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In this study an advanced integrated multigeneration energy hub is conceptualized combining solid oxide fuel
cell (SOFC), molten carbonate fuel cell (MCFC), proton exchange membrane (PEM) electrolyser and methanol
production unit. Using natural gas as a primary fuel input along with the renewable green excess electricity the
proposed energy hub has a potential of generating electrical power, heat for district heat network, methanol for
transportation use and oxygen for industry use. The thermodynamic analysis of the conceptualized multi-
generation energy hub reveals that it can generate 322 kW electrical power, 766.4 kW heat, 0.024 kg/s meth-
anol, and 0.0362 kg/s pure oxygen with 86.03% energy efficiency and 59.13% exergy efficiency. However, the
economic analysis reveals that the annualized levelized cost of energy (LCOE) of the proposed energy hub is 0.06
£/kWh without having a battery storage and 0.065£/kWh with the battery storage system. The simple payback
period of the proposed system is 2.16 year and 2.75 year without battery storage and with battery storage
system, respectively. Two different case studies have been carried out by replacing the SOFC-MCFC combined
unit with gas turbine (GT) combined with MCFC and GT combined with aqueous monoethanolamine (MEA)
plant as two other alternative options for such multigeneration energy hub keeping other subunits unaltered. It
has been found that the proposed system has the highest exergy efficiency, lowest levelized cost of energy (LCOE)
and payback period followed by the GT-MCFC combined plant, and GT-MEA combined plant.

most promising possibilities for lowering transportation’s GHG emis-
sions [6]. Beyond CCS, there is rising interest in carbon capture and
utilization (CCU), an alternate use for captured CO, that might reduce

1. Introduction

The United Kingdom has set a goal of achieving net zero carbon
emissions for the whole economy by 2050 [1]. To achieve this target,
decarbonising road transport and domestic heating are the primary
concerns. The transportation industry is the largest contributor to car-
bon emissions in the United Kingdom [2]. The Net Zero Strategy aims to
phase out new gasoline and diesel automobiles and vans by 2030 and
mandates that all vehicles have zero exhaust emissions by 2035 [3].
However, reducing emissions in the transportation sector will be chal-
lenging since technological advances will be countered by growing
population and economic development, as well as increased demand for
people, commodities, and services [4]. In this context, carbon capture
and storage (CCS) has sparked a lot of attention for providing energy
systems with decarbonization and flexibility [5]. However, CCS solu-
tions for “diffuse” emissions like transportation and buildings, which
account for 29% of global energy-based emissions, are less obvious [5].
Battery Electric Vehicles (BEVs) that run entirely on electricity and
Fuel-Cell Electric Vehicles (FCEVs) that run on hydrogen are two of the
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emissions while simultaneously delivering useful commodities and en-
ergy system flexibility. However, most existing CCU routes are also
uneconomical or have low technology-readiness levels (TRL), raising the
question of whether alternative mitigation techniques should be
deployed first [7]. CO5 conversion into fuels using renewable energy has
become one of the most popular CCU methods. Methanol is produced by
reacting CO5 extracted from point sources with hydrogen generated by
renewable energy-powered water electrolysis. A fully integrated
advanced energy system that could supply electricity or hydrogen to run
either BEVs or FCEVs, as well as CCU producing e-methanol and other
utility products, would help decarbonise the transport sector as well as
other sectors, contributing to the UK’s optimistic target of net zero
emissions by 2050.

The solid oxide fuel cell (SOFC) is now emerging as a very energy
efficient technique for power generation resulting from direct chemical
conversion of fuel to electricity [8]. When compared to other types of
fuel cells and other conventional energy conversion tools, the key
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Nomenclature

A Area, m?

AB Air blower

ABR Afterburner

AP Air preheater

CAP Individual component cost, £
CAPX Total capital cost, £

CCS Carbon capture and storage
CCU Carbon capture and utilization
Elpgy Electrical energy input in electrolyser, kW
En Energy flow rate, kW

F Faraday’s constant, C/mole
FB Fuel Blower

FP Fuel preheater

FUEL Total fuel cost, £

GC Gas combustor

GH Gas preheater

GHG Greenhouse gas

GT Gas turbine

H Hours of operation, hr

HRSG Heat recovery steam generator
HWG Hot water generator

Irc Fuel cell Current, Amp

I Actual current flow, Amp

j Current density, Amp,/m?

LHV Lower heating value, kJ/kg

LCOE Levelized cost of energy, £/kWh
m Mass flow rate, kg/s

Mol Molar mass, kg

MCFC  Molten carbonate fuel cell

MEA manoethanolamine

MIX Mixer

MS Moisture Separator

N Number of cells

OPEX Total operational cost, £

p Pressure, bar

PEME  Proton exchange Membrane Electrolyser
R Area specific cell resistance, Q.m?
REP Total replacement cost, £

SOFC Solid oxide fuel cell

T Temperature, °C

UF Fuel utilization factor

v Voltage, Volt

w Power, kW

y Molar fraction

Greek symbols

n Efficiency

Subscripts

DH District heat network

i ith number

advantages of employing SOFC include fuel flexibility, operation
without noise pollution, minimal environmental pollutants, and fewer
corrosion issues. Nevertheless, high-grade waste heat also comes out of
SOFC as a by-product, which may be used in cogeneration,
tri-generation, or multi-generation systems [9]. A wide range of study
has already been conducted on the investigation and evaluation of
various SOFC based energy systems for efficient clean power generation.
Koo et al. [10] have carried out an exergy analysis of the SOFC-HCCI
engine combined hybrid power generation system. Overall, 38% exergy
efficiency of the hybrid system has been reported in the study. Wang
et al. [11] have performed a techno-economic multi-objective optimi-
zation of a tri-generation system combining SOFC, a transcritical CO5
cycle, a transcritical organic Rankine cycle (ORC), and a liquid natural
gas (LNG) cold energy recovery system. The optimum exergy efficiency
and cost of 56.1%, 16.82 $/h and 66.83%, 12.02 $/h have been reported
for atmospheric SOFC system and pressurised SOFC system, respec-
tively. Chitgar and Emadi [12] have carried out an exergonomic analysis
of SOFC-GT based multi-generation system for producing electricity
fresh water and hydrogen. It has been reported in the study that the
proposed system generates 2.5 MW electrical power, 5.6 m3/hr water
and 1.8 kg/h hydrogen with an exergy efficiency of 59.4% and a unit
cost of products of 23.6 $/GJ. Wang et al. [13] have carried out energy,
exergy and economy analysis of SOCF-GT-ORC integrated system for
green power generation for ships. They have reported that 90% of the
overall exergy destruction happens at the GT unit and cost destructions
are mainly associated with the heat exchangers. Souza et al. [14] have
carried out an economic assessment of a combined heat and power
system producing hydrogen and electricity via steam reforming SOFC
system. In the study hydrogen cost of 2.42-5.26 USD/kg and cost of
energy over 0.269 USD/kWh have been reported. Zhu et al. [15] have
performed a multi-objective optimization of a SOFC based combined
cooling, heating and power (CCHP) system. It has been reported that the
system at the optimum condition poses 75% CCHP efficiency, 52%
electrical efficiency with a total annual cost of 410 k$. Hasanzadeh et al.
[16] have performed a comparative energy and environmental analyses

among conventional GT system, MCFC-GT system, and SOFC-GT system
along with their performance optimization. Their results show that for a
fixed 10 MW net output from each system SOFC-GT system is 26% more
efficient and emits 39% less CO2 compared to GT system. Whereas, for
same power output the SOFC-GT system is 16% more efficient and emits
24% less CO, compared to MCFC-GT system.

