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ARTICLE INFO ABSTRACT

Handling Editor: A. Olabi This article presents an advanced power generation system that integrates a solid oxide fuel cell (SOFC) module

with a recuperated supercritical CO (s-COz2) cycle. The waste heat generated by the exhaust of the SOFC module

Keywords: is utilised to drive the s-CO; cycle, resulting in enhanced energy efficiency. The performance of the system was
Response surface methodology investigated through thermodynamic and economic analyses and optimised using response surface methodology.
:S;Srcritical €0, cycle The ogti.mi'sa'tion process.focused on two o.bj.ectives: maximisin'g the energy efficiency of the int.egrated syster'n
Hydrogen and minimising the levelised cost of electricity. The study meticulously analysed the effects of important vari-

ables such as current density, fuel utilisation factor, and operating temperature of the fuel cell. The optimisation
efforts yielded impressive results, achieving an energy efficiency of 64% and a levelised cost of electricity (LCOE)
of 0.18£/kWh. The proposed system surpassed traditional natural gas-fuelled power plants in terms of efficiency
and specific emissions. Furthermore, the system’s performance was evaluated when operated with green
hydrogen fuel, which led to a substantial improvement in efficiency, estimated at 73.37%. However, it was found
that the LCOE of the system is relatively higher and approximately 15% higher than the methane-based

Multi-objective optimisation
Waste heat recovery

alternative.

1. Introduction

It is projected that fossil fuels currently account for 80% or more of
the world’s primary energy consumption [1]. This heavy reliance on
fossil fuels results in significant greenhouse gas emissions, endangering
the International Panel on Climate Change’s recommendation of
limiting global warming to below 2° Celsius [2]. This has raised the
alarm about the need to reduce the amount of carbon dioxide (CO3) in
the atmosphere. As a result, governments are shifting toward an econ-
omy based on renewable energy.

In recent years, considerable emphasis has been placed on devel-
oping fuel cell-based energy systems, since fuel cells are thought to be
superior to other traditional energy devices in terms of reaching sus-
tainable energy goals. Fuel cells can be classified into different cate-
gories based on their operating temperature. The solid oxide fuel cell
(SOFC) and molten carbonate fuel cells, which operate at temperatures
exceeding 600 °C, are examples of high-temperature fuel cells [3].
SOFCs are commonly used in stationary power generation due to their
higher efficiency. Their high operating temperatures make them suitable
for direct internal reforming, allowing the use of biogas, methane, or
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other higher hydrocarbon fuels as energy sources.

In contrast, low-temperature fuel cells such as polymer electrolyte
membrane fuel cells (PEMFCs) are less expensive than SOFCs. The
higher cost of SOFCs can be attributed primarily to their lower pro-
duction quantities [4,5]. However, due to their high operating temper-
atures and the generation of high-grade waste heat, SOFCs are
well-suited for integration with bottoming cycles, which further utilise
the waste heat to improve the overall system efficiency. This advantage
makes SOFCs more advantageous compared to PEMFCs.

The integration of SOFCs into energy systems has been extensively
studied. For example, Pirkandi et al. [6] investigated SOFC and gas
turbine (GT) systems by connecting two SOFC stacks in series and par-
allel, respectively. Their study revealed that a hybrid system with two
fuel cell stacks in sequence achieved a maximum electrical efficiency of
46.3%. Kumar et al. [7] performed a thermodynamic analysis of a
comprehensive system that incorporated SOFCs, GTs, and an organic
Rankine cycle (ORC), demonstrating that the energy and exergy effi-
ciencies could reach up to 47.34% and 56.85%, respectively. Lei et al.
[8] conducted a thermo-economic analysis of a SOFC-GT-ORC combined
plant, comparing various working fluids in the ORC. Wang et al. [9] also
investigated a similar SOFC-GT-ORC system using thermodynamic and
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Nomenclature n Molar flow rate, mol/s
R Universal gas constant, J/mol.K
ar Extent of steam reforming reaction for CH4, mol/s RSM Response surface methodology
Acell Area of a cell, m? 5 Molar entropy, J/mol-K
AB Afterburner T Operating temperature of SOFC
AHE air heat exchanger UF Fuel utilisation factor
ANOVA Analysis of variance \Y Voltage, V
b, Extent of water gas shift reaction, mol/s W Power, kW
¢ Extent of electrochemical reaction, mol/s WHE Water heat exchanger
CAPEX Capital cost, £ Zcap, Investment cost for ith component, £

