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This study examines the feasibility of using hydrogen as a clean energy source for residential consumers in
the UK through a low-carbon energy hub. Two cases were compared: a solid oxide fuel cell (SOFC) inte-
grated combined heat and power (CHP) system fuelled by natural gas and hydrogen; and a SOFC-heat
pump (HP) integrated CHP system fuelled by natural gas and hydrogen. The study used the actual electricity
and heating demands of a UK cluster to model the CHP systems. The results indicate that the SOFC-based
CHP system with hydrogen as fuel is more energy-efficient than the natural gas-fuelled system, with ener-
getic efficiencies of 92.12% and 66.98%, respectively. The study also found that the system incorporating a
heat pump is more economically viable, regardless of the fuel source, with the hydrogen-powered system
equipped with a heat pump having a levelised cost of energy (LCOE) of 0.2984 £ per kW h. The study also
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mated levelised CO, emissions of 0.308 kg per kW h and 0.213 kg per kW h, respectively. The study’s
findings provide insights into the potential of hydrogen as a cleaner energy source for residential consumers
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1 Introduction

The United Kingdom’s government has made a firm commit-
ment to achieve complete decarbonisation of the power system
by 2035. Furthermore, it aims to transition to low-carbon
energy sources for heating appliances in both residential and
commercial buildings." In an impressive effort to combat
climate change, the UK government has enacted legislation to
reach a state of net zero greenhouse gas emissions by 2050.
This remarkable commitment surpasses previous goals of 80%
reduction from 1990 levels.” To further support this endea-
vour, the UK government released the Hydrogen Strategy on
August 17, 2021, followed by the publication of the Heat and
Buildings Strategy and Net Zero Strategy on October 19, 2021.*
The Hydrogen Strategy encompasses various key elements,
including targets for hydrogen production, consultations
regarding hydrogen’s role in different sectors, and plans for
conducting trials in heating systems, as well as the develop-
ment of low-carbon hydrogen utilisation in industrial clusters.
In line with this, the UK government has also unveiled the
Hydrogen Net Zero Investment Roadmap,” which provides a
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in the UK and highlight the importance of exploring low-carbon energy alternatives.

comprehensive overview of the government’s hydrogen policies
and the investment opportunities available. This roadmap
serves as a showcase for the UK’s hydrogen potential, high-
lighting the nation’s ambitious aspirations for the hydrogen
economy in achieving net zero emissions. It emphasizes the
wide range of investment prospects throughout the hydrogen
value chain, spanning from production and transmission to
storage, with a particular focus on the diverse applications
encompassing power generation, transportation, and heating.
Within a Net Zero framework, hydrogen will be generated
through two distinct processes. The first involves the production
of hydrogen alongside carbon dioxide emissions, which are sub-
sequently captured and stored permanently, known as “blue
hydrogen.” The second method entails utilising renewable
energy sources to power the electrolysis of water, resulting in the
production of hydrogen, termed “green hydrogen”.®

In scientific literature, hydrogen production methods are
mainly categorised by distinct colours—gray, green, blue, and
turquoise.” For example, gray hydrogen, sourced from steam
methane reforming, without the use of carbon capture.® In con-
trast, green hydrogen, generated through water electrolysis
powered by renewable energy sources, stands out for its sustain-
ability.” Blue hydrogen strikes a balance by incorporating steam
methane reforming with carbon capture and utilisation/storage
(CCUs).® On the other hand, turquoise represents production of
hydrogen through methane pyrolysis and solid CO, storage.”"*°
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According to 2019 estimates, the heating sector in the UK
accounts for one-third of the country’s yearly carbon footprint,
with buildings accounting for 17% of heating emissions."*
Currently, most homes in the United Kingdom have natural
gas boilers for heating. It will be an uphill task to completely
replace these natural gas boilers with new hydrogen boilers.
Furthermore, there is currently no agreement on the pricing of
green hydrogen, as it varies in cost across different geographi-
cal locations. The cheapest green hydrogen, for example, is
currently available in some Middle Eastern countries.
However, at present green hydrogen is significantly more
expensive in the United Kingdom than in countries such as
Qatar, Saudi Arabia, and the United Arab Emirates.'> So,
unless the cost of green hydrogen falls, the affordability of
hydrogen boilers will be a concern. The role of green hydrogen
will be critical in this energy transition. In this regard, the UK
government has pledged a 5 GW low-carbon hydrogen pro-
duction capacity, which may save 41 MtCO,e in total emissions
between 2023 and 2032." The cost of green hydrogen in the UK
will undoubtedly drop as production capacity for green hydro-
gen increases. In this scenario, implementing an integrated
energy system powered by hydrogen to deliver electricity and
heat for the UK community may be an attractive prospect.