Along with the efficient power generation from natural gas/methane
fuel by using SOFC, carbon capture and utilization is on the cards for
sustainable electric power generation with carbon footprint reduction.
For decarbonising transportation or mobility, energy efficient carbon
capture as well as reuse of the captured CO; via liquid fuel production
would have been a good alternative option. The molten carbonate fuel
cell (MCFC) has the exceptional feature of operating with CO»-con-
taining gas mixtures as an input gas stream [17]. Moreover, MCFC
separates the COy from its incoming cathode stream while simulta-
neously producing power simultaneously consuming natural gas/me-
thane/hydrogen as fuel. It has also been shown that using MCFC, 90% or
more CO, may be avoided from diverse flue gas sources while also
providing additional electrical power [17]. Furthermore, being a high
temperature fuel cell MCFC can easily be integrated with the different
high temperature operating power generation devices like GT, SOFC etc
[18]. Akrami et al. [19] have investigated bio energy based carbon
capture system integrating biomass gasifier, conventional GT cycle,
MCFC, ORC, and cryogenic separation unit. They have reported the
proposed plant has a levelized cost of electricity of 55.76 USD/MWh
which is comparatively higher than the conventional plant. Li et al. [20]
have carried out a techno-economic analysis of novel polygeneration
system for coal-to-methanol/power via carbon-capture using MCFC.
They have reported that compared to existing conventional coal power
plant the proposed system reduced the overall product cost by 1.68%
and improved the exergy efficiency by 8.53%. Barckholtz et al. [17]
have studied on the use of MCFC to capture CO, from cogeneration unit.
They have shown that from a cogeneration system 87.6% of CO» can be
avoided using amine based chemical capture which requires additional
energy of 4.91 MJ/kg of CO,. Whereas, from the same cogeneration
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system 89.4% of CO, can be avoided using MCFC with an additional
energy requirement of 1.37 MJ/kg of CO2. Cooper et al. [21] have done
a feasibility study for retrofitting MCFC with an existing coal fired power
plant for CO3 separation from the flue gas. Their results showed that the
specific energy requirement for the MCFC based CO; capture system is of
1.41 MJ/kg CO, which is considerably less in comparison to the con-
ventional Monoethanolamine (MEA) capture processes. Hosseini et al.
[22] have performed an exergy assessment of a novel hybrid combined
heat and power cycle (CHP) system combining MCFC, Steam Methane
Reforming (SMR), Methanol Synthesis Process (MSP) with distillation
process, GT cycle, Rankine cycle (RC), and ORC. It has been revealed
that the proposed system generates 110.5 MW net electricity, 271.7 kg
mol/h of 99.9% pure methanol, and 65398.7 kg mol/h hot water at
80 °C. The overall exergy and energy efficiencies of the proposed system
were 58.4% and 83.7%, respectively.

Methanol synthesis is a very lucrative option for carbon capture and
utilization pathways. The liquid fuel produced from the captured CO,
gives a very good opportunity to decarbonise the energy system, espe-
cially if the hydrogen, utilized in methanol synthesis, comes from
renewable energy sources. Lee et al. [23] have done the assessment of
economic feasibility of methanol production using renewable hydrogen
and captured CO». They have predicted that the for a 0.27 ton/day plant
the unit methanol production cost is 1.42 $/kWh and for a 100 ton/day
plant the cost is 0.48 $/kWh. Lonis et al. [24] have done a comparative
study of two power-to-methanol integrated systems based on different
electrolysis technology, i.e. alkaline electrolysers and the solid oxide
electrolyser cells. Their results showed that the power to liquid effi-
ciency is within the range of 0.57-0.71. Bos et al. [25] have done the
techno-economic analysis of a renewable methanol production from
captured CO using Hy produced from alkaline electrolysis process using
wind energy. They have predicted 50% energy efficiency of a 100 MW
wind power to methanol plant with an estimated methanol cost of 800
euro/ton. Su et al. [26] have carried a case study methanol production
from hydrogenation of captured COs. Their study shows that the
renewable methanol production process consumes 1.045 times more
electricity than the traditional methanol production process. Whereas
the traditional methanol production process consumes 2.5 times more
thermal energy compared to the renewable methanol production
method. Yousaf et al. [27] carried out a techno-economic assessment of
an integrated system for methanol production via CO5 hydrogenation
utilizing hydrogen from solid oxide electrolyser (SOE). Their result
shows that there is a 22.3% reduction in the cost of methanol production
using SOE than using the alkaline water electrolyser. Dongliang et al.
[28] have done a techno-economic analysis of a green hydrogen inte-
gration in the coal to methanol process. Their study shows that inte-
gration of green hydrogen process for methanol production resulted in
124.67% increase in methanol production, 10.52% increase in energy
efficiency, 23.95% reduction in production cost. Battaglia et al. [29]
have done techno-economic analysis of a methanol synthesis plant
through hydrogenation of captured CO,. They have reported that the
production cost of methanol is 874 euro/ton.

The composition of Dublin’s FREE NOW taxi fleet in 2021 is exam-
ined by Kinsella et al. [30], along with the potential decrease in emis-
sions from electrifying the entire fleet. The data reveal that fully
electrifying the fleet reduced carbon dioxide emissions by 77%. Wu et al.
[31] carried out investigation to pinpoint the best route toward a sus-
tainable bioenergy system, where the carbon produced in the fuel is
balanced out by the GHG savings of the circular bio-based system. It
offers a state-of-the-art analysis of several technologies and suggests a
custom circular cascade bio-based system with anaerobic digestion as
the primary platform, incorporating P2G systems for electro-fuels and
pyrolysis of solid digestate for value-added pyrochar. Long et al. [32]
carried out the investigation to compare the 2026 heat and transport
sustainability criteria in the Sustainable Energy Directive (RED) recast
by evaluating the life-cycle emissions from gasifying methanizing wil-
low to produce renewable biomethane. The gasification of methane was
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shown to generally meet the criterion for reducing emissions for heat
when converting from solely arable land. The conversion of arable land
for the transportation end use resulted in the largest emission reduction
of 97%. Gulagi et al. [33] examined a Philippine energy transition
strategy that uses renewable resources. In 2050, direct and indirect
electrification would increase efficiency across all sectors by more than
50% while maintaining annual investment levels between 20 and 55
billion euros. Heat would be provided by heat pumps, electrical heating,
and solar thermal technology, while the transportation sector’s energy
needs would be met by direct power and synthetic fuels. Ramsebner
et al. [34] examined the potential and difficulties connected with the
transition from historically developed, isolated energy networks to
renewable hybrid energy systems. Their study proposed the idea of an
energy hub that would ignore any preexisting infrastructure and create a
brand-new system from scratch, supplying various energy carriers with a
single pipeline. We assert that such an approach should only be realised
from the perspective of modelling as a virtual hub due to the related
investment expense. When designing hybrid energy systems based on
the pertinent information on consumer behaviour and available energy
supply sources, an integrated modelling technique must be used.

