 % hydrogen blending with natural gas [4].
Furthermore, the cost of green hydrogen varies geographically; for
example in the USA, the cost is lower, while green hydrogen remains
slightly more expensive in the UK [5]. Presently the UK government
intends to build up to 5 GW low-carbon hydrogen production capacity,
which could help reduce the cost of green hydrogen [2]. Interestingly,
hydrogen could be a more effective solution to use it as a fuel in fuel cells
to generate both electricity and heat. Fuel cells are devices that convert
chemical energy into electrical energy through an electrochemical re-
action. Among fuel cells, solid oxide fuel cell (SOFC) offer high energy
efficiency, fuel flexibility, quiet operation, low environmental impact,
and reduced corrosion issues. Furthermore, SOFC also produces useful
waste heat, which can be used in cogeneration and tri-generation
applications.

Combined heat and power (CHP) systems is one type of cogeneration
which produce simultaneous heat and power and have high energy ef-
ficiency. The CHP systems can be classified as follows [6]: a) prime
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movers, such as steam turbines, gas turbines, internal combustion en-
gine, Stirling engines, fuel cells, and organic Rankine cycles; b) energy
sequences, such as topping cycles and bottoming cycles; and c) plant
size. It is important to note that the effectiveness of CHP systems is
dependent on the technology employed and its design [7]. Also, the
efficiency of fuel cell-based CHP systems ranges from 60 to 90 % [8].
Onsite production of electricity, CHP systems could avoid transmission
and distribution losses, and it can operate independently of the grid,
enhancing resilience and reliability [9].

The energy landscape is rapidly changing and becoming increasingly
complex, making it crucial to take a comprehensive and interdisci-
plinary approach when evaluating the feasibility and viability of new
energy solutions. One such solution is the application of SOFC, which
has the potential to play a pivotal role in decarbonising energy systems.
SOFCs, which function at high temperatures within the range of
650 °C-950 °C [10], are capable of directly converting chemical energy
in fuels into electrical energy through electrochemical reactions. Effi-
ciency of SOFC is not limited by the Carnot efficiency and yield higher
efficiency, high flexibility and low emissions [11]. In this context, the
realization of SOFC-based energy hubs presents an alternative approach
for decarbonisation, addressing both electricity and heating demands
within the United Kingdom.

1.2. Literature review

Several researchers have investigated integrated systems utilising
SOFCs. For example, Zheng et al. [12] conducted energy and exergy
analyses on a system that integrated SOFC with an electrolyser, chiller,
and heat storage system under varying seasonal environments. They
reported energy efficiencies of 82.61 %, 79.36 %, and 87.30 % for
summer, transitional seasons, and winter, respectively, along with cor-
responding exergy efficiencies of 43.85 %, 44.47 %, and 45.58 %. In a
separate study, Wang et al. [13] proposed utilising SOFCs in conjunction
with a gas turbine (GT) and an organic Rankine cycle (ORC) for a marine
ship. They reported that the investment cost of the heat exchanger
accounted for the highest proportion (22.62 %) and suggested focusing
on minimizing the heat exchange process. In another study, Ran et al.
[14] investigated the thermodynamic performance of an integrated
system involving SOFC, micro-GT, supercritical COy (s-CO3), and an
absorption refrigerator. They reported energy and electrical efficiencies
of 70.49 % and 60.59 %, respectively. Obara [15] investigated a com-
bined system that integrates SOFCs with carbon dioxide capture, uti-
lisation, and storage (CCUS) and reported a levelised unit cost of
electricity (LCOE) of 0.36 $/kWh. In another study, Veldhuizen et al.
[16] investigated the performance of a marinized SOFC system using
methane, methanol, diesel, ammonia, and hydrogen as fuels, and re-
ported that the electrical efficiency was highest for methane (58.1 %),
followed by diesel (57.6 %) and ammonia (55.1 %). Alnagqi et al. [17]
investigated two different combinations of biomass
SOFC-Vanadium-Chlorine cycle integrated systems using biomass as a
fuel, and reported exergy efficiencies of 58.96 % and 60.79 %, respec-
tively. In another study, Zhao et al. [18] explored the integration of a
proton exchange membrane electrolyser (PEME) hydrogen production
facility with an SOFC-GT system, ORC, and s-CO; cycle. The results
demonstrated high round-trip thermal and exergy efficiencies of 54.29
% and 50.34 %, with an energy storage density of 367.92 kWh-m 3. Roy
[19] presented a proposal for the integration of a rice husk gasification
facility with an SOFC stack, externally fired gas turbine (EFGT), and
water heating system. The study reported an impressive maximum
exergy efficiency of 41.15 % and the integration achieved the lowest
levelised unit cost of energy, amounting to 0.044 $/kWh. In their study,
Ding et al. [20] conducted a thermodynamic analysis of integrating
SOFC with a graphene-collector thermionic energy converter (GTEC) to
enhance electricity production. The findings revealed that the hybrid
system achieved a remarkable maximum power density of 0.774 W/cm?
at 1073 K. This value is 1.20 times higher than the power density
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achieved by the standalone SOFC. In their research, Narayanan et al.
[21] conducted a study on energy management for a single house uti-
lising SOFC-based CHP facility. The study focused on integrating this
system into a decentralised residential energy system, which included
solar thermal collectors, photovoltaics, sensible heat storage,
lithium-ion batteries, and grid electricity.