Furthermore, in addition to the use of hydrogen, heat net-
works and heat pump installations will play an essential role
in decarbonising heating in UK households.* Heat pumps are
significantly more electrically efficient for heat generation
compared to traditional electrical heaters.'* There are two
main types of heat pumps: air source’® and ground source.'
Each category of heat pumps includes an outdoor unit
housing the compressor and heat exchanger, as well as an
indoor unit containing the evaporator and fan. The potential
for achieving 100% efficiency in heat pumps is constrained by
the fundamental principles of thermodynamics. In heat pump
systems, the performance is commonly expressed through the
Coefficient of Performance (COP) rather than a direct percen-
tage. For instance, air source heat pumps typically have a COP
ranging from 2 to 4, while ground source heat pumps have a
COP ranging from 3 to 5. This makes heat pumps a much
more efficient option for electric heating compared to conven-
tional electric heaters. The capital costs of a heat pump fluctu-
ate based on the specific type and the house size. The average
cost for an air source heat pump for a three-bedroom house in
the UK is £10 000.'® Opting for geothermal options comes at a
higher price, with a ground source heat pump typically amount-
ing to £24 000 for horizontal installation or £49 000 for a vertical
installation with boreholes.'® At present currently, about
35000 heat pump installations occur annually in the UK,
mainly among early adopters. Achieving the government’s target
of 600000 yearly installations by 2028'7 requires a broader
approach. However, the high initial costs of new heat pump
systems deter consumers, despite intermittent government
grants'® that often don’t cover the full system cost. Furthermore,
it’s crucial to acknowledge that electricity is necessary to operate
heat pumps. Unless the electricity powering the heat pumps is
sourced from renewable and low-carbon energy technologies,
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the use of heat pumps for heating is not effective. This is where
green hydrogen plays a vital role. If electricity is derived from
hydrogen-based technologies, such as fuel cells, heat pump
installations for heating will gain much greater significance.

Fuel cells are electrochemical device and have currently
emerged as a prominent hydrogen-based technology, offering
superior performance compared to heat engines, primarily
due to their salient features like high electrical efficiency. This
is partly attributed to the fact that these electrochemical
devices bypass the limitations imposed by Carnot efficiency."®
Among fuel cell technologies, solid oxide fuel cells (SOFCs) are
distinguished by their operation at high temperatures
(500-800 °C),”° making them well-suited for stationary power
generation.”® In fact, standalone SOFC applications can
achieve impressive efficiencies exceeding 50%.>' Moreover, the
high-temperature gas discharged from the SOFC presents an
opportunity for waste heat recovery through bottoming cycles,
effectively maximizing energy efficiency.

Integrated energy systems-based concepts were previously
investigated by many researchers in various parts of the world.
For example, Jimenez-Navarro et al.?* investigated the role of
centralised combined heat and power (CHP) plants and district
heat in the European decarbonised power system and suggested
that thermal storage permits the flexible operation of CHP,
enhancing overall efficiency. Tahir et al.>* investigated an exergy
hub approach to model integrated energy system (IES) to
provide electricity, district heating and individual heating facili-
ties in China. Gas turbine, steam turbine, solar-PV, heat pumps
and wind turbine-based arrangements were analysed.

Solid oxide fuel cell (SOFC), operating at high tempera-
tures,** is a very effective energy conversion tool that can trans-
form fuel’s chemical energy directly into electrical energy. Due
to its high operating temperature, SOFC also produces high-
quality heat that may be successfully employed in bottoming
cycles to provide useable heat for district heating applications.
Many recent studies integrated with SOFC integrated system
can be found in the literature. For example, Tan et al”®
reviewed various kinds of SOFC based systems for building
applications. They further propose that utilising renewable
energy sources or switching to biomass gaseous fuels may
improve the outlook for SOFC systems used in buildings.

In another study, Ma et al.>® investigated a CHP system inte-
grating SOFC for supplying electricity and hot water. The
energy efficiency of the CHP system was reported to be over
60%. Mei et al.>’ proposed a cogeneration system integrating
SOFC and thermoelectric generator for electricity production,
and absorption heat pump for hot water production. The
system was investigated only using energy analysis and system
efficiency was reported over 100%. System overall efficiency
could reach over 100% if the outputs of the systems are of
different quality. Dealing with heat and power together, the
exergy analysis might be a superior technique for assessing the
system’s performance. Zhu et al®® proposed a combined
cooling, heating and power system based on SOFC fuelled by
biomass. They reported that the trigeneration system achieved
the electrical and overall energy efficiencies of 52% and 75%,

This journal is © The Royal Society of Chemistry 2024
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respectively. In a separate study, Marocco et al.*>® developed SOFC-
based cogeneration systems for commercial properties and carried
out a thorough techno-economic analysis of the system. The invest-
ment cost of SOFC determines the proposed system’s profitability.
Their research indicates that the SOFC investment cost must be
around 1200 € per kW in order for this technology to be profitable
with spark spread equal to —0.05 € per kW. Hober et al.®” experi-
mentally investigated diesel fuelled SOFC integrated CHP system
and reported that the system could achieve energy efficiency of
42.5%. Li et al®® investigated SOFC-engine and organic Rankine
cycle (ORC) integrated hybrid system with methanol fuel for a
marine application and reported exergy efficiency of 58.06% and
LCOE of 0.2458 $ per kW h. In a separate study, Zhao et al.*® pro-
posed a hybrid system integrating SOFC, proton exchange mem-
brane electrolyser, ORC and supercritical CO, cycle employing
thermodynamic analysis. They reported the round-trip thermal
efficiency and round-trip exergy efficiency of the integrated system
of 54.29% and 49.12%, respectively.

There has been some progress in research related to heat
pumps and heat networks. For example, Gillich et al.*® investi-
gated performance analysis of a 5th generation heat network in
UK context, at two buildings on the London South Bank
University campus where high temperature heat pumps were ret-
rofitted to an existing gas boiler and matched 79 °C output temp-
erature to maintain a high coefficient of performance (COP).