Danodeert  Effective gaseous diffusivity through anode, m?/s
Dcanodects  Effective gaseous diffusivity through cathode, m?/s

DOE Design of experiments

F Faraday constant, C/mol

FHE Fuel heat exchanger

h Specific enthalpy, kJ/kg

j Current density, A/m?

JAs Limiting current density of anode, A/m?>
jcs Limiting current density of cathode, A/m?>
Joa Exchange current density of anode, A/m?>
Jjoc Exchange current density of cathode, A/m?
K Equilibrium constant

L Thickness, m

LCOE Levelised cost of energy, £/kWh

LHVy, Lower heating value, kJ/kg

m Mass flow rate, kg/s

Greek letters

n Efficiency, %

p resistivity of cell components
Subscripts

act Activation

An Anode

BA Air blower

Ca Cathode

IN Inlet

FC Fuel compressor
OouT Outlet

SCC CO; compressor
SCT CO,, turbine

economic analyses. A homogeneous charge compression ignition (HCCI)
engine was integrated with SOFC by Kim et al. [10] and further exper-
imentally validated the proof of concept by Koo et al. [11]. Their
experimental study demonstrated that about 75.1% of the waste heat
was recovered. Additionally, multi-objective analysis of SOFC inte-
grated combined heat and power system was explored by Mojaver et al.
[12] using Taguchi approach and multi-criteria decision making
(MCDM) method. According to their study, current density was found to
be most effective parameter on power generation (71.5%).

The supercritical CO; cycle can be effectively used using high and
medium temperature waste heat because of its simpler configuration,
compactness, and relative high efficiency [13]. CO, is non-corrosive,
non-flammable, non-toxic, and readily available. Furthermore,
because the critical temperature of CO» is close to that of the atmosphere
(31.1 °C), reaching a supercritical state is easily thermally feasible [14]
and investment cost of s-CO, cycle is lower [15]. In order to recover
waste heat from engine exhaust, Sakalis et al. [16] investigated the
combination of the s-CO5 cycle with a ship engine. Chen et al. [17]
performed a techno-economic analysis of an integrated system combi-
nation of biomass gasification based GT cycle, s-CO cycle, and coal fired
system. The net present value of the system was calculated to be k
$31358.34. Guo et al. [18] performed a systematic review of the s-COy
cycle related to technological advancement, key issues, and potential
application in the energy sector.

Response surface methodology (RSM) is an effective method for
performing multi-objective optimisation. Earlier, it was employed to
optimise the performance of reactive cotton dying process [19], gasifier
design [20], diesel engine using blends of Solketal, biodiesel and diesel
[21], free piston Stirling engine [22], biogas setup for household energy
applications [23], supercritical COy extraction [24], external roller
burnishing operation using a CNC lathe [25], conversion of tomato
pomace into bio-oil [26], to increase the efficiency of the secondary flow
injection from the axial gas turbine casing [27], stand-alone operation of
vertical cylindrical thermal energy storage tank [28]. However, RSM is
applied in very few studies related to integrated energy systems. Pourali
and Esfahani [29] investigated an integrated hydrogen production

system and optimised the performance using RSM. Mojaver et al. [30]
investigated an integrated biomass gasification, SOFC and high tem-
perature sodium heat pipe system using RSM. This demonstrates the
effectiveness of RSM as a highly accurate multi-objective optimisation
method.