Molten carbonate fuel cell (MCFC) is another promising high-
temperature fuel cell. However, recent research shows that the lev-
elised cost of electricity (LCOE) of MCFC systems is higher than that of
SOFC-based systems. For example, Pérez-Trujillo et al. [22] compared
the performance of SOFC-GT system with MCFC-GT system and reported
that the SOFC-GT system had a lower LCOE, yielding 0.339 $/kWh,
while the MCFC-GT system yielded 0.875 $/kWh. A recent study by
Zhao et al. [23] shows that SOFC-based systems can be effectively
employed in cogeneration systems to generate both electricity and
high-quality steam for industrial applications. The study reported a net
efficiency of 56.9 % and a cogeneration efficiency of 86.8 %. Ahmadi
et al. [24] investigate different combinations of SOFC and absorption
power cycle to provide power and domestic hot water for residential or
industrial applications, and report that exergy efficiency can reach up to
50 %.

For heating applications, there is currently a major focus on heat
pump technologies. This technology is mature and offers a cost-effective
energy efficiency option. Heat pumps can be efficiently integrated with
SOFCs or other types of fuel cells for cogeneration applications. For
example, Li et al. [25] integrated a ground-source heat pump with an
SOFC for the utilisation of agricultural waste in a rural area in China.
They reported that an energy efficiency of 67.3 % and an exergy effi-
ciency of 29.2 % can be achieved. In another study, Mei et al. [26]
investigated a cogeneration system that integrated SOFC, a thermo-
electric generator, and an absorption heat pump, and reported the
electrical efficiency of 44.53 %. Capuano et al. [27] examined the design
and analysis of a proton exchange membrane fuel cell (PEMFC) inte-
grated with an air source heat pump for residential space heating. The
study revealed that this configuration achieved a coefficient of perfor-
mance (COP) exceeding 1.5, resulting in reduced primary energy re-
quirements and up to 60 % lower operating costs compared to
traditional boilers. Jin et al. [28] conducted a study on a small-scale
residential application, examining the integration of PEMFC and heat
pump cogeneration system. The results demonstrated an impressive
overall COP improvement of 7.6 % compared to conventional inde-
pendent heating methods. In our previous study [29], we assessed the
feasibility of SOFC and heat pump (HP)-based cogeneration solely for
residential houses using technoeconomic analysis in two distinct case
studies, and reported minimal LCOE of 0.2984£/kWh with hydrogen as
fuel for SOFC-HP system.

1.3. Novelty and contribution

Based on the literature review, it is evident that there are existing
studies on integrated energy systems based on different fuel cells as
prime movers. However, most of the previous fuel cell based integrated
energy system studies were mainly concentrated on energy, exergy and
economic analysis. Previous studies on focused on the influence of
important parameters on the system level performances of SOFC based
systems. Surprisingly, there seems to be a notable gap in the literature
regarding the exploration of the concept of SOFC integrated energy hub
specifically designed to meet the real-world electricity and heating de-
mands of community-scale applications. There is a lack of research on
onsite SOFC based CHP systems based on local energy demand and the
appropriate sizing of the systems based on actual demand.

This study investigates the viability of using hydrogen and natural
gas in a solid oxide fuel cell based energy hub to meet the local scale
electricity and heating demands in the United Kingdom. The proposed
SOFC-based energy hub is capable of providing electricity and heating to
a residential community of 36 homes, a commercial building, and a
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small brewing and beverage industry based in the UK. The study
considered two distinct configurations: (a) SOFC-based cogeneration
system and (b) SOFC-heat pump-based cogeneration system. Both con-
figurations were evaluated using both hydrogen and natural gas as fuels.
A comprehensive comparison of the technical and economic perfor-
mance of both configurations was performed. Furthermore, the study
provides a comprehensive evaluation of the environmental assessment
of SOFC, and SOFC-heat pump systems fuelled by natural gas. The
objective of this study is also consistent with United Nations Sustainable
Development Goal (SDG) No. 7, which aims to achieve "Affordable and
Clean Energy". This study offers a comprehensive analysis of the tech-
nical, economic, and environmental aspects of an energy hub based on
solid oxide fuel cells to meet the local scale electricity and heating de-
mands in the United Kingdom. In this study, we have broadened the
scope by including the energy demands of a commercial building, a
small brewing and beverage industry, and residential houses. To the best
of the authors’ knowledge, this is the first study of its kind that is based
on the actual electricity and heating demands of residential homes, a
commercial building, and a small industry in the UK. This study provides
a valuable insight into the potential of hydrogen as a clean energy source
for CHP applications and provides a comparison with natural gas-fuelled
CHP systems. The study also aims to offer invaluable insights for poli-
cymakers and stakeholders in the energy sector, with a particular focus
on the context of the UK’s net-zero 2050 strategy. The major contribu-
tions of the study are listed below:

e Conceptualization, design and modelling of SOFC-based energy hub
to meet the local-scale electricity and heating demands of a resi-
dential community, a commercial building, and a small industry
based in the United Kingdom.

o Feasibility assessment of SOFC based zero carbon cogeneration
configurations with green hydrogen as fuel has been performed.

e Performance comparison of the proposed systems when operated
with green hydrogen and natural gas.

e Investigation of energy and exergy analyses of the conceptualized
systems.

Commercial office

Industry
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Economic analysis has been performed to estimate the levelized cost
of energy(LCOE).

Sensitivity analysis of the cost of green hydrogen from PEM and ALK
electrolysers has been conducted to estimate LCOE.