Among various green hydrogen generation processes, the three most
prominent electrolysis technologies are proton exchange membrane
(PEM), alkaline (AL), and solid oxide (SOEC) electrolysis. PEM elec-
trolysis is preferred in this study since it is regarded as the most prom-
ising approach for the future of power to gas technology [35]. PEM
electrolysers have a compact design, a quick cold start time, a rapid
system response, a wide operating range, a high current density, a high
proton conductivity, the ability to work at low temperatures (60-80 °C),
and a high output pressure (about 80 bar) [36]. Along with all these
advantages there is also a huge opportunity to recover a high grade
waste heat from the PEM electrolyser [36] that could be supplied to the
district heat network.

It is clear from the preceding discussion that there are a very few
studies on the integration of SOFC, MCFC for CO, separation, PEM
electrolyser and methanol synthesis plant as a multi-generation energy
hub which can produce electricity, e-methanol, oxygen, and useful heat
for district heat network along with optional possibility of hydrogen
generation. The United Nations established 17 sustainable development
goals (SDGs) in 2015, with the aim of ensuring world peace and pros-
perity for both people and the planet by 2030 [37]. As a result of the
goals’ extensive interdependence, actions taken to accomplish one goal
can sometimes also help accomplish some of the others. The SDGs’ ob-
jectives include eradicating poverty and hunger as well as working to
save the environment and advance human welfare and health. Sup-
porting the requirements of the present and future generations is the
UN’s primary plan for protecting the environment. The UN prioritises
resource preservation for future generations, with the backing of its 193
member nations. The SDGs are crucial for creating clean and inexpen-
sive energy to save lives on land and at sea, which requires adopting
tangible efforts because the world is in a climate emergency [38]. To
lessen the effects of global warming, CCS/CCUS might be seen as an
exceptionally dependable, secure, and sustainable option [39]. The aim
of the study aligns with United Nations Sustainable Development Goal
No. 7 “Affordable and Clean Energy”. In order to contribute to the
attainment of the SDGs, this study presents a thorough analysis of a fuel
cell-based hybrid energy hub with several energy vectors and
post-combustion carbon collection. With the goal of achieving the SDGs,
this study is unlocking new opportunities for numerous engineering
disciplines by incorporating sustainability into their projects. Addi-
tionally, the function of the CCUS in the circular economy to meet the
SDGs relates to energy and the environment. Here, in this study detailed
energy, exergy, and economic analyses have been carried out for an
advanced hybrid multi-generation energy hub for decarbonising trans-
port and heating network and energy grid. Fig. 1 shows the concept of
fuel-cell driven integrated energy hub for decarbonising transport
sector. The electricity and e-methanol can satisfy the need for
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Fig. 1. Fuel-cell driven integrated energy hub for decarbonising transportation.

decarbonising the transportation sector as well as normal household
energy need. The excess waste heat can help to decarbonise the heat
network as well. It is always important to compare the performance of a
system with competing technologies. Thus, in addition to the currently
proposed system, two other case studies have also been conducted, one
of which proposes the implementation of a conventional GT cycle in
place of a SOFC and the other of which proposes the implementation of a
conventional MEA-based chemical CO5 capture process in place of an
MCFC CO; separation. A comparative study among the proposed system
and two other different case studies has been performed. The following
are the significant contributions of the present work:

e Development of a novel hybrid advanced multi-generation energy
hub concept incorporating SOFC, MCFC, PEM electrolyser, and a
methanol synthesis plant.

e CO, separation of 90% or greater utilizing MCFC and e-methanol
production.

e Thermodynamic and economic analyses of the proposed multi-
generation energy hub.

e Techno-economic feasibility study of an advanced energy hub for
decarbonising transport sector and district heat network
simultaneously.

e Comparative feasibility study for better utilization of natural gas/
methane via CCUS to decarbonise the transport sector.

2. System description
The proposed conceptualized system has been outlined in Fig. 2. The

integrated system is comprised of a SOFC unit, MCFC unit, heat recovery
steam generator (HRSG) unit for steam generation via waste heat

recovery, a PEM electrolyser unit, and a methanol production unit. The
SOFC unit consists of a SOFC module, mixer (MIX), an after burner
(ABR), fuel preheater (FP1), air preheater (AP), fuel blower (FB), air
blower (AB). The fuel blower sends the methane into the mixer (MIX),
where it mixes with the steam. Then the gas-steam mixture gets pre-
heated in the fuel preheater (FP1) before entering the cathode side of
SOFC. Concurrently the air blower (AB) sends the fresh air, preheated in
the air preheater, into the cathode side of SOFC. Both the anode and
cathode exhausts are combusted in the afterburner (ABR). The after-
combustion gas from the afterburner passes through the fuel pre-
heater, air preheater and gas preheater (GH) before entering in the
cathode side of MCFC stack. The MCFC unit consists of a MCFC module,
gas Combustor (GC), fuel preheater (FP2), HRSG, gas preheater (GH),
moisture separator (MS). Methane after mixing with steam passes
through the fuel preheater and enters the anode side of the MCFC stack.
The anode exhaust is burnt in the gas combustor (GC) in presence of pure
oxygen supplied from the PEM electrolyser unit. The exhaust gas coming
out of the gas combustor (GC) passes through the fuel preheater (FP2)
preheating the methane-steam mixture, followed by the hot water
generation at the hot water generator (HWG1) before entering the
moisture separator (MS). From the moisture separator dry pure CO is
supplied into the methanol plant for methanol production. The MCFC
cathode exhaust preheats the after-combustion gas from the SOFC unit
at the gas preheater (GH), followed by superheated steam generation at
the heat recovery steam generator (HRSG), and hot water generation at
the second hot water generator (HWG2) before going into the atmo-
sphere. The produced hot water is proposed to be sold for district heat
network. The hydrogen required for the methanol production has been
supplied from a PEM electrolyser unit. Excess renewable electricity of 1
MW from the wind power generation is proposed to be utilized to run the
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Fig. 2. Layout of the proposed SOFC-MCFC-Methanol system.

electrolyser unit. The detailed design of the electrolyser unit can be
found in Ref. [36]. Along with the hydrogen, pure oxygen and waste
heat are produced from the electrolyser unit. The waste heat from the
PEM unit is also proposed to be sold for district heat network. After
fulfilling the demand of pure oxygen required in the gas combustor (GC)
of MCFC unit there are excess pure oxygen available which is generated
from the electrolyser unit. This excess oxygen is one of the by-products
of this proposed system which would be sold for industrial use. The
detailed design of the methanol plant has been discussed later in section
3.4. The hydrogen from electrolyser unit and the pure CO3 from the
MCFC unit are get compressed before going to the reactors of the
methanol plant to produce methanol. The compressor negative work is
supplied from the net power generated from the SOFC and MCFC unit.
The methanol plant has several intermediate heat addition and heat
rejection processes. Overall, the methanol plant produces a good
amount of waste heat which is also proposed to be sold for district heat
network. Finally, the proposed conceptualized multigeneration energy
system can produce net electrical work, heat to district heat network,
pure oxygen for industrial use, methanol to be used as liquid fuel, and
hydrogen as well as another alternative option.