Table 1 summaries the SOFC integrated recent previous
studies. Previous simulation-based studies shows that SOFC
based systems yield higher efficiency. However, a thorough econ-
omic study is necessary to compare SOFC integrated cogenera-
tion with other competing technologies and to implement such
systems in the future. Additionally, the operation of an SOFC-
integrated system with the actual electricity and heating
demands of a community has not been previously investigated.
This study pushes the boundaries of conventional energy solu-
tions by examining the feasibility of utilising hydrogen as a
source of heat and electricity for residential end-users in the
United Kingdom through the implementation of a low-carbon
energy hub. The paper’s focus is on the comparison of the
techno-economic performance of hydrogen-based SOFC systems
to traditional natural gas-based configurations. This study is
innovative in its approach as it investigates two different case
studies using a techno-economic analysis, and real electricity
and heating demand data from a cluster in the UK. The first
case study evaluates an SOFC integrated CHP system fuelled by
either natural gas or hydrogen. The second case study investi-
gates an SOFC-heat pump integrated CHP system fuelled by
either natural gas or hydrogen. Furthermore, this study provides
a comprehensive evaluation of the environmental viability of
natural gas-fuelled SOFC and SOFC-heat pump systems. The
SOFC based CHP systems were run based on a cluster’s monthly
power and heating usage in the United Kingdom. To the best of
the authors’ knowledge, this is the first study of its kind based
on the actual electricity and heating demands of a locality in the
UK. This study stands out as unique in its exploration of the
potential of hydrogen as a source of clean energy and its practi-
cality in a real-world setting.

This journal is © The Royal Society of Chemistry 2024

Table 1 Previous studies based on solid oxide fuel cells

Important findings

Methods

Product

System

Ref.

Overall energy efficiency archives over 60%

Energy analysis
Energy analysis

Power

Biogas fuelled SOFC-system

26

Heat-to-power ratio ranging from 0.89-5.18

Power and heat

NG fuelled SOFC-TEG-absorption HP integrated

system

75%

Maximum overall efficiency

Energy, exergy and economic

Electricity, heat and
analyses

cooling

Biomass based SOFC-HCCI engine-absorption

chiller integrated system

52%

Maximum net electrical efficiency

Minimum total annual cost

410 k$

Overall electrical efficiency: 55.6%

Energy analysis

Power and heat

Biogas fuelled SOFC based CHP system

29
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29.2%

67.3% and exergy efficiency
46.58%, minimum LCOE: 0.0454 $ per
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Fig. 1 Energy demand of the cluster.

2 Materials and methods
2.1 Energy demand of a cluster

To decarbonise the power and heating in the UK, a cluster
with 36 number of houses were chosen. The electrical and
heating demands of the residential houses are derived from a
report® by the Department for Energy Security and Net Zero
and Department for Business, Energy & Industrial Strategy,
United Kingdom, and are scaled accordingly. Fig. 1 shows the
total heat demand, water heating demand, room heating
demand, and electricity demand separately for the proposed
cluster for each individual month throughout the whole year.
It can be seen from Fig. 1 that there was no requirement for
room heating demand for the months of June, July, and
August. This also commensurate well with the general trend of
the UK’s normal public lifestyle. For those three months, the
total heat demand is assumed to be the heating demand other
than the room heating, predominantly the water heating
demand, and others. The room heating demand for the other
months of the year has been estimated by subtracting the
average total heat demand of June, July, and August from the
total heat demand of each individual month. Thus, once the
required room heating demand and the water heating demand
and electricity demand of the proposed cluster for each indi-
vidual month have been estimated with suitable assumptions,
these data have been utilised for the sizing of the proposed
CHP system. We have considered an additional 15% energy
requirement for the cluster contemplating extreme weather
days throughout the year.

2.2 Case studies

Two case studies were investigated as a low-carbon energy hub
to decarbonise the chosen cluster’s heating and electricity
requirements:

(1) SOFC CHP system fuelled by (a) natural gas and (b)
hydrogen,

3982 | Green Chem., 2024, 26, 3979-3994
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(2) SOFC-HP CHP system fuelled by (a) natural gas and (b)
hydrogen.

The schematics for these proposed systems are depicted in
Fig. 2 and 3. The schematic in Fig. 2(a) depicts the configur-
ation of the natural gas-fuelled cogeneration system that inte-
grates SOFC module in the topping cycle for power production,
a heat recovery steam generator (HRSG) for the required steam
production for the reforming reaction in the fuel cell, and a
water heater for the hot water production in the bottoming
cycle. The hot water is produced using the waste heat from the
SOFC module and then supplied to the district heating
network. The hot water supply temperature is set at 80 °C, and
the return temperature is set to 25 °C. In this study, a SOFC
model with an internal reforming type was considered. The
internal SOFC model takes the following chemical reactions
into consideration:*!

CH, + H,0 — CO+3H, AH = +206.0k] mol™! (1)

CO 4+ H,0 — CO, +H, AH = —41 k] mol™ (2)

H, 4+ 0.50, — H,O0 AH = —242.0 k] mol . (3)

Fig. 2(b) depicts the hydrogen-fuelled SOFC CHP system.
Unlike the previous system, the hydrogen SOFC does not
require fuel reforming. Therefore, the hydrogen-based system
does not need steam in the SOFC, and only the HRSG com-
ponent is not integrated. The functioning of the hydrogen-
based SOFC CHP system is identical to that of the NG-fuelled
system; the only difference is that HRSG was not incorporated.