Environmental analysis has been conducted to estimate the levelized
CO; emissions.

e Comparison of the performance of the proposed configurations with
previous SOFC-based systems.

2. Material and methods

The framework of this study is presented in Fig. 1. SOFC-based en-
ergy hubs were designed and sized based on the electricity and heating
demands of a cluster that integrates a commercial building, a small
brewing and beverage industry, and residential houses. The systems
were analysed in detail using energy, exergy, economic, and environ-
mental analyses.

2.1. Energy demand

The electricity and heating demand of a residential hub with 36
number of houses, a commercial building of 800 m? and a small Brewing
& Beverage industry were chosen. Fig. 2 shows the residential, com-
mercial, and industrial heating and electricity demands throughout the
year. The systems were modelled in such way that it can supply the
required heating and electrical requirements throughout the year. The
electrical and heating demands of the residential and commercial
buildings are taken from report by the Department for Energy Security
and Net Zero and Department for Business, Energy & Industrial Strategy,
United Kingdom [30], and are scaled accordingly. The heating and
electrical demands of the brewery are taken from Ref. [31].

2.2. System description

The study investigated two distinct configurations: (1) SOFC-based
Combined Heat and Power (CHP) system and (2) SOFC-Heat Pump-

Residential homes

o) _.

Energy data

~”

Methods

Energy

Electricity +Heating

Electricity

SOFC

CE

Heat Pump

Energy system

Environmental

Fig. 1. Framework of the study.
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Fig. 2. Monthly electricity and heat demand of the cluster.

based CHP system. MATLAB software environment was used for the
technical, economic as well as the environmental analysis of the sys-
tems. Both configurations were analysed utilising green hydrogen and
natural gas (NG) as fuels. The configurations, when operated using green
hydrogen, are realised as zero-carbon CHP systems. The schematic di-
agrams for these proposed systems are shown in Figs. 3 and 4, respec-
tively. The unutilised fuel from the SOFC was completely burned in the
afterburner which has an outlet temperature of 960 °C. This waste heat
was recovered and was used for preheating the fuel and air to 800 °C for
the SOFC. Furthermore, the waste was used for producing the hot water
for residential applications and generation of steam for industrial pro-
cesses. The SOFC-CHP system configuration fuelled by NG, depicted in
Fig. 3a, is an integration of an SOFC, a heat recovery steam generator
(HRSG), and a hot water production unit. The required electricity for the
cluster is generated by the SOFC, and the waste heat from the SOFC stack
is recovered by the HRSG and water heater unit. The steam produced
from the HRSG unit is supplied to the mixer unit, where it is mixed with
the natural gas. In addition, steam at 100 °C is also provided to a small
industry for process heating applications. Hot water tanks were assumed
as “Heat Storage” in this study. The hot water from the heat storage tank
is then supplied to residential homes and office buildings, maintaining a
supply temperature of 80 °C and a return temperature of 25 °C. The
hydrogen-fuelled SOFC CHP configuration is shown in Fig. 3b,
combining SOFC stack to supply electricity to the cluster, HRSG to
supply steam at 100 °C to the industry, and a water heater to supply hot
water to commercial buildings and residential houses. The systems have
been meticulously designed to fulfil the required heat demand of the
cluster efficiently. The primary focus lies in meeting the specific heat
requirements of the cluster while minimizing any excess electricity
generation. Some excess electricity is stored in batteries, keeping 15 % of
the surplus for the cluster’s needs. The remaining surplus power is
supplied to the grid, thereby strengthening the overall reliability of the
system.

The SOFC-HP CHP system configuration fuelled by NG, depicted in
Fig. 4a, is identical to Fig. 3a. Only a heat pump is added to the system
configuration as shown in Fig. 4a. It is considered that the heat pumps
are installed in the commercial buildings and residential homes with the
electricity for the heat pumps supplied by the fuel cell stack. The floor
heating requirement for the commercial buildings and residential homes
is managed by the heat pumps. Waste heat is recovered from the fuel cell
stack by the water heater unit, which then provides hot water to resi-
dential homes and office buildings. Moreover, steam at 100 °C is also
supplied from the HRSG unit to the small industry for process heating
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purposes. The hydrogen-fuelled SOFC-HP based CHP configuration is
shown in Fig. 4b. Similar to Fig. 4a, this CHP system also considered heat
pumps installed to provide space heating in commercial buildings and
residential homes, with the electricity for the heat pumps supplied by
the fuel cell stack. Additionally, steam is provided to the industry by the
HRSG, and hot water is supplied to the buildings and residential homes
by the water heater.

2.3. Solid oxide fuel cell

A solid oxide fuel cell is a high temperature device that functions
within the range of 650-950 °C. It can utilise a diverse range of fuels,
including methane, syngas, biogas, ammonia, methanol etc. This
investigation evaluates a specific type of SOFC, known as the internal
reforming model. This unique design takes into account several chemi-
cal reactions that occur internally. Following reactions were considered
in the SOFC model [32].

CH4 + H,0—-CO + 3H, AH = +206.0 kJ/mol (€9)]
CO + H,0—-CO, + H, AH = —41 kJ/mol 2)
H, +0.50,—-H,0 AH = —242.0 kJ/mol 3

The total current flow through the SOFC is evaluated by the equation
number (4) [33]:

Majin X (_)’H2 +Yco +yCH4> x2xF

Mmol,a (4)

Irc =

where, yu,,Yco, Ycu, indicate the concentrations of Hp, CO and CHy4 at
the anode inlet, respectively. F stands for Faraday constant; M, , refers
to the molar mass of fuel entering the anode channel and m, ;, refers to
the mass flow rate of the fuel entering the anode.