Despite the potential of integrating SOFCs and recuperated s-CO»
cycle systems in achieving sustainable energy goals, previous research
on this specific configuration has been limited. In this study, we employ
RSM to investigate the integrated SOFC and recuperated s-CO2 cycle
system. The system is modelled using methane-fuelled SOFC and inte-
grated as a bottoming cycle with the s-CO; cycle. The objective of this
study is to determine the optimal operating parameters of the integrated
system and evaluate its performance and efficiency through compre-
hensive thermodynamic and economic analyses. Multi-objective opti-
misation is employed to determine the ideal operating conditions.
Additionally, we slightly modify the proposed SOFC-s-CO5 configuration
to accommodate green hydrogen as a fuel and investigate the system’s
performance. This first-of-its-kind study provides valuable insights for
future research on integrated energy systems and contributes to the
advancement of sustainable energy solutions.

2. Materials and methods
2.1. System description

Fig. 1 depicts the detailed schematic of the proposed integrated en-
ergy system, showcasing the various components and their in-
terconnections. At the heart of the system is the solid oxide fuel cell
(SOFQ), serving as the prime mover. The SOFC operates using methane
as its fuel source, which undergoes a series of processes to enable effi-
cient power generation. The methane fuel, after being compressed and
heated, enters the system through a fuel heat exchanger (FHE) where it
is further prepared. Simultaneously, fresh water is supplied to the sys-
tem via a pump and passes through a water heat exchanger (WHE) to
optimise its temperature for subsequent use. Inside the SOFC’s anode
channel, the steam-to-fuel ratio is maintained at 2.5 to ensure optimal
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Fig. 1. Schematic diagram of the proposed system.

performance. The fuel and steam mixture undergoes electrochemical
reactions within the SOFC, generating power as a result. To support the
SOFC’s operation, fresh air is drawn in and compressed by an air
compressor. The compressed air is then heated in an air heat exchanger
(AHE) to the appropriate temperature before being supplied to the
cathode channel of the SOFC. This controlled airflow facilitates the
electrochemical reactions necessary for power generation within the
fuel cell. In the SOFC’s anode channel, any unused fuel exiting the
channel is directed to the afterburner (AB) unit. In the afterburner, the
remaining fuel is entirely consumed, ensuring complete utilisation. The
heat generated from the afterburner’s exhaust gas is efficiently har-
nessed to further elevate the temperature of the incoming streams within
the SOFC, maximising the overall energy efficiency of the system. In
addition to the SOFC module, the integrated energy system incorporates
a recuperated supercritical CO; cycle. This cycle takes advantage of the
waste heat produced by the gas heater, utilising it as the driving force for
the supercritical CO, cycle. The waste heat is effectively recovered and
converted into useful energy, contributing to the system’s overall per-
formance and efficiency. By integrating these various components and
optimising their operation, the proposed integrated energy system
demonstrates a highly efficient and sustainable approach to power
generation.

2.2. Solid oxide fuel cell

The SOFC model investigated in this study is of the internal
reforming kind. Methane was supplied as a fuel to the anode stream of
SOFC. The internal reformer undergoes the following chemical re-
actions:

CH,+ H,0 < CO + 3H,(Steam reforming) (€8]

CO +H,0 < CO, + H, (Shifting) 2

Furthermore, hydrogen generated from the steam reforming and
shifting reactions is used in the overall electro-chemical reactions as

shown below

1
H, + 2 0, < H,0 (Overall electro — chemical reaction) 3)

The molar conversion rates of steam reforming, shifting, and overall
electrochemical reactions are denoted by a,, b, and c;, respectively.

The molar flowrates of the flowing gases at the anode and cathode
channels are calculated by the relations provided below:

Rep, v =Gy “4)
ﬁHzo.lN =2.5x a, 5)
tim, our =3d; + b, ¢, ®)
tico.our =4, — b, @)
tico, our =b, (8)
li0.0ur =m0y — Gy — b, + ¢, ©)
Ho, N = 2;72)2 (10)
. . (A
o, our =Ro,IN — 2 11
Ty, our = RN, IN 12)
Reain = Roy N + iy, IN 13)
Heaour = o, 0ur + N, 00T a4
RaniN =MHcHy v + 0,18 15)
Tan0ur =R, 0ur + Heoour + Reo,.our + Biyo.0ur (16
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The equilibrium constant of shift reaction is denoted by K, and it
can be defined by

AAO if br 3a’r br - br

KShift =exp| — _gshlft _ . _ X ( + i ¢ ) _ . (17)
RxT (@, — b,) x (”HZO,IN —a, — b, + Cr)

where, Agfh,.f, = Aflsh,-f, — T X ASgife (18)

The current density (j) is related to the hydrogen consumption molar

rate (¢,) by the following relation
¢, x 2F

. (19
I Ncell X Acell
where, A,y and N, denote area of a cell and number of cells, respec-
tively.