Similarly, the schematic of the proposed NG based CHP
system combining SOFC, heat pump (HP), HRSG, and a water
heater is shown in Fig. 3(a). It is important to note that the
heat pumps are considered to be installed in the houses, and
the required electricity to drive the heat pumps is supplied by
the SOFC. It is considered that the heat pumps supply the heat
required for the space heating, and the hot water that is sup-
plied to the houses is provided by the water heating facility
integrated with the bottoming cycle in the CHP system.
Similar to Fig. 2(a), the SOFC requires steam for internal
reforming operations, thus HRSG is integrated with the
system. A hydrogen-fuelled SOFC-HP system is depicted in
Fig. 3(b). The operation of the hydrogen-based configuration is
like that of the NG-fuelled system; only HRSG was not
integrated.

2.3 Solid oxide fuel cell

A solid oxide fuel cell operates at high temperatures ranging
from 700-1100 °C. Various types of fuel, viz., methane, syngas,
NH;, biogas, etc., can be used as fuel in SOFC. In this work,
SOFC was operated with both natural gas and hydrogen
separately.

The current flow through SOFC can be estimated as
follows:**

_ Majin X (¥n, +Yco +Ycu,) X 2 X F
Mmol‘a

(4)

Ixc

This journal is © The Royal Society of Chemistry 2024
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Fig. 2 Schematic of SOFC integrated CHP system fuelled by (a) natural gas and (b) hydrogen.

where, yy,, Yco, Ycn, denote the concentrations of H,, CO and
CH, at the inlet; F represents Faraday constant; M., denotes
the molar mass of anode inlet fuel and 71, ;, denotes the mass
flow rate of inlet fuel to the anode.

However, only a part of the fuel is transformed at the fuel
cell. The fuel utilisation factor (UF) is defined by the relation
provided below:

This journal is © The Royal Society of Chemistry 2024

where, I is the actual current flow.
The following equation may be used to calculate the SOFC
voltage:**

Vsorc = AG + RTsorc In (y020-5 X Jn,

— X Psorc”? | —j X R
oF oF Yo SOFC ) J SOFC

(6)

where, Rgorc denotes the equivalent resistance for fuel cell in
Ohm m?; AG represents the standard Gibbs free energy; Tsorc
represents working temperature of fuel cell; Psopc denotes the

Green Chem., 2024, 26, 3979-3994 | 3983
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Fig. 3 Schematic of SOFC and heat pump integrated CHP system fuelled by (a) natural gas and (b) hydrogen.

pressure of fuel cell; yy o represents mole fraction of H,0; yo,
is the mole fraction of O,, and R is the universal gas constant.

The following equation is used to calculate how much
power the SOFC stack produces.

Wsorc = Nsorc X J X Asorc X Vsorc X Niny (7)

where, Ngopc represents the cell numbers; j represents the
current density; Asorc denotes the area of a cell; #;,, represents
the inverter efficiency.

3984 | Green Chem., 2024, 26, 3979-3994

The results of the current SOFC model were validated using
the experimental findings of Singhal.** with hydrogen as fuel.
Fig. 4a indicates that with a maximum error of 3.7%, the SOFC
model findings fit the experimental data** satisfactorily.
Furthermore, the results of the present SOFC model are also
compared and presented in Fig. 4b, alongside the numerical
model by Chitgar et al.*> and experimental data from Tao
et al.,*® all using CH, as the fuel. The maximum errors are esti-
mated to be 1.45% and 5%, respectively, when compared to
the numerical model by Chitgar et al.*> and the experimental
data by Tao et al.*®

This journal is © The Royal Society of Chemistry 2024
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of SOFC fuel cell using 1000 °C with 89% H, and 11% H,O as fuel. (b)
Comparison of present model, numerical model*® and experimental
data,*® with CH, as fuel.

2.4 Exergy analysis

Exergy analysis is an effective tool to estimate efficiency of a
system, considering irreversibilities that occur within the
system.”” As shown below, it is considered that the exergy (Ex)
value of each stream is the summation of its physical and
chemical exergy™®

Ex = Exphy + EXche (8)

where Exp, and Ex.p. represent physical exergy and chemical
exergy, respectively. The equations, given below, can be used to
estimate physical exergy and chemical exergy values.

EXpny = Z ﬁj((ﬁj - BO) —To (Sj
J

- 50)) (9)

This journal is © The Royal Society of Chemistry 2024
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where n, h, and § represent molar flowrate, specific enthalpy,
and specific entropy, respectively. The subscript 0 indicates
the reference state (T, = 25 °C and P, = 101.325 kPa).

EXche = 1) (Zy/é)_(ghe +RTo Y yjIn J’J)
J J

where R, &%, and y; are universal gas constant, standard
chemical exergy, and molar fraction of the /™ composition of
the gas mixture, respectively.

(10)

2.5 Economic analysis

Table 2 shows the primary input data needed for the economic
analysis.

Yearly expenditure (YE) is estimated by the following
relation.