It is considered in the model that only a portion of the fuel undergoes
transformation at the SOFC unit. The equation number (5) is employed
to estimate the fuel utilisation factor (UF).

UF = L (5)
Irc
where, I represents the actual current flow.

The cell voltage for the SOFC is estimated by the equation number

(6) [33,34]:

Yn,0

AG  RTsorc n }’0025 X YH, P05
2F 2F

VSOFC ==+ sopc> _j X RSOFC (6)

where, Rsorc denotes the area specific resistance for fuel cell; AG is the
standard Gibbs free energy; Tsorc is the operating temperature of SOFC; j
represents the current density; Psorc stands for the pressure; yy,o is the
mole fraction of Hy0; yo, denotes the mole fraction of Oy, and R denotes
the universal gas constant.

The power output from the SOFC stack is determined by the equation
number (7).

Wiore = Niore X j X Asorc % Vsore X iy Q)

where, Nsorc is the cell numbers; j denotes the current density; Asorc is
the area of a cell; ;,, is the inverter efficiency.

Singhal et al.’s experimental findings [35] were utilised to confirm
the accuracy of the current SOFC model. The fuel mixture used for
validation consisted of 89 % hydrogen and 11 % H»0, and the cell
temperature was fixed at 1000 °C. As shown in Fig. 5, the results of the
SOFC model match the experimental data with discrepancy of 3.7 %.
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where physical exergy is denoted by Expy and chemical exergy is
denoted by Excy . The equations, given below, can be used to estimate

The exergy (Ex) value of each stream is the combination of its physical exergy and chemical exergy values [36,37].

physical and chemical exergy as provided below
®) Expy =1 [(h — ho) + To(s — So)]

2.4. Exergy analysis

)]

Ex =Expy + Excy
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k k

where, molar enthalpy is denoted by h, molar flow rate of k™ stream is
denoted by ry, universal gas constant is denoted by R, molar fraction of
kth species is denoted by yy, standard chemical exergy of species is
denoted by &x2; molar entropy is denoted by s, and the subscript 0 de-
notes atmospheric condition.

2.5. Economic analysis

In this sub-section methods employed for economic analysis are
provided. The key input parameters required for the economic analysis
is presented in Table 1.

The equation number (11) has been employed for estimating yearly
expenditure (YE) for the proposed system.

YE=TACC + O&M + YRC + ACF 1D
where, TACC: total annual capital cost, O&M: operation and mainte-
nance cost, and ACF: cost of fuel.

The total annual capital cost (TACC) is estimated by the following
relation

TACC =NCAP x (1 + MFp¢) x (14 MFypc) x (14+MFyop) x CRF  (12)
where, MFroc: multiplication factor for total overnight cost; MFrpc:
multiplication factor for total plant cost; MFp¢c: multiplication factor for
procurement, construction, and engineering cost; NCAP: net capital cost;
and CRF: capital recovery factor.
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The net capital cost (NCAP) is calculated by summing the capital
costs of all the proposed system’s components, and is shown in equation
number (13).

NCAP=" "CAP, 13
The capital recovery factor (CRF) has been defined by the equation
number (14) [36].

in(1+i)"

CRF=—"-"1
A+i) -1

14

where, i, and yr are “annual interest rate” and “operational years”.

The equipment cost functions employed in this analysis are pre-
sented in Table 2. As the cost functions are old, Chemical Engineering
Plant Cost Index (CEPCI) values are employed to revise them. The
revised equipment cost has been estimated by the equation number (15)
[36,46].

CEPCIzogz

CAPi,ZOZZ = CAP; x CEPCIOY

(15)

where CEPClpy value in the year at which the original cost function was
derived, and CEPCly2; is value for the base year.

2.6. Performance indicators

The net energetic efficiency of the CHP system has been defined by
the equation number (16) [48,49]:

Wne 'TlE
o = oo+ Qe (16)

N Tflﬁ,el X LHVfue[

where mass flowrate of fuel is denoted by nis,., lower heating value of
the fuel is denoted by LHVj, Que: is the total heat output from the
system and W, denotes net power output from the system.

The electrical efficiency of the CHP system has been defined by the
equation number (17).

Whet

— a7
Mpyer X LH Vfuel

MElec =

The heating efficiency of the overall system has been estimated by
the equation number (18)

Table 1

The important input parameters.
Parameter Value Unit Ref.
yr 30 years [38]
H 8000 hours [39]
UCcap 85 % [40]
Cne 7.21 p/kWh [41]
Chydrogen 6.79(PEM electrolyser) $/kg [5]

6.45(Alkaline Electrolyser)

in 3 % [42]
MFrop: 20.20 % [43]
MFrpc 52.5 % [43]
MFpc 9 % [43]
SOFC lifetime 5 years

Table 2
Cost functions.
Equipment Cost function CEPCI Reference
(Year)
Solid oxide  CAPsopc = Asorc(2.96 ey — 1907) 395.6 [44]
fuel cell (2002)
Inverter W 07 395.6 [44]
_ 105 [ Wsorc.oc
CAPinyerter = 10 (W) (2002)
Afterburner CAPAy — M[l + exp(0.018 x 368.1 [44]
0.995 — Pout (1994)
' P
Tour — 26.4)]
AC CAPac = 1516.5 x (Wac)™® 402.3 [45]
(2003)
FC CAPpc = 1516.5 x (Wie)™® 402.3 [45]
(2003)
HEX CAPyrx = 3 x 130 x (A/0.093)°78 468.2 [44]
(2005)
HRSG Q 08 376.8 [46]
CAPprsg = 6570 x (LiMTD) + 21276 x (1996)
Mlsteam + 1184.4 x 12
Pump Wp 071 394.1 [471
CAPpymp = 3 x 422 x 1.41 x (T) x fn (2000)

fa=1+(02/(1- 1)
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Quet

— (18)
Mypyer X LHVfuel

”Heat:
The CHP system’s exergy efficiency has been estimated by the
equation number (19) [49].