3. System development and analysis
3.1. Solid oxide fuel cell for power generation

The solid oxide fuel cell (SOFC) is a high temperature fuel cell which
generally operates at 650-1000 °C [8]. SOFCs are highly efficient
electrochemical devices which consume hydrogen or methane of natural
gas as fuel and converts into electricity without direct combustion of
fuel. Among different types of SOFC, an internally reformed type SOFC is
considered here for this study. For the analysis a lumped volume
zero-dimensional approach has been followed to do the mass and energy
balances at the SOFC unit. Thermo-physical properties and chemical
composition of the fuel and air at the fuel cell inlet, fuel utilization

factor, oxidant utilization factor, cell area, cell temperature, cell voltage
are assigned as inputs to the model. After that the model estimates the
temperature and pressure at the fuel cell outlet, electrical output, and
the composition of the outgoing anode and cathode exhausts through
overall energy balance at the fuel cell.

Current flow though SOFC can be determined by the following
relation [11].

Hanodein % (Vir, + Yeo + Yen,) X 2 x F
Irc =

@

Mnxr)l,anode

where, yu,,Yco, Ycu, are the molar concentrations of Hy, CO and CH4 at
the inlet; F is the Faraday constant; My gnode is the mol mass of anode
gas and Mgnode,in is the anode inlet mass flow rate.

The fuel utilization factor (UF) denotes the ratio of actual to
maximum feasible conversion of fuel into power and it is represented by
the following equation

1
UF=— 2)
Irc
where, I denote actual current flow.
The SOFC voltage can be estimated by the following relation [11].

2F+ 2F

AG RT. 95 x
Veore = =2 SOFC | (YOZ YH,

X ngpc> —J X Rsorc 3)
Y0

where, Rsorc is the resistance for SOFC; AG is the standard Gibbs free
energy; Tsorc is operating temperature of SOFC; Pgopc is the operating
cell pressure; yy,o represents mole fraction of HpO; yo, is the mole
fraction of O,, and R is the universal gas constant.

The power generated by SOFC module can be estimated as follows
[11].

Wsore = Nsorc X j X Asore X Vsore X N (C))
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where, Ngorc is the number of cells; j is the current density; Asorc is the
cell area; 7, is the efficiency of inverter.

3.2. COg separation and capture using molten carbonate fuel cell

Just like the SOFC, MCFC is also another type of high temperature
fuel cell which generally operates at 600-700 °C [17]. For operating
MCFC hydrogen or hydrogen containing gas is feed as fuel into the anode
channel. Hydrogen can be fed directly or can be generated through the
reforming reaction (externally/internally). Here and internal reforming
type MCFC has been proposed to be utilized. In the cathode channel gas
mixture having CO2 and O3 such as after combustion gas or flue gas or
exhaust gas is fed. In presence of oxygen and at very high temperature
carbonate ion forms in the cathode side of MCFC. At the same time at
very high temperature the electrolyte (mixture of carbonate salts of
sodium, potassium and lithium) forms a molten salt forming carbonate
ions that allows the transfer of carbonate ions from cathode to anode
channel of MCFC. Reaching at the anode, the carbonate ions combine
with the hydrogen producing carbon dioxide and steam. During this
electrochemical reaction electrical power is also generated. As a result,
when a flue gas is fed into the MCFC CO; is separated from the flue gas
easily and power is produced as well. The operating principle is depicted
here in Fig. 3.

Like the simulation of SOFC unit, a lumped volume zero-dimensional
approach has been followed to do the mass and energy balances simu-
lation at the MCFC unit.

All the thermo-physical properties of the reactant at MCFC inlet,
chemical composition, mass flow rate, fuel utilization factor, CO utili-
zation factor, cell voltage, current densities are given as inputs for the
simulation purpose. From the simulation the power output, chemical
composition of the MCFC anode and cathode exhausts, pressure and
temperature at the MCFC outlet are estimated. The cell voltage of MCFC
is estimated using the reversible Nernst potential equation [17] and is
given as follows

Vucre = 5o+

AG | RTycrc )’%fm,;mde X Y, anode X YC0, cathode 0.5 .
a oF In X Pyere | —J

YH,0.an0de X YCO, anode

X Rucrc

(5)

where, Rycrc is the resistance for MCFC; AG is the standard Gibbs free
energy; Tucrc is operating temperature of MCFC Pycrc is the operating
cell pressure; Yp, qnode represents mole fraction of Hy in the anode
channel; yo,_ ., is the mole fraction of Oy in the cathode channel;

Cathode Channel
050, + CO,+ 2¢ — CO;’

Anode Channel

H, + CO;*> — H,0 + CO,
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Yc0,.anode i the mole fraction of CO3 in anode channel; yco, cathode iS the
mole fraction of CO; in cathode channel and R is the universal gas
constant.

The power generated by MCFC module can be estimated as follows
[18].

Wucre =Nucre X J X Aucre X Viucre X Nierer (6)

where, Nycrc is the number of cells; j is the current density; Aycrc is the
cell area; 7;,,rr 1S the efficiency of inverter.

3.3. Hydrogen production using PEM electrolyser

In this study the captured CO; is proposed to be utilized for methanol
production by using green renewable hydrogen in a methanol produc-
tion plant. A 1 MW PEM electrolyser is proposed to be used for pro-
ducing green hydrogen via water electrolysis using excess renewable
energy produced from offshore windmills. Along with the hydrogen,
pure oxygen and useful amount of heat have been produced from the
PEM unit as the by-products. The produced oxygen is proposed to sell in
the market for industrial use. Whereas the useful amount the heat is
proposed to feed in the district heat network. This makes the proposed
integrated system as a multi-generation energy hub. The detailed
modelling of the PEM unit was conducted in the previous work of Burrin
et al. [36]. The same methodology has been repeated here for the
modelling of PEM as an individual and coupled with the modelling for
the performance simulation and analysis of the whole integrated system.

3.4. Hydrogenation of CO_ to methanol

Since fossil fuels are depleting and the impact of carbon dioxide
(COy3) build-up in the environment is becoming more apparent, CO5 re-
use is a critical issue. CO2 hydrogenation could be a solution. To this end
a model was developed in Aspen Plus software package to hydrogenate
the CO; captured using molten carbonate fuel cell and Hy produced by
water electrolysis using the PEM electrolyser. The process is depicted in
Fig. 4.

Methanol is produced by the exothermic process (Equation (7)),
where 3 mol of hydrogen react with 1 mol of carbon dioxide to produce
1 mol of methanol and 1 mol of water. But entire amount of CO5 is not
hydrogenated directly. Some is subjected to endothermic reverse water-
gas-shift reaction (Equation (8)), also known as RWGS, which trans-
forms 1 mol CO5 and 1 mol Hs into 1 mol of CO and 1 mol of H,O. The
hydrogenation of the carbon monoxide produced results in the creation
of methanol (Equation (9)), which is also an exothermic reaction. The

Gas with
minimal CO,

Fig. 3. Schematic representation of Molten carbonate fuel cell working principle.
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Fig. 4. Methanol generation from captured CO, and H, produced by electrolysis.

catalytic reaction was carried out in a fixed-bed catalytic reactor at
285 °C using Cu as the catalyst, which is in accordance with the litera-
ture [26,40-42].