YE = TACC + O&M + YRC + ACF (11)

where, TACC: total annual capital cost, O&M: operation and
maintenance cost, and ACF: cost of fuel.

The total annual capital cost (TACC) is estimated by the fol-
lowing relation®’

TACC = NCAC x (1 4+ MFpc) X (1 + MFrpc) X (1 + MFroc)
X CRF
(12)

where, MFoc: multiplication factor for total overnight cost;
MFrpc: multiplication factor for total plant cost; MFpc: multipli-
cation factor for procurement, construction, and engineering
cost; NCAC: net capital cost; and CRF: capital recovery factor.

The net capital cost (NCAC) is calculated by summing the
capital costs of all the proposed system’s components, as
shown below.>®

NCAC =) CAP; (13)
i
The capital recovery factor (CRF) is determined by the
equation provided below.””

in(1+in)"

CRF = " —
(1+1,)" -1

(14)

Table 2 The values of parameters used as input for economic analysis

Parameter Value Unit Ref.
Years of operation (yr) 30 years 49

Yearly hours of operation (H) 8000  hours 50
Capital utilisation (UCcap) 85 % 51

Cost of natural gas (Cng) 721 pperkWh 52

Cost of hydrogen (Chydrogen) 17.57 $ per kg 12
Annual interest rate (7,) 3 % 53 and 54
Multiplication factor for 20.20 % 55

total overnight cost (MFroc)

Multiplication factor for 52.5 % 55

total plant cost (MFrpc)

Multiplication factor for 9 % 55
procurement, construction,

and engineering cost (MFpc)

Green Chem., 2024, 26, 3979-3994 | 3985
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Table 3 Equations for estimating capital costs of different components
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Component Cost function CEPCI (ref. year) Ref.
SOFC CAPsorc = Asorc(2-96Teen — 1907) 395.6 (2002) 58
W 0.7
SOFC inverter CAPinyerter = 10° (%} 395.6 (2002) 58
46.08 x 1M
Afterburner CAPpp = 73)@&” [1 4 exp(0.018 X Toyr — 26.4)] 368.1 (1994) 58
0.995 — 2
Pin
Air compressor CAPxg = 1516.5 X (Wac)™®” 402.3 (2003) 59
Fuel compressor CAPrc = 1516.5 x (Wpg)>®” 402.3 (2003) 59
Heat exchanger CAPyex = 3 X 130 x (area/0.093)°7® 468.2 (2005) 58
Q' 0.8
HRSG CAPypsG/vG = 6570 X <m> +21276 X Migieam + 1184.4 X Iigas'? 376.8 (1996) 60
W 0.71
Pump CAPpymp = 3 X 422 x 1.41 x (TP> Xfr 394.1 (2000) 61

fu=1+(0.2/(1—n))

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

Table 3 provides the cost functions of various components.
Chemical Engineering Plant Cost Index (CEPCI) was used to
update the equipment cost functions. The equipment cost of

its /" component was updated using the equation below.*

CEPCly0,

CAP; = CAP; X
1,2022 i CEPCIOY

(15)
where, the cost indices CEPCI,,,, and CEPClyy stand for the
reference year and the year the cost relation was established.

2.6 Performance indicators

The overall energy efficiency of the system is estimated by the
following equation:

_ Wnet + Qnet

= (16)
Miyel X LHVyel

NEn
where Wy and Q. represent the overall power output and
heat production of the system, respectively. The lower heating
value of the fuel and input fuel flow rate are denoted as
LHVgye and rigye, respectively.

The electrical efficiency of the system is estimated as

Whet

= Woe (17)
Miyel X LHVfyel

g1
The system’s exergy efficiency is estimated by the following
equation.

_ Whet + EXneat
MEx

— Woot - Exvear (18)
Miyel X LHVfyel

where, Expeoc denotes the exergetic heat output.
The levelised cost of energy was calculated using the
equation shown below.®*

YE

LCOE = - -
UCCAP X H X (Wnet + Qnet)

(19)
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where H is for annual operating hours, UCcsp stands for
capital utilisation parameter, and YE stands for annual plant
expense.

3 Results and discussion
3.1 Case study 1

The monthly analysis of the SOFC-based CHP system fuelled
by natural gas, as depicted in Fig. 5(a), provides insightful data
on its energy efficiency, electrical efficiency, heating efficiency,
and exergy efficiency. Notably, the month of January emerges
as a period of exceptional performance. Achieving a maximum
energy efficiency of 66.98%, exergy efficiency of 45.27%, and
electrical efficiency of 44.38%, this particular month sets an
impressive benchmark for the system’s capabilities. Moreover,
the heating efficiency remains consistent at 22.6% throughout
the entire year, as evidenced by the data in Fig. 5(a).

The monthly performances of energy efficiency, exergy
efficiency, electrical efficiency, and heating efficiency of the
SOFC-based CHP system operating on hydrogen are estimated
and depicted in Fig. 5(b). The study also reveals that the
maximum energy efficiency, exergy efficiency, and electrical
efficiency were obtained at 92.12%, 61.38%, and 56.49%,
respectively, in the month of January. Moreover, the heating
efficiency remains at an impressive 35.6% throughout the
entire year, as observed in Fig. 5(b). These results underscore
the system’s outstanding capabilities and its competitive edge
in the field.