Woee + E:
Mo == net T EXhear (19)
Myyer X LHVfuel

where Exp.q: denotes total exergy related to the heat output.
The levelised cost of energy(LCOE) of the CHP system has been
defined by the equation number (20) [50].
YE

LCOE = - - (20)
UCcap x Hx (W + Quer)

where H represents annual operating hours, and UC¢sp represents cap-
ital utilisation factor.

3. Results and discussion
3.1. SOFC based cogeneration system

In this subsection, the techno-economic results of the SOFC based
CHP configurations are discussed. The net energy efficiency, electrical
efficiency, exergy efficiency, and heating efficiency of the SOFC-based
CHP system operating with natural gas were calculated monthly and
are presented in Fig. 6. The results show that the maximum energy ef-
ficiency, exergy efficiency, electrical efficiency, and heating efficiency
were 60.64 %, 45.09 %, 44.81 %, and 15.82 %, respectively, in the
month of February. Upon closer examination, it becomes apparent that
the energy efficiency demonstrated a downward trend during the
months of June to September. This decline can be attributed to lower
heating demands during these months, as reflected in the corresponding
decrease in heating efficiency, as illustrated in Fig. 6. This observation
highlights the influence of seasonal variations on the overall perfor-
mance of the SOFC-based CHP system.

Similarly, the energy efficiency, exergy efficiency, electrical effi-
ciency, and heating efficiency of the SOFC-based CHP system operating
with hydrogen were estimated monthly and are presented in Fig. 7. The
results indicate that the maximum energy efficiency, exergy efficiency,
electrical efficiency, and heating efficiency were 82.54 %, 61.51 %,
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Fig. 6. Monthly efficiency variation of the natural gas-based SOFC- CHP
configuration.
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Fig. 7. Monthly efficiency variation of the hydrogen-based SOFC- CHP
configuration.

57.58 %, and 24.96 %, respectively, in the month of February. Inter-
estingly, a close comparison of the graphs for hydrogen fuel with those
of natural gas fuel, as discussed earlier, exhibits similar patterns. The
system’s performance with hydrogen also demonstrates a dip in energy
efficiency and heating efficiency during the months of June to
September, aligning with the reduced heating demands during this
period. This observation suggests a consistent trend of seasonal impact
on the SOFC-based CHP system’s efficiencies, regardless of the fuel
source used.

The variation of capacity utilisation factor of the natural gas (NG)
fuelled SOFC-CHP system is depicted in Fig. 8 on a monthly basis,
reflecting the electrical and heating demands of the energy hub. As
depicted in the figure, the peak demand for both electricity and heating
occurs in February, with utilisation rates of 86.96 % for heating and
86.95 % for electricity. From June to September, the capacity utilisation
decreases to its minimum level due to reduced electrical and heating
demands during these months. This trend aligns with the observed
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Fig. 8. Monthly capacity utilisation factor variation of the natural gas fuelled
SOFC -CHP configuration.
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seasonal variations. Moving on to the hydrogen-fuelled CHP system,
Fig. 9 showcases the monthly capacity utilisation corresponding to the
electrical and heating needs of the energy hub. Similar to the natural gas
fuelled CHP configuration, the highest capacity utilisation is once again
observed in February, with rates of 86.95 % for heating and 86.96 % for
electricity. Furthermore, the utilisation rates during the months of June
to September exhibit a decline, mirroring the pattern observed in the
natural gas system. These findings highlight the influence of seasonal
fluctuations on the capacity utilisation of both the natural gas and
hydrogen-fuelled SOFC systems. It emphasises the importance of opti-
mising system operation to meet the varying demands throughout the
year while ensuring efficient utilisation of resources.

The size of the SOFC stack for the proposed energy hub has been
estimated for both fuels based on the heating and electricity demand of
the cluster. For the NG-fuelled SOFC-CHP configuration, the area
required for the SOFC stack is determined to be 2196 m?, as depicted in
Fig. 10. The SOFC-CHP configuration utilises 100 % area of the SOFC
stack in February, and SOFC area requirement varies throughout the
year based on the energy requirement of the cluster. It is proposed that
when the energy requirement in the cluster is lower, some cells will not
be operational to reduce the total stack area. Fig. 10 depicts the oper-
ational size requirements of the SOFC stack throughout the year when
fuelled by natural gas for the SOFC-CHP configuration. In the case of the
NG system, the power-to-area ratio of the SOFC stacks is estimated to be
1.54 kW/m?, and it remains constant throughout the year.