The fuel utilisation factor (UF) can be defined as

ér

UF=—""_
3d, +b,

(20)

The power output produced by the SOFC stack is estimated as
Wsorc.siack = Neet X Veert X J X Acen (21
The cell voltage (V) can be estimated as

Vcell = VN - (Vact + Vconc + Vnhm) (22)

where, Vi, Viet, Veone ;and Vop, are Nernst voltage, activation loss,
concentration loss, and ohmic loss, respectively. The Nernst voltage can
be estimated as follows

Ag' RTsorc, (@ X /@0, 00T
Vy= _ A8 + SOFC ln< H,,0UT 02.0UT> (23)
2F 2F ay,0.0UT
where,
Py, our Py,0.0ur Py, our
am, our = ;,0 ; Amy0.0UT = ZPT; ap, our = ;,70 (24)

Equations used for calculation of different voltage losses are pro-
vided in Table 1.
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cycle in terms of thermodynamic performance [34]. In this investiga-
tion, a recuperated supercritical CO, power cycle is chosen. The power
generated by turbine (SCT) is obtained by the following equation

Wser = mco, (Rin — Rou) (25)

where, mcp, and h represent mass flowrate of carbon dioxide and
enthalpy respectively. The subscripts “in” and “out” represents inlet and
outlet streams

The estimation of the auxiliary power requirement in the CO;
compressor (SCC) is done using the following equation.

Wsce = titco, (hou — hin) (26)
2.4. Economic analysis

Table 2 shows the capital costs of various equipment as well as other
important data for economic analysis.

The total capital cost (CAPEX) is calculated by adding all of the in-
vestment costs of the various components, and it is expressed by the
equation below.

CAPEX = Zcur, 27)

where, Zc4p, is the investment cost of ith component.

The discount rate is set at 3%, and the lifespan is chosen at 30 years.
Annual operation and maintenance costs are estimated to be 2.5% of
CAPEX. SOFC and other components must be replaced on a regular basis
in the system. The annual replacement budget is estimated to equal 5%
of CAPEX. Over a 30-year timeline, a total of 3 SOFC stacks will be
required, assuming a lifespan of 10 years for each stack. As illustrated in
the following equation, the total yearly cost of the system is the sum-
mation of the yearly capital cost, annual operational and maintenance
cost, annual replacement cost, and annual fuel cost.

Table 2
Cost of different components.

. o Description Value Unit Ref.
2.3. Supercritical carbon dioxide cycle
Solid oxide fuel cell 4500 €/kW [35]
. . Pump + Compressor + Heat Exchanger + Pipe works 202.5 $/kwW [36]
The waste heat from the gas heater drives a recuperated supercritical 5-CO, cycle 2000  $/kW [37]
CO4 power cycle with single-stage compression. It has been demon- Methane cost 7.21 p/kWh  [38]
strated that recuperated s-CO; cycle outperforms that of a simple s-COy
Table 1
Different voltage losses.
Type Equations Ref
Activation loss Vaet = Vactanode + Vact Cathode [31,32]

F

RxT /(. ,j
Vaet Anode = —— (sm h ']—)

RxT/( .
Vact,Cathode = 7 (sm

Concentration loss

Veone = Veonc Anode + Veone,Cathode [33]

RT
Veonc Anode = —— k€ (ln (1

2F

Veone,Cathode = —

Py, our XJ ) 4"(1 7L>)
Pr,0.0ur X Jjas Jas

J )) . 2F X Py, our X Danode eff
L)) g = 2 Z M 0UT X Ddnodessy

R x T X Lanode

4F x Po, our X Dcathode cff

Jes = ((P4 ~Pora
Py
Ohmic loss

) xR xTx LCathade)