CO, +3H, < CH30H + H,0 @
CO,+H, < CO+H,0 (8)
CO+2H, < CH;0H ©

For the production of methanol, 0.0052 kg/s of Hy at a temperature
of 25 °C and a pressure of 30 bar and 0.03328 kg/s of CO, at a tem-
perature of 25 °C and at atmospheric pressure were considered. The CO,
to Hj ratio is consistent with literature [26,40]. The methane powered
combined heat and power plant and the PEM electrolyser were scaled
accordingly to produce the required amount of CO, and Hy simulta-
neously. The methanol produced from the methanol generation plant
was 0.023997997 kg/s and was 99.9976% pure. This produced meth-
anol can be directly used or can be blended with conventional fuels for
transport applications. This will improve performance of the engines
resulting in a better fuel economy along with significant reduction in
emissions [43-45].

3.5. Thermodynamic performance assessment

For the thermodynamic performance evaluation of the proposed
multigeneration energy hub the first law and second law efficiencies
have been estimated. The input parameters used for the simulation of
PEM electrolyser unit are in line with the [36]. The input parameters for
the simulation of SOFC block has been referred from the [9,10,46]. The
design and operating parameters for the MCFC block operation has been
referred from the [17,18]. The design and operating parameters are in
line with the [41,42]. All the input parameters for the overall plant
performance are tabulated in Table 1.

For the energy efficiency estimation, the total energy input is
calculated first. There are two energy input into this system, one is the
fuel energy input and other is the renewable electrical energy input into
the PEM electrolyser unit. The total energy input is estimated by the
following equation.

Eng = Mpuer X LHVjyo + Elpgy 10)

where mj, represents the fuel supply in kg/s, LHVj, represents the
lower heating value of the fuel in kJ/kg, and Elpgy represents the elec-
trical input into the PEM electrolyser.

Form the proposed multigeneration energy hub Electrical power,
heat, methanol, and oxygen are produced as different outputs.

The net total power output (W) is estimated by the following
equation.

Woer = Wsorc + Wicre — Waitiary an

Table 1
Input parameters for technical analysis.
Components Parameters Values Units
PEM electrolyser Unit Output Pressure 30 bar
Operating Temperature 65 °C
Input electricity 1 MW
Water intake 50.64 kg/s
Exit temperature 30 °C
MCFC unit Current density 1500 A/
m2
Total area 57 m?
Stack temperature 650 °C
CO,, utilization factor 0.8 -
Fuel utilization factor 0.85 -
Oxygen utilization factor 0.18 -
DC-AC Conversion efficiency 98 %
SOFC unit Current density 1500 A/
m2
Total area 230 m?
Resistance 2.8 x Q.m?
10795
Stack temperature 750 °C
Fuel utilization factor 0.85
Oxygen utilization factor 0.18
DC-AC Conversion efficiency 98 %
Methanol production H, flow rate 0.0052 kg/s
unit H, initial temperature 25 °C
H, initial pressure 30 bar
H, final pressure 96 bar
CO,, initial temperature 25 °C
CO, initial pressure 1.013 bar
CO;, final pressure 96 bar
Isentropic efficiency of 85 %
compression

where Wsopc and Wycrc represent the power output from the SOFC and
MCFC, respectively. Wauiiary represents the total auxiliary power
consumed in the integrated system. The total auxiliary power comprised
of all the negative power consumed by the water pump, air compressor,
fuel compressor, CO2 compressor used at the methanol plant etc.

Waste heat is produced from the SOFC and MCFC combined unit.
Some waste heat is generated from the PEM electrolyser unit and a
substantial amount of waste heat is generated at the methanol plant. All
these waste heats are combined to generate hot water at 75 °C to supply
for local district heat network. The total heat generated from the inte-
grated system is estimated as follows

QDH,lmal = QFM(’I cell + QPEM + QMezhanul Plant (12)

The energy associated with the produced methanol is estimated from
the following equation

Enytemanot = Myteranot < LHV vethano! (13)
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where Mpethanot represents the amount of generated methanol in kg/s,
LHVpfethanot represents the lower heating value of methanol in kJ/kg.

There is no energy generation associated with the produced oxygen
at the PEM electrolyser unit. So, finally the first law efficiency of the
proposed multigeneration energy hub is estimated as follows

Wier + Optitorat + ENptemmanol

(14)
Entaml

”ﬁrsr law —

Wier + (EX€rgY) uste near

H, Q

and

R ble Energy R 179 (2023) 113278
the physical and chemical exergies. The exergy of the heat supplied to

the district heat network is estimated as follows

Tambinet ) (1 6)

Thot water

(Exergy)waste heat — QDH,mml X (1 -

Finally, the second law efficiency of the proposed multigeneration en-
ergy hub is estimated by the following equation

+mme!Mnal X (SPeCiﬁC Exergy)methanol + n;l”x)’geﬂ X (Speciﬁc Exergy)oxygen

a7

Nsec ond law =

(Inlet Exergy)

total

For the second law analysis of the system, first the specific exergy of
the fuel followed by total exergy input through fuel have been estimated.
The specific exergy of any material flow is a combination of its physical
exergy and chemical exergy. There are two input exergies into this
proposed system. One is through the fuel input and other is direct
electrical power (itself an exergy). The total exergy input into the inte-
grated system has been estimated as follows

(Inet Exergy), ., =ty x (Specific Exergy),, + Elpy as)

The output exergies of the proposed system are the electrical power
output, the exergy associated with the waste heat supplied to the district
heat network, the exergy associated with the methanol produced and the
exergy value of the oxygen produced from the PEM electrolyser unit.
The exergy values associated with the methanol and the oxygen are
estimated from their respective specific exergy values combining both

Exergy Input

The detailed inflow and outflow and an overall exergy balance sheet
of the multigeneration energy hub is portrayed in Fig. 5.

Table 2

Thermodynamic performance of the proposed plant.
Parameter Numerical Value Units
Fuel Input 0.014 kg/s
Electricity Input 1000 kW
Net power Output 322 kw
Net Heat supply to district Heat network 766.4 kw
Methanol Produced 0.024 kg/s
Oxygen produced 0.0361 kg/s
First Law Efficiency 86.024 %
Second law Efficiency 59.125 %

Methanol ,
31.2

Fig. 5. Exergy flow of the system.
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Fig. 6. Schematic representation of GT-MCFC-Methanol system.