The capacity utilisation of the proposed SOFC-natural gas
driven system is meticulously analysed on a monthly basis and
presented in Fig. 6(a), considering the electrical and heating
requirements of the cluster. January emerges as the month of
peak demand for electricity and heating, as evident from
Fig. 6(a) showcasing the system’s ability to effectively meet
these needs. Remarkably, the capacity utilisation for heating
and electricity reaches maximum values of 86.96% and

This journal is © The Royal Society of Chemistry 2024
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Fig. 5 Efficiency of the SOFC-based system on monthly basis fuelled
by (@) NG (b) hydrogen.

86.66% respectively in January, demonstrating the system’s
optimal performance during this period. Conversely, during
the months of June to August, the system operates at
minimum capacity utilisation, with values as low as 8.12% for
heating and 7.62% for electricity. These findings exemplify the
system’s ability to adapt to varying demands throughout the
year, showcasing its competitiveness in managing the cluster’s
energy requirements.

Similarly, for the hydrogen-fuelled configuration, Fig. 6(b)
presents the monthly capacity utilisation of the cluster for elec-
trical and heating requirements. Once again, January stands
out as the month with the highest demand, highlighting the
system’s exceptional capabilities. Achieving a maximum
capacity utilisation of 86.95% for heating and 80.70% for elec-
tricity, this configuration proves its efficiency and competitive-
ness. On the other hand, the months of June to August
witness the lowest capacity utilisation, with values as low as
8.11% for heating and 6.25% for electricity. These results
underscore the system’s adaptability and effectiveness in
addressing the cluster’s energy needs throughout the year.

This journal is © The Royal Society of Chemistry 2024
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Fig. 6 Capacity utilisation of the proposed SOFC-based system on
monthly basis fuelled by (a) NG, (b) hydrogen.

Furthermore, considering the power and heating demand
requirements, the sizing of a crucial system component, the
SOFC, is meticulously conducted for both the natural gas and
hydrogen-fuelled systems. Fig. 7(a) illustrates the total area
requirement of the SOFC module for the natural gas-based
system, with an estimated value of 211.5 m? In January, the
system achieves 100% utilisation of the SOFC module’s area,
while the area requirement varies in other months depending
on the cluster’s power demand. In practice, certain stacks of
the SOFC module may be deactivated to reduce the area occu-
pied by the module. The power-to-area ratio for the natural
gas-based system remains consistent at 1.52 kW m™> through-
out the year.

For the hydrogen-fuelled system, Fig. 7(b) reveals a total
area requirement of 129.2 m* for the SOFC module. Similar to
the previous system, the area utilisation of the hydrogen-
fuelled SOFC module reaches 100% in January, with variations
in other months based on power demand. The power-to-area

Green Chem., 2024, 26, 3979-3994 | 3987
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Fig. 7 SOFC stack utilisation based on monthly requirement for (a) NG
based system (b) H, based system.

ratio for the hydrogen-based configuration remains relatively
constant at 2.12 kW m™? throughout the year. These results
provide valuable insights into the sizing and efficiency of the
SOFC module, showcasing the competitiveness and suitability
of both the natural gas and hydrogen-fuelled systems for the
cluster’s power and heating demands.

Fig. 8 presents a highly informative comparison between
the levelised cost of energy (LCOE) for the two scenarios under
consideration. Notably, the hydrogen and natural gas systems
exhibit distinct disparities in terms of LCOEs, thereby high-
lighting their competitive landscape. The estimates reveal that
the natural gas system boasts an LCOE of 0.167 £ per kW h,
while the hydrogen-powered system impressively achieves an
LCOE of 0.527 £ per kW h.

Of particular significance is the substantial difference
between the two LCOEs, with the hydrogen system exceeding
three times the cost of its natural gas counterpart. Such find-
ings shed light on the current challenges associated with the
integration of green hydrogen into power and heating pro-
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Fig. 8 Comparison of LCOE of the SOFC integrated CHP system
fuelled by natural gas, and by hydrogen.

duction. Despite its potential as a sustainable energy source,
the relatively high LCOE of the hydrogen system poses a sig-
nificant hurdle to its widespread adoption.

To ensure the economic viability and competitiveness of
green hydrogen, it is imperative for the cost of production to
experience a significant reduction in the foreseeable future.
Only by attaining a substantial decrease in the cost of green
hydrogen can its potential as a viable alternative to natural gas
be fully realized in power and heating production. This realis-
ation emphasizes the need for ongoing research, development,
and investment in order to unlock the cost-effective and com-
petitive utilisation of green hydrogen in the energy sector.

3.2 Case study 2

The integration of a heat pump with SOFC-CHP system,
powered by natural gas, has been thoroughly evaluated, with
the energy efficiency, electrical efficiency, heating efficiency,
and exergy efficiency calculated for each month of the year.
These insightful results are visually represented in Fig. 9(a),
allowing for a comprehensive analysis. Notably, November
emerges as a month of exceptional performance, boasting
maximum energy efficiency, electrical efficiency, and exergy
efficiency values of 65.88%, 43.41%, and 43.28% respectively.
Furthermore, the heating efficiency remains consistently
reliable, maintaining a steady performance of 22.6% through-
out the entire year.