Conversely, for the hydrogen-fuelled SOFC-CHP configuration, the
area required for the stack is calculated to be 1166.5 m?, as depicted in
Fig. 11. It is also found that the SOFC-CHP configuration with hydrogen
as fuel utilises 100 % stack area in February. Similar to the NG fuelled
configuration, the SOFC area requirement for the hydrogen-fuelled
SOFC-CHP configuration varies throughout the year based on the en-
ergy requirement of the cluster. Interestingly, the power to stack area
requirement is higher (2.13 kW/m?) for hydrogen fuelled SOFC-CHP
configuration compared to natural gas fuelled configuration. This sug-
gests that with the same size of SOFC stack, the hydrogen fuelled SOFC-
CHP configuration will produce higher power output compared to the
natural gas based configuration.

The comparison of the LCOE for the SOFC-CHP configuration with
natural gas, Proton exchange membrane (PEM) hydrogen, and Alkaline
(ALK) hydrogen as fuels is displayed in Fig. 12. The LCOE for PEM
hydrogen, ALK hydrogen and natural gas systems is estimated to be
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Fig. 9. Monthly capacity utilisation factor variation of the hydrogen fuelled
SOFC -CHP configuration.
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0.2505 £/kWh, 0.24$/kWh and 0.1791 £/kWh, respectively. It’s note-
worthy that the LCOE of the hydrogen system is higher than that of the
natural gas system. The cost of green hydrogen varies based on several
factors, including the price of electricity, production scale, and technical
advancements. A sensitivity analysis was conducted to estimate the
SOFC based system’s LCOE, as shown in Fig. 13. The cost of green
hydrogen from PEM and ALK electrolysers varied by +40 %, and the
LCOE has been estimated. With the large-scale deployment of green
hydrogen production facilities, hydrogen is anticipated to play a major
role in power and heating production.

3.2. SOFC -heat pump based cogeneration system

The energy efficiency, electrical efficiency, exergy efficiency, and
heating efficiency of the SOFC-HP cogeneration system running on
natural gas were estimated for each month of the year and are presented
in Fig. 14. The maximum energy, electrical, exergy efficiency, and
heating efficiencies were found to be 93.04 %, 44.48 %, 39.13 %, and
48.65 %, respectively, as shown in Fig. 14. Interestingly, the highest
energy efficiency, electrical efficiency, and heating efficiency were all
observed in the month of July, showcasing the system’s outstanding
performance during this period. Furthermore, the highest exergy effi-
ciency was recorded in August, indicating another peak performance
period for the system. These findings highlight the system’s ability to
achieve exceptional efficiency levels across different months of the year,
emphasizing its reliability and adaptability in meeting varying energy
demands. The results also suggest the potential for optimising system
operation based on seasonal variations to further enhance its overall
performance and contribute to a more sustainable and energy-efficient
solution.

Similarly, the monthly estimations of energy efficiency, electrical
efficiency, heating efficiency, and exergy efficiency were conducted for
the SOFC integrated with a Heat Pump CHP system operating on
hydrogen, and the results are presented in Fig. 15. Notably, the system
demonstrated exceptional performance metrics, with the highest energy
efficiency reaching 96 %, electrical efficiency reaching 52.43 %, exergy
efficiency reaching 53.38 %, and heating efficiency reaching 43.89 %, as
illustrated in Fig. 15. A significant observation is that the month of July
consistently exhibited the highest efficiency across all the metrics
measured. This indicates that the system’s performance peaked during
this period, suggesting the favourable influence of certain conditions or
factors specific to that time of the year. These findings underscore the
system’s capability to achieve outstanding efficiencies when integrated
with a Heat Pump CHP system running on hydrogen. Moreover, the

-40(%) LCOE with PEM hydrogen(£/kWh)
LCOE with ALK hydrogen(£/kWh)
0.36
40(%) 0.34 -30(%)
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Fig. 13. Sensitivity analysis of LCOE of the SOFC- CHP configuration fuelled by
green hydrogen.
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Fig. 14. Monthly efficiency variation of the natural gas-based SOFC-HP CHP
configuration.
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Fig. 15. Monthly efficiency variation of the hydrogen-fuelled SOFC-HP CHP
configuration.

consistent prominence of July as the month with the highest efficiencies
suggests the potential for optimising system operation and resource
allocation during this period.

The monthly capacity utilisation factor of the SOFC- HP cogeneration
system, which is fuelled by natural gas, is displayed in Fig. 16. The figure
illustrates the capacity utilisation based on the electricity and heating
needs of the energy hub. The maximum capacity utilisation factor for
both electricity and heating is found to be around 86.96 % in the month
of February. From June to September, the capacity utilisation is at its
minimum due to a decrease in the demand for heating and electricity.
Similarly, the variation in the capacity utilisation factor of the hydrogen-
fuelled configuration for electrical and heating requirements is shown in
Fig. 17. The capacity utilisation for both heating and electricity reaches
its highest value of approximately 86.96 % in February. However, from
June to August, the capacity utilisation factor drops to its minimum due
to a reduction in the demand for heating and electricity.

According to the energy demands of the cluster, the sizing of the
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Fig. 16. Monthly capacity utilisation factor variation of the natural gas fuelled
SOFC-HP CHP configuration.
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Fig. 17. Monthly capacity utilisation factor variation of the hydrogen fuelled
SOFC-HP CHP configuration.