The conceptualized plant performance is summarised in Table 2.
4. Case study 1: GT-MCFC plant

For the first case study the main power generation block has been
changed. Instead of a SOFC unit, a conventional gas turbine (GT) plant is
taken for the power generation at the upstream position. The GT exhaust
goes to the cathode side of MCFC stack. The MCFC cathode exhaust
preheats the exhaust gas from the GT unit at the gas preheater (GH). Rest
of the plant configuration remains the same as the main proposed plant
as stated earlier. The schematic representation of the proposed plant for
the case study-1 is depicted in Fig. 6. The operating condition
(compressor pressure ratio, maximum turbine inlet temperature,
compressor, and turbine efficiencies etc.) for the GT unit is taken from
the previously published literature. To replicate the GT plant, an in-
dustrial commercial scale GT cycle has been referred here. An open-type
GT cycle has been proposed to be integrated [47]. The fresh air is
compressed with a compression ratio of 14 [48] into the combustion
chamber where it burns the methane fuel. The air fuel ratio is used such
a way so that the outlet temperature of the combustion chamber would
be 1200 °C [48]. The high pressure and temperature after-combustion
gas expands in the gas turbine up to the normal atmospheric pressure
before entering the cathode side of MCFC. The outlet temperature at the
turbine exhaust is slightly lower than the MCFC operating temperature
(650 °C) considered here in this study. So, before going to the MCFC the
GT exhaust is again heated by the MCFC cathode exhaust gas. After
pre-heating the GT exhaust still there are quite handsome amount of
heat is available in the MCFC cathode exhaust stream that is coming out
from the gas pre-heater. Before going into the atmosphere, the residual
waste heat, available in the cathode exhaust stream, is recovered via hot
water generation which is proposed to supply into the district heat
network as well. The arrangements for the post processing of the MCFC
anode exhaust gas and its waste heat utilization followed by the

moisture separation to produce pure CO, remain similar like the earlier
plant configuration (Fig. 2). At the same time the PEM electrolyser and
the methanol production plant configurations as well as their integra-
tion with the main power generation unit remain the same as the earlier
plant (Fig. 2). All other important operating parameters like compressor
and turbine isentropic efficiencies, mechanical efficiencies, generator
mechanical and electrical efficiencies, combustion chamber efficiency
etc. are considered in line with the values mentioned in earlier literature
[47,48].

4.1. Performance analysis

The first law and second law analyses have been performed to
evaluate the thermodynamic performance of the proposed system for the
case study —1. Following the same methodology as stated in section 3.5,
the input and output energy balance and mass balance have been carried
out in detail. The first law efficiency of the proposed system for the case
study-1 is estimated as follows

Enguy

Nfirst taw = Enpon 18
where Eng,q represents the total energy input, En,,, represents the total
useful energy output from the system which is the sum of net work
output, heat supplied to the district heat network and energy associated
with the methanol.

For the second law analysis, second law efficiency has been esti-
mated for the system for case study - 1. The second law efficiency of the
proposed system is estimated by the following equation

Exergyou

_ 19
(Inlet Exergy) (19)

Nsecond taw
total

Here the input exergy are the sum of the fuel input exergy and the
electrical work input at the PEM electrolyser. The output exergy
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Table 3

Thermodynamic Performance of the Plant for case study —1.
Parameter Numerical Value Units
Fuel Input 0.014 kg/s
Electricity Input 1000 kw
Net power Output 240.5 kw
Net Heat supply to district Heat network 854.55 kw
Methanol Produced 0.024 kg/s
Oxygen Produced 0.0361 kg/s
First Law Efficiency 86.42 %
Second Law Efficiency 55.29 %

(Exergyou) of the system is comprised of the net work output from the
system, the exergy value of the heat supplied to the district heat
network, the total exergy (both physical and chemical) associate with
the produced methanol and oxygen. The detailed calculation of the in-
dividual exergy outflow is already explained in section 3.5, not repeated
here.

The plant performance output summary for the case study - 1 is
summarised in Table 3.

The detailed inflow and outflow and an overall exergy balance of the
plant for the case study — 1 is portrayed in Fig. 7.

5. Case study 2: GT-MEA plant

Likewise, the first case study for the second case study the main
power generation block has been changed too. Instead of the SOFC unit,
a conventional gas turbine (GT) plant is taken for the power generation
at the upstream position. Along with the GT unit at the downstream
instead of the MCFC unit a conventional monoethanolamine (MEA)
based chemical absorption CO; capture unit is proposed to be inte-
grated. As described earlier in section 4 the configuration and the design

Exergy Input

H, C,
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and operating parameters of the GT unit remains same as considered for
the case study —1. The GT exhaust goes to the MEA capture unit. The GT
exhaust temperature is substantially high to be send into the MEA cap-
ture unit. The GT exhaust is to be cooled up to the near atmospheric
temperature before sending it into the absorber column of the MEA unit
[49]. This gives a good opportunity to recover heat via hot water gen-
eration that is going to be supplied in the local district heat network.
Then the flue gas is sent to the absorber column of the MEA system with
the help of a gas blower [50]. Then the MEA plant is designed and
modelled using the designed and operating parameter as in line with the
previously published literature [51,52]. The separated and captured
CO; is then compressed and send to the methanol production plant for
CO9 hydrogenation process. The configuration and design & operating
conditions for the methanol plant and PEM electrolyser unit remain the
same as stated earlier in detail. Rest of the plant configuration remains
the same as the main proposed plant as stated earlier in section 2. The
schematic representation of the proposed plant for the case study-2 is
depicted in Fig. 8. Unlike the two previously proposed system configu-
ration there is no need for pure oxygen for the post combustion process
at the downstream of MCFC unit. So, the system proposed for the case
study —2 produces comparatively more oxygen than the earlier two
proposed configurations, that are going to be supplied for the industrial
use. In all the previous literature it has been reported that the reboiler
heat duty for the MEA capture unit can vary 3.7-4.4 MJ/kg of CO2
[49-52]. Here in this study the reboiler heat dusty is taken as 4 MJ/kg of
CO; [50] and it has been assumed that high quality waste heat, available
in the whole integrated system, has been supplied to meet this reboiler
heat duty. As a result, the overall net heat that are going to be suppled in
the local district heat network is reduced in comparison to the other two
earlier proposed systems. On the other hand, the auxiliary power con-
sumption to operate only the MEA plant excluding the CO2 compression

Methanol
31.2

Fig. 7. Exergy flow of the GT-MCFC-Methanol system.
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Fig. 8. Schematic representation of GT-MEA-Methanol system.

unit are taken as 4.757 kW/kg/s CO, [50]. This auxiliary power has
been supplied from the power produced at the GT unit, resulting a lower
net power output from the overall plant.

5.1. Performance analysis

Again, the first law and second law analyses have been performed to
evaluate the thermodynamic performance of the proposed system for the
case study —2.

Following the same methodology, the input and output energy bal-
ance and mass balance have been carried out as stated earlier in detail in
section 3.5.

The first law efficiency of the proposed system for the case study-2 is
estimated as follows

_ Energyum

”_/Ir:l law — (20)

Energy;,

where Energy;, represents the total energy input into the system, Ener-
&Yout TEPresents the total useful energy output from the system which is
the sum of net work output, heat supplied to the district heat network
and energy associated with the methanol. The energy input comprised of
the fuel energy input and the renewable electrical energy input. How-
ever, the detailed calculation for the energy out flow from the system is
already explained in section 3.5, not repeated here. For the second law
analysis, second law efficiency has been estimated for the system for

11

case study - 2. The second law efficiency of the proposed system is
estimated by the following equation

_ Net output Exergy

Nsec ond law =

2D
Input Exergy

Here, the input exergy is the sum of the fuel input exergy and the
electrical work input (itself an exergy) at the PEM electrolyser. The net
output exergy of the system is comprised of the net work output from the
system, the exergy value of the heat supplied to the district heat
network, and the total exergy (both physical and chemical) associated
with the produced methanol and oxygen. The detailed calculation of the
individual exergy outflow is already explained in section 3.5, not
repeated here. The plant performance output summary for the case
study — 1 is summarised in Table 4.