Shifting our focus to the integration of the SOFC with a
heat pump CHP system powered by hydrogen, Fig. 9(b) pre-
sents a month-by-month estimation of energy efficiency, elec-
trical efficiency, heating efficiency, and exergy efficiency. It can
be observed that the system achieved its peak efficiences in
January. The month of January showcases highest energy
efficiency, electrical efficiency, and exergy efficiency values of
83.65%, 59.83%, and 55.67% respectively, as highlighted in
Fig. 9(b). This exceptional display of efficiency reinforces the

This journal is © The Royal Society of Chemistry 2024
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Fig. 9 Efficiency of the SOFC—-heat pump-based system on monthly
basis fuelled by (a) NG (b) hydrogen.

system’s superiority during this specific month. Similar to the
natural gas scenario, the heating efficiency remains constant
throughout the year, with a reliable performance level of
27.98% as observed in Fig. 9(b). These findings provide valu-
able insights into the performance of the SOFC integrated
with a heat pump CHP system, both for natural gas and hydro-
gen configurations. The results underscore the system’s ability
to deliver impressive energy, electrical, and exergy efficiencies,
while maintaining consistent heating efficiency.

Fig. 10(a) provides a detailed insight into the monthly fluc-
tuations in capacity utilisation of the proposed SOFC coupled
with heat pump CHP system, powered by natural gas. This
data is derived from an analysis of the electricity and heating
demands of the cluster, ensuring accurate representation.
Remarkably, January stands out as the month with the highest
electricity and heating demands, as evidenced in Fig. 10(a).
During this peak period, the system demonstrates exceptional
capacity utilisation, reaching impressive levels of 86.96% for

This journal is © The Royal Society of Chemistry 2024
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Fig. 10 Capacity utilisation of the proposed SOFC—heat pump based
system on monthly basis fuelled by (a) NG, (b) hydrogen.

heating and 86.66% for electricity. This exemplifies the
system’s ability to effectively meet and satisfy the significant
energy needs of the cluster during the demanding month of
January.

Conversely, the system’s capacity utilisation experiences a
notable decline during the months of June to August, with
minimum levels observed. During this period, the capacity
utilisation reaches a minimum of about 8.12% for heating and
7.62% for electricity, as demonstrated in Fig. 10(a). These
results underscore the system’s flexibility and adaptability, as
it efficiently adjusts to the lower energy demands during the
summer months.

Similarly, for the hydrogen-fuelled configuration, Fig. 10(b)
showcases the variation in capacity utilisation of the cluster
for electrical and heating requirements. Once again, January
emerges as the month with the highest energy demands, and
the system excels in addressing these needs. The capacity util-
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Fig. 11 SOFC stack utilisation based on monthly requirement for
SOFC—-heat pump fuelled by (a) NG (b) H».

isation for heating and electricity reaches maximum levels of
approximately 86.66% and 86.96% respectively, highlighting
the system’s remarkable performance during this critical
period.

During the months of June to August, characterised by
reduced energy demands, the capacity utilisation experiences
a decline. The minimum capacity utilisation values are
observed to be around 7.62% for heating and 8.12% for electri-
city, as illustrated in Fig. 10(b). This showcases the system’s
ability to efficiently adapt to lower energy requirements, ensur-
ing optimal resource allocation and maintaining competitive
efficiency levels.

These findings emphasise the system’s versatility and its
competitive advantage in meeting the dynamic energy
demands of the cluster. The ability to achieve high-capacity
utilisation during peak demand periods and efficiently scale
down during low-demand periods highlights the system’s
effectiveness in managing energy needs while maintaining
competitiveness throughout the year.

3990 | Green Chem., 2024, 26, 3979-3994
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Based on the requirements of power and heating demands,
the sizing of the important component of the system, SOFC,
has been done for both NG and hydrogen fuelled SOFC
coupled with a heat pump CHP system. For NG fuelled system,
the total maximum area requirement of the SOFC module is
estimated to be 64 m? to satisfy the highest demand (both
electricity and heat) in the month of January. As shown in
Fig. 11(a) in the month of January, the system utilises 100% of
the area of the SOFC module, and in other months, the area
requirement of the SOFC decreases, depending upon the
power and heat energy demands of the cluster. In practice, it
has been projected that some stacks of the SOFC module will
not be operated to decrease the area of the SOFC module.
Sizing of the SOFC module in terms of power to area ratio for
the twelve months also done. It is found that for NG based
system, the highest power to area ratio is estimated to be
1.54 kW m™2, in the month of January and that remains the
same for the rest of the months of the calendar year. Only the
requirements of the SOFC stack area varies with the variation
in the energy demand of the different months. For hydrogen-
based system, the total area requirement of the SOFC module
is estimated to be 40.6 m?, to satisfy the highest demand (both
electricity and heat) in the month of January. As shown in
Fig. 11(b) in the month of January, the system utilises 100% of
the area of the SOFC module, and in other months, the area
requirement of the SOFC decreases, depending upon the
power and heat energy demands of the cluster. It is found that
the power to area ratio for hydrogen-based configuration
remained same at 2.12 kW m~? throughout the year.