SOFC has been determined for both natural gas and H; fuelled config-
urations, coupled with a heat pump CHP configuration. In case of the NG
fired system, the maximum SOFC stack area required to meet the highest
demand (both electricity and heat) in February is 675 m2. Fig. 18 shows
that in February, the CHP configuration make complete use of the SOFC
stack area, while in other months, the area requirement decreases based
on the energy demands of the hub. It is considered in the modelling that
some SOFC stacks will not be in operation to reduce its area. The sizing
of the required SOFC in terms of stack area for all the months is depicted
in Fig. 18. For the NG-fuelled configuration power to stack area ratio
requirement remains at 1.54 kW/m? with only the stack area re-
quirements varying based on the electricity and heating requirement of
the different months. For the hydrogen-fuelled system, the area required
for the SOFC stack to meet the highest demand in February is 423 m?.
Fig. 19 shows that in February, the system utilises full capacity of the
SOFC stack area, while in other months, the area needed decreases based
on the energy demands of the cluster. For hydrogen fuelled system the
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Fig. 18. Monthly variation of SOFC stack size and its utilisation for natural gas
fuelled SOFC-HP CHP configuration.
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Fig. 19. Monthly variation of SOFC stack size and its utilisation for hydrogen
fuelled SOFC-HP CHP configuration.

power to stack area requirement remains at 2.12 kW/m?.

Fig. 20 compares the LCOE for the SOFC-Heat pump CHP system
fuelled by natural gas and green hydrogen. The LCOE for the NG-
powered system is calculated at 0.1603 £/kWh, while the LCOE for
the proton exchange membrane (PEM) hydrogen-fuelled system is
0.2218 £/kWh, and the LCOE for the alkaline (ALK) hydrogen-powered
system is 0.213 £/kWh. Green hydrogen costs fluctuate due to factors
like electricity prices, production scale, and technological advance-
ments. A sensitivity analysis was performed to estimate the LCOE of
SOFC-HP based systems, illustrated in Fig. 21. The cost of green
hydrogen from PEM and ALK electrolysers varied by +40 %, and the
LCOE has been estimated accordingly. It is projected that with the large-
scale deployment of green hydrogen production facilities, the cost of
green hydrogen will fall further, allowing for widespread usage of green
hydrogen in power and heating generation in the near future.

3.3. Environmental analysis

In this sub-section, levelised CO; emission from the NG fired
cogeneration systems has been estimated and further compared with
standard NG fired systems. Fig. 22 presents a comparison of the levelised
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Fig. 20. LCOE of the SOFC-HP- CHP system configuration fuelled by natural
gas, PEM hydrogen and ALK hydrogen.
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Fig. 21. Sensitivity analysis of LCOE of the SOFC-HP integrated CHP system
fuelled by green hydrogen.
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conventional system.
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carbon dioxide emissions from SOFC-CHP, and SOFC-HP-CHP systems
powered by natural gas to prior studies. According to the US Energy
Information Administration (EIA), the CO, emissions produced from
NG-generated electricity are 0.44 kg/kWh [51]. However, our analysis
indicates that the levelised CO, emissions for a NG-fuelled SOFC based
CHP system configurations are significantly lower at 0.3352 kg/kWh,
and even lower for SOFC-HP cogeneration system at 0.275 kg/kWh.
These results highlight the better emission levels of the natural gas
systems in comparison to the EIA’s reported values. The CO2 emissions
from the modelled SOFC based systems are also comparable with pre-
vious NG fuelled fuel cell systems. Vojdani et al. [52] reported CO,
emissions from SOFC-GT and multi-effect desalination unit (MED) in-
tegrated system to be 0.29 kg/kWh. Eisavi et al. [53] reported CO,
emissions from SOFC-GT hybrid system to be 0.31 kg/kWh. Hasanzadeh
et al. [45] reported CO5 emissions from stand-alone GT, the hybrid
MCFC-GT, and the hybrid SOFC-GT systems were 0.46 kg/kWh, 0.37
kg/kWh, and 0.280 kg/kWh, respectively.

4. Comparison with other SOFC integrated systems

The performance of the proposed system configurations has been
evaluated and compared against various SOFC integrated studies
available in the literature. Performance comparison of proposed SOFC
based systems with other systems are summarised in Table 3. The pro-
posed SOFC-HP-CHP system configuration fuelled by hydrogen exhibits
an overall energy efficiency of 96 %, which is the higher compared to
previously investigated systems. In terms of economic performance, the
LCOE of the system configurations are also comparable with previously
investigated SOFC based systems.

5. Conclusion

This study presents a comprehensive feasibility assessment of SOFC
based energy hub to fulfil local-scale electricity and heating demands in
the United Kingdom. The proposed energy hub comprises two cogene-
ration systems configurations a) SOFC-CHP system and b) SOFC-HP-CHP
system, designed to supply electricity and heating requirements to a
residential community, a commercial building, and a small brewing and
beverage industry in the UK. The techno-economic performance in-
dicators of proposed system configurations fuelled by natural gas and
hydrogen were thoroughly assessed and compared. Furthermore, envi-
ronmental assessment of the SOFC-CHP and SOFC-HP-CHP system
configurations fuelled by natural gas was carried out. The major con-
clusions of this study are summarised below:

e The SOFC-based cogeneration system, running on natural gas yields
energy efficiency of 60.64 %, exergy efficiency of 45.09 %, electrical
efficiency of 44.81 %, and heating efficiency of 15.82 %. However,
the system’s performance significantly improved when powered by
hydrogen, reaching efficiencies of 82.54 % (energy), 61.51 %
(exergy), 57.58 % (electrical), and 24.96 % (heating).

e The SOFC-Heat Pump-based cogeneration system, fuelled by natural

gas, exhibited high energy efficiency (93.04 %), electrical efficiency

(44.48 %), exergy efficiency (39.13 %), and heating efficiency

(48.65 %). However, the system’s performance with hydrogen as the

fuel achieved the highest energy efficiency (96 %), electrical effi-

ciency (52.43 %), exergy efficiency (58.38 %), and heating efficiency

(43.89 %).