Table 4

Thermodynamic Performance of the Plant for case study —2.
Parameter Numerical Value Units
Fuel Input 0.012 kg/s
Electricity Input 1000 kw
Net power Output 215.8 kw
Net Heat supply to district Heat network 619.4 kw
Methanol Produced 0.024 kg/s
Oxygen produced 0.0361 kg/s
First Law Efficiency 75.58 %
Second law Efficiency 54.8 %




S. Samanta et al. and S

inable Energy Reviews 179 (2023) 113278

~

Methanol
31.2

Exergy Input

Fig. 9. Exergy flow of the GT-MEA-Methanol system.
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The detailed inflow and outflow and an overall exergy balance of the
plant for the case study — 2 is portrayed in Fig. 9.

6. Technical performance evaluation
6.1. Net power output and net heat supply to district heat network

Fig. 10 compares the net power output and available net heat from
the investigated three system configurations. It is observed that the
“SOFC-MCFC-Methanol system” generates the maximum amount of net
power output, followed by the “GT-MCFC-Methanol system” and the
“GT-MEA-Methanol system”. In the SOFC-MCFC-Methanol system,
SOFC generates 339.29 kW, MCFC produces 24.06 kW, and 41.01 kW of
power is used in running auxiliary equipment. In the GT-MCFC-
Methanol system, GT generates 211.6 kW, MCFC generates 58.26 kW,
and ancillary equipment consumes 24.28 kW. GT is the single power
producing unit in the GT-MEA-Methanol system, producing 266.78 kW,
with the remaining 25.97 kW utilized to drive ancillary equipment.
However, Fig. 10 also shows that the “GT-MCFC-Methanol system”
yields the highest net heat output, followed by the “SOFC-MCFC-
Methanol system” and the “GT-MEA-Methanol system”. The methanol
plant generates the same amount of heat for all the systems, which was
105.78 kW. Unlike the MCFC integrated systems, the “GT-MEA-Meth-
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(76.97%). As can be seen from the preceding subsection, the “GT-MCFC-
Methanol system” has the most available heat for the district heat
network. As a result, the GT-MCFC-Methanol system has the highest
energy efficiency. However, the “SOFC-MCFC-Methanol system” yielded
the maximum exergy efficiency (59.12%), followed by “GT-MCFC-
Methanol system” (55.58%) and the “GT-MEA-Methanol system”
(53.79%). In comparison to the other systems, the “SOFC-MCFC-Meth-
anol” system produces the highest power, as shown in the preceding
subsection. As a result, the SOFC-MCFC-Methanol system has the highest
exergy efficiency.

6.3. Oxygen and methanol production for industrial use

The oxygen generated by the PEM electrolyser component is an
essential system product that will be marketed for industrial usage.
0.036 kg/s of oxygen was produced by the 1 MW PEME system. In the
“SOFC-MCFC-Methanol system” and the “GT-MCFC-Methanol system”,
some amount of oxygen is used for the combustion of MCFC anode

Table 5
Capital costs of different equipment and other important data for economic
analysis.

anol system” required heat input for the MEA unit, which was 136 kW. Description Capital cost Ref
The CO; in the gas turbine exhaust steam was more than the SOFC unit. PEM Electrolyser 400 £/kW [36]
Hence, the required fuel input for the MCFC to separate the amount of Solid Oxide Fuel Cell 900 $/kW [53]
CO-, from the gas turbine system was higher, which resulted in a greater Molten Carbonate Fuel Cell ) 3000 $/kW [54]
power and heat output from the MCFC unit coupled to the gas turbine as p“mp]j Compressor + Heat Exchanger + Pipe  202.5 $/kW (551
. WOrks
compared to the one coupled with the SOFC system. As a result, the Hot Water Storage Tanks 20 §/kW [56]
power output from the “SOFC-MCFC-Methanol system” is the highest Heat Network 624 £/MWh [57]
one followed by the “GT-MCFC-Methanol system” and the “GT-MEA- Gas Turbine 713 $/kW [581
Methanol system". e-Methanol Plant 1620 $/t [59]
MEA based CO2 capture 1691 $/t [60]
Renewable electricity price for PEM electrolyser ~ 35.26 £/MWh [36]
6.2. Exergy and exergy efficiency of the system Lithium-ion battery 350 $/kWh [61]
Electricity selling cost 0.1514 £/kWh [62]
. . . . Methane cost 1.35 $/kg [63]
Fig. 11 compares the energy and exergy efficiencies of the three Oxygen selling cost 17.75 £ for 300 L [64]
proposed configurations. It shows that the “GT-MCFC-Methanol system” cylinder
yields the highest energy efficiency (86.72%), followed by the “SOFC- Methanol selling cost 3.31 £/kg [65]
MCFC-Methanol system” (86.02%) and the “GT-MEA-Methanol system”
100 T \
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Fig. 11. Energy efficiency and exergy efficiency of the investigated systems.
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exhaust gas at the downstream of MCFC unit. The GT-MEA-Methanol
system, on the other hand, does not require any oxygen, hence the
entire amount of oxygen is sold from this pant. So, both the “SOFC-
MCFC-Methanol” and “GT-MCFC-Methanol system” produce 0.036139
kg/s pure oxygen for industrial use. Whereas the “GT-MEA-Methanol
system” produces 0.038139 kg/s pure oxygen. All three systems are
designed to capture and separate the same quantity of CO, coming out of
the power generation unit. The CO, was utilized to make methanol using
hydrogen from the PEM electrolyser in the methanol plant. Hence, same
amount of methanol was generated from all three systems, which was
0.02399 kg/s.

7. Economic analysis

Table 5 contains the capital costs of various equipment as well as
other key data for economic analysis.

The total capital cost (CAPEX) is the summation of all the compo-
nents of the system, and it is estimated as follows:

CAPEX = ZCAP,- (22)

where, CAP; is the capital cost of ith component.

The discount rate is considered to be 3% [36], and its lifespan is 30
years. The cost of yearly operation and maintenance is anticipated to be
2.5% of CAPEX [66]. The system needs periodic replacements of SOFC,
MCFC and other components. The annual replacement costs have been
projected to be 5% of CAPEX [66].

The total annual cost of the system is the combination of the annual
capital cost, annual operational and maintenance cost, annual replace-
ment cost, and annual fuel cost, as shown in the following equation.

COSTAmLual = CAPEXAnnual + OPEXAmLuaI + REPArmual + FUELArmual (23)
7.1. Levelized cost of energy (LCOE)

The levelized cost of energy (LCOE) of the system can be determined
by the following equation.
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COSTAnnual
Total Energy Production

LCOE = (24)

where unit of COSTapnuqis $ and unit of *Total Energy Production’ is kWh.