Fig. 12 presents a comprehensive comparison of the LCOE
for the SOFC coupled with heat pump CHP system, consider-
ing both natural gas and hydrogen fuel sources. The calcu-
lations reveal significant disparities in the LCOE values
between the two systems, highlighting their competitive
dynamics. The LCOE for the natural gas-powered system is
estimated to be 0.099 £ per kW h, while the hydrogen-powered

0.4

Levelised unit cost of energy (£/kWh)

Natural gas

Hydrogen

Fig. 12 Comparison of LCOE of the SOFC—heat pump integrated CHP
system fuelled by natural gas, and by hydrogen.
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system exhibits a substantially higher LCOE of 0.2984 £ per
kW h. It is important to note that the LCOE of the hydrogen
system surpasses three times or more that of the natural gas-
powered system, as depicted in Fig. 12. This considerable cost
differential emphasises the challenges associated with the
widespread adoption of green hydrogen in power and heating
production. The current cost of green hydrogen remains a sig-
nificant barrier, hindering its economic feasibility and compe-
titiveness. To fully harness the potential of green hydrogen in
power and heating production, it is imperative for the cost of
producing green hydrogen to undergo a substantial reduction
in the near future. Only with a significant cost decrease can
green hydrogen become a viable and competitive alternative to
natural gas. This underscores the urgent need for continued
research, development, and investment in green hydrogen
technologies to drive down costs and pave the way for its wide-
spread adoption.

While green hydrogen presents immense potential as a
clean energy source, its current cost challenges necessitate
ongoing efforts to enhance its economic viability. By striving
to reduce the cost of green hydrogen, we can unlock its com-
petitive advantage, thereby fostering its integration into power
and heating production and realising the environmental
benefits it offers.

3.3 Environmental performance assessment

It is crucial to compare the emission performance of the
natural gas systems with existing literature. Fig. 13 compares
the levelised CO, emissions from natural gas-fuelled SOFC and
SOFC-HP systems with available literature. The UK’s
Department for Business, Energy, and Industrial Strategy
(BEIS) reports that CO, emissions from home energy usage are
0.309 kg per kW h.®> Meanwhile, the US Energy Information
Administration (EIA) states that CO, emissions from natural
gas-based electricity production are 0.44 kg per kW h.®* The
estimated levelised CO, emissions for a natural gas fuelled

0.5 T T T T

Levelised CO, emission (kg/kWh)

SOFC

SOFC+HP BEIS,UK EIA,US

Fig. 13 Levelised CO, emission comparison.
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SOFC system are 0.308 kg per kW h, while those for an SOFC
system with a heat pump are 0.213 kg per kW h. The results of
the investigation indicate that the natural gas-fuelled systems
have lower emissions compared to the emissions reported by
BEIS and EIA.

4 Conclusion

This study explores the potential of green hydrogen in achiev-
ing the United Kingdom’s ambitious goal of net-zero emis-
sions by 2050. The research focuses on assessing the feasibility
of employing green hydrogen for heat and electricity provision
at a local scale in the UK, with a particular emphasis on
techno-economic evaluations of hydrogen-based solid oxide
fuel cell (SOFC) systems. These evaluations aim to compare
the performance of these systems to conventional natural gas-
based configurations.

Two distinct case studies were undertaken using technoeco-
nomic analysis. The first case involved SOFC-integrated com-
bined heat and power (CHP) systems fuelled by both natural
gas and hydrogen, while the second case examined SOFC-Heat
Pump (HP) integrated CHP systems with the same fuel
options. Additionally, the environmental viability of natural
gas-fuelled SOFC and SOFC-HP systems was studied.

To model the SOFC-based cogeneration systems, the actual
electricity and heating demand of a UK cluster were incorpor-
ated. The findings from the two case studies are as follows:

SOFC-based CHP system:

+ In January, the hydrogen-fuelled system demonstrated its
highest efficiencies, with energy efficiency, exergy efficiency,
and electrical efficiency improving by 25.14%, 16.11%, and
12.11%, respectively, compared to the natural gas-fuelled
system.

+ Capacity utilisation for heating and electricity was
highest in January, reaching 86.96% and 86.66% respectively
for the natural gas system, and 86.95% and 80.70% respect-
ively for the hydrogen system.

« The levelised cost of energy (LCOE) was estimated at
0.167 £ per kW h for the natural gas system and 0.527 £ per
kW h for the hydrogen system.

» The estimated levelised CO, emissions from the natural
gas fuelled SOFC system were 0.308 kg per kW h.

SOFC-HP CHP system:

« The hydrogen-fuelled systems demonstrated their highest
efficiencies in January, showing improvements of 17.77%,
16.42%, and 12.39% in energy efficiency, exergy efficiency, and
electrical efficiency, respectively, compared to natural gas-
based systems.

 Capacity utilisation for heating and electricity was
highest in January, reaching 86.96% and 86.66% respectively
for the natural gas system, and 86.66% and 86.96% respect-
ively for the hydrogen system.

» The LCOE was estimated at 0.2984 £ per kW h for the
hydrogen gas system and 0.099 £ per kW h for the natural
system.

Green Chem., 2024, 26, 3979-3994 | 3991
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« The estimated levelised CO, emissions from the natural
gas-fuelled SOFC-HP system were 0.213 kg per kW h.

These findings provide valuable insights for policymakers
and energy sector stakeholders as they contemplate the
implementation of hydrogen-based systems in the journey
towards a net-zero future. However, it is important to acknowl-
edge that further research and development of hydrogen
technology is necessary to enhance the commercial viability
and cost-effectiveness of these systems in the long run.
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