In terms of economic considerations, the LCOE for PEM hydrogen,

ALK hydrogen and natural gas fuelled SOFC cogeneration system is

estimated to be 0.2505 £/kWh, 0.24$/kWh and 0.1791 £/kWh,

respectively. On the other hand, the LCOE for the NG-fuelled SOFC-

HP system is 0.1603 £/kWh, while it is 0.2218 £/kWh for the PEM

hydrogen-fuelled system and 0.213 £/kWh for the ALK hydrogen-

fuelled system.
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Table 3
Performance comparison of proposed SOFC based systems with other systems.
System configuration Fuel used Methods Major results Ref.
SOFC-CHP system Natural gas Energy analysis Electrical efficiency: 47.38 %. [54]
Thermal efficiency: 28.98 %,
Total energy efficiency: 76.37 %
SOFC-CHP system Biogas Energy analysis Net electrical efficiency:55.6 % [55]
CHP efficiency:85 %
SOFC-Gas Turbine and WT integrated system Biomass Economic and environmental Cost of power: 25.58-27.22 $/GJ, [56]
Emission: 0.167-0.192 kg/kWh
SOFC-solar power tower and supercritical CO, Brayton Hydrogen Thermodynamic, and economic Exergy efficiency = 56.86 % [57]
cycle analyses Cost rate:481.59%/hr
SOFC-s-CO; integrated system Methane and Thermodynamic and economic Hydrogen: Energy efficiency = 73.37 %; [58]
Hydrogen analyses LOCE = 0.2123£/kg
Methane: Energy efficiency = 64 %,
LCOE = 0.18 £/kWh
SOFC-Internal combustion engine-s-CO, integrated CHP ~ Natural gas Thermodynamic, exergoeconomic and Energy efficiency = 65.82 %; [59]
system environmental analyses Exergy efficiency = 42.28 %.
Total unit cost of the product = 42.98
$/GJ
SOFC-Alkali metal thermal electric converter and 95 %H; + 5 % Thermodynamic and ecology analyses Power density = 42 %); [60]
thermoelectric generator integrated energy system H,0 Ecology function density = 53.5 %
SOFC based CHP system. Natural gas. Energy analysis, SOFC based CHP system (Natural gas): Present
SOFC-Heat Pump (HP) integrated CHP Hydrogen Exergy analysis, energy efficiency = 60.64 %, study

Economic analysis, Environmental
analysis,

Year-round energy supply and demand-
based investigation

exergy efficiency = 45.09 %,

LCOE: 0.1791 £/kWh (Hydrogen): energy
efficiency = 82.54 %,

exergy efficiency = 61.51 %,

LCOE: 0.24 £/kWh

SOFC-HP based CHP system (Natural
gas):

energy efficiency = 93.04 %,

exergy efficiency = 44.48 %,

LCOE: 0.1603 £/kWh

(Hydrogen):

energy efficiency = 96 %,

exergy efficiency = 52.43 %

LCOE: 0.213 £/kWh

e The environmental analysis demonstrated lower levelised CO» (continued)
emissions for the natural gas-fuelled SOFC system (0.3352 kg/kWh) W
and even lower emissions for the SOFC system with a heat pump, y
achieving levelised CO5 emissions of 0.275 kg/kWh. Greek letter

n
. . N . . Subscripts
This study provides valuable insights on techno-economic feasibility 0
assessment of the SOFC-CHP and the SOFC-HP-CHP system configura- a
tions fuelled by green hydrogen and natural gas. However, it is worth AC
mentioning that the economic performance of the study depends upon N
the economic assumptions, fuel costs, and equipment cost functions. In glg
future, this study could be extended to investigate exergo-economic in
analysis, multi-objective optimisation and life cycle assessment of the NG
investigated system configurations. out
PH
Acronyms
Nomenclature AB
CAP
A Area (m?) CCUS
X0y Standard chemical exergy of species (kJ/mol) CHP
Ex Exergy (kW) cop
F Faraday constant (C/mol) CRF
h Molar enthalpy (J/mol) ECO
H Hours of operation (Hour) EVA
in Annual interest rate (%) GT
I Current (A) HEX
j Current density (A/m?) HP
m Mass flow (kg/s) HRSG
n Molar flow (mol/s) LHV
N Number of cells MCFC
o) Heat rate (kW) NCAP
R Universal gas constant (J/mol-K) ORC
s Molar entropy (J/mol-K) PEMEC
T Temperature (K) SH
UCcap Capital utilisation SOFC
A Voltage (V) UF

Power (kW)
Molar fraction

Efficiency (%)

Atmospheric condition
anode

Air compressor

cathode

Chemical

Fuel compressor/Fuel cell
Inlet

Natural gas

Outlet

Physical

Afterburner
Capital cost

Carbon dioxide capture, utilisation, and storage

Combined heat and power
Coefficient of performance
Capital recovery factor
Economiser

Evaporator

Gas turbine

Heat exchanger

Heat pump

Heat recovery steam generator
Lower heating value
Molten carbonate fuel cell
Net capital cost

Organic Rankine cycle

Proton exchange membrane fuel cell

Superheater
Solid oxide fuel cell
Fuel utilisation factor

(continued on next column)
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