The levelized cost of energy (LCOEs) of the analysed systems are
compared in Fig. 12 for two scenarios: “without battery storage” and
“with battery storage”. For “without battery storage” and “with battery
storage” scenarios, the LCOE of the first system (SOFC-MCFC-Methanol
system) is 0.06012 £/kWh and 0.0644 £/kWh, respectively. In com-
parison to the other analysed systems, the LCOE of the second system
(GT-MCFC-Methanol system) is lower for both scenarios. The LCOE of
“GT-MCFC-Methanol” system is predicted to be 0.0590 £/kWh without
battery storage and 0.0622 £/kWh with battery storage. For both sce-
narios with and without battery storage, the GT-MEA-Methanol system
has the highest LCOE among all of the systems. The LCOE of “GT-MEA-
Methanol” system is 0.0782 £/kWh without battery storage and 0.0817
£/kWh with battery storage, respectively.

7.2. Payback period

Fig. 13(a)and (b) show a simple payback model for the proposed
SOFC-MCFC-Methanol system in two different scenarios: “with battery
storage” and “without battery storage,” respectively. The payback
period of the SOFC-MCFC-Methanol system is estimated to be 2.16 years
without battery storage and 2.75 years with battery storage,
respectively.

The simple payback periods of the other configurations have also
been calculated and compared which is shown in Fig. 14. The “GT-MEA-
Methanol” system has the largest payback period for both the scenarios
with and without battery storage. The payback period for the GT-MEA-
Methanol system is expected to be 5.57 years without battery storage
and 4.86 years with battery storage, respectively.

8. Comparative performance analysis with other systems

In this section, the techno-economic performances of different sys-
tems integrated with SOFC or MCFC have been compared in a tabulated
form. The proposed multigeneration system has energy and exergy
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Fig. 12. Levelized cost of energy of the investigated systems.
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Fig. 13. (a) Simple payback model for the SOFC-MCFC-Methanol system with battery storage. (b): Simple payback model for the SOFC-MCFC-Methanol system
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efficiency of 86.03% and 59.13%, respectively. The table shows that the
proposed multigeneration system has much better thermodynamic
performance than other systems. Furthermore, the LCOE of the proposed
current multigeneration energy hub is 0.06 £/kWh, which is lower than
many systems listed in Table 6.

9. Conclusions

Till the 100% transformation into renewable energy generation,
carbon capture and utilization will be crucial in reaching the goal of
reducing carbon emissions and achieving net zero emissions, especially
in the transportation and mobility sectors. An integrated heat and en-
ergy system has been proposed in this study for an energy hub based on
production and storage of power, heat, hydrogen, and oxygen. The hub
consists of an electrolyser (PEM electrolyser), fuel cells (SOFC and
MCFC) and a methanol generating plant. The PEM electrolyser produced
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Hp, O3 and heat utilizing renewable electricity. Methane was employed
as fuel in a solid oxide fuel cell (SOFC) to generate electrical power and
heat. A molten carbonate fuel cell (MCFC) was used to separate CO,
from the SOFC exhaust and to generate power, heat simultaneously as
well. Thereafter, the segregated CO5 was reacted with the Hy from the
electrolyser to produce methanol and heat. The heat from the electro-
lyser, fuel cells, and methanol production facility has been proposed to
be fed into a district heating network at 75 °C. To assess the hub’s
techno-economic potential, energy, exergy, and economic assessments
have been conducted. The following are the main observations con-
cerning the proposed hub:

e The net electrical power and heat output from the hub was 321.95
kW and 766.4 kW, respectively.

o The plant also produced 0.024 kg/s of methanol and 0.036 kg/s of
net oxygen.
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Table 6
Techno-economic performances of different systems.
System configuration Products Efficiency Levelized Ref.
cost of
electricity/
energy
SOFC -GT hybrid system Power 41.6% 82 $/MWh [67]
integrated with coal (electrical)
gasification
SOFC-GT- steam cycle Power 44.6% 77 $/MWh [67]
integrated with coal (electrical)
gasification
Natural gas fired combined ~ Power 57.53% 58.80 [68]
cycle with MCFC based (electrical) $/MWh
CO,, capture
Multigeneration system Power, 86.8% - [69]
integrating MCFC- Heating, (energy)
thermally regenerative Cooling 80.4%
electro-chemical cycle, and (exergy)
thermophotovoltaic cell, Hydrogen
alkaline electrolyzer and
absorption refrigerator
Biomass gasification based Power 49.29% 65.4 $/MWh [70]
SOFC- GT and ORC (electrical)
integrated system
CCHP system integrating Power, 63.21% - [71]
SOFC, GT, ORC, and Heating (electrical);
double effect absorption and 62.67%
refrigeration cycle Cooling (exergy)
Methane fueled SOFC- Power 60% - [72]
MCFC-GT and (electrical)
compressed air energy
storage (CAES)
integrated hybrid system
Supercritical coal power Power — 93.7-119.9 [73]
plant in India retrofitted €/MWh
with calcium looping
based CO,, capture
system
CCHP system integrating Power, 71.71% - [74]
MCFC, GT Stirling Process (energy)
engine, Absorption heat and
Chiller cooling
CCHP system integrating Power, 65.89% - [75]
solar aided MCFC, Steam  Heating (energy)
turbine and 63.77%
Cooling (exergy)
CCHP system diesel-fueled Power, 54.1% — [76]
chemical looping Heating (electrical)
hydrogen generation, and 52.3%
SOFC, GT and absorption  Cooling (exergy)

chiller

The exergy efficiency of the proposed system was 59.12%. The lev-
elized cost of energy (LCOE) for the proposed system was 0.06012
£/kWh.

Two case studies have been conducted to validate the proposed
system’s potential in contrast to existing systems. In the first case study,
the SOFC was replaced with a conventional gas turbine, but everything
else remained the same. The MCFC was replaced in the second case
study by a typical MEA plant to extract COy from the exhaust of a gas
turbine. The key findings from the two case studies are summarised
here:

e The exergy efficiencies were found to be 55.58% and 53.57% for the
“GT-MCFC-Methanol” and “GT-MEA-Methanol” system,
respectively.

e The comparison shows that the performance of the proposed system
outperformed that of traditional gas turbine-based systems.

e The LCOE for the first case study (“GT-MCFC-Methanol” system) was
0.0590 £/kWh, whereas the LCOE for the second case study (“GT-
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MEA-Methanol” system) was 0.0782 £/kWh. As evident from the
economic comparison, the proposed system’s LOCE was similar to
the first case study’s and exceeded the second case study’s LCOE.

Despite having the favourable results to go forward with decarbon-
ising the transport sector and the district heat network, the main
obstacle is the commercialization of low cost SOFC and MCFC technol-
ogy. Additionally, there is uncertainty regarding the energy demand for
both transportation and district heat, as well as the input side of
renewable green hydrogen production. Balancing both supply and de-
mand will be a significant challenge. This presents an opportunity for
further research to conduct a comprehensive analysis of the system,
utilizing practical energy demand data for specific energy hubs, com-
munities, county councils, regions, or zones. The fuel cell-based system
is a reliable energy generation device, but it may have limitations in
meeting variable energy demand over a daily, monthly, or yearly period.
It is probable that additional research will be necessary to develop an
operational strategy for the proposed system to adapt to fluctuating
demand.
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