Voim = (R + X oupili) X j

[31]

Panote = (95 x 108/T x exp(—1150/T)) "
Pathode = (42 % 10°/T x exp(~1200/T))""
PElectrolye = (3.34 x 104/T * exp(—lOSOO/T))’l

10°
Pnterconnect = (9-3 X T * exp(—1100/T)

1
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COST pnnuar = CAPEX pupuai + OPEX gpnuat + REP ppuar + FUEL gy (28)

2.5. Performance indices

The net power generated by the investigated SOFC-sCO; system is
determined by the following relation

Woer = Wsorc stk + Wser — WAuxiliary (29)

The power consumed by the auxiliary components (WAW,»,,,,,y) of the
model is calculated using the following equation

WAuxiliary =Wre + Wga + Weee + WPump (30)

where, Wgc, Wga, Wsce, and Wp,,,,,p are the power consumed by the fuel
compressor, air blower, CO5 compressor and pump respectively.

The net efficiency of the proposed system (ngys) is estimated by the
following equation

W’ll?l

_ 31
s Mgy X LHV 4y @D

The levelised cost of energy (LCOE) for the system is estimated using
the following equation

COSTAnmml (£)
Total Energy Production (kWh)

LCOE = (32)

3. Response surface methodology

Response surface methodology was utilised in this work to construct
a functional relationship between objective responses and specified
input variables. Furthermore, interactive effects of selected input vari-
ables on the objective responses were analysed. The Box-Behnken design
of experiment method, proposed by George E. P. Box and Donald
Behnken, is utilised to design the numerical design [39]. The selected
input variables were current density (j), fuel utilisation factor (UF) and
operating temperature of the fuel cell (T'), respectively. The efficiency of
the system and the levelised cost of electricity (LCOE) were selected as
the objective responses. A full quadratic model as shown in equation
(33) can be applied to correlate the objective responses and the input
variables.

Y, =ay+ zk:a,»X,» + Zk:aiiXiz + kii zk: a,'jX,'ij +e (33)
i=1 i=1 i=1 j=i+1

where, “¥;” is response, “X” is factor, “k” is the number of factors, ag, aj,
ajj, a;; are unknown regression coefficients, respectively.

Each input variable was specified into three levels, coded +1, 0, and
—1, respectively, according to the minimum level, medium level, and
maximum level as shown in Table 3. 15 runs were selected as per the
Box-Behnken design, using Minitab 21.1 software. The simulation is
performed according to the Box-Behnken design and responses are
estimated and presented in Table 3.

4. Results and discussion

In this section, the SOFC model is first validated. Furthermore,
sensitivity analysis of the proposed system has been performed, and the

Table 3
Investigated input variables used in the DOE and their levels.
Independent variables Levels
-1 0 +1
Current density (A/m?) 1500 2500 3500
Fuel utilisation factor 0.7 0.8 0.9

Operating temperature fuel cell (°C) 750 850 900
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response surface methodology is being utilised to further investigate and
optimise the performance of the system. The technical input parameters
required for the analysis are provided in Table 4. The flowchart of the
analysis adopted in this study is shown in Fig. 2.

4.1. Model validation

Solid oxide fuel cell components play a crucial role in the proposed
system, and it is essential to validate their performance using experi-
mental data. In this study, the results obtained from the current SOFC
model are compared with the experimental findings reported by Singhal
et al. [40]. The experiment utilised zirconia doped with about 10 mol.%
yttria as the electrolyte. For validation purposes, the fuel mixture used
consisted of 89% hydrogen and 11% water, while the cell temperature
was maintained at 1000 °C. The model was appropriately adjusted to
achieve a fuel utilisation of 85% during the validation process. Fig. 3
demonstrates that the results obtained from the current SOFC model
exhibit excellent agreement with the experimental data, with a
maximum discrepancy of 3.7%.

4.2. Sensitivity analysis

The variations in efficiency of the integrated energy system with
current density are shown in Fig. 4a. The system’s net power production
rises with increased current densities. The energy efficiency declines
with increasing current density because the rate of growth in net power
output is less than the rate of increase in input energy. With reference to
Fig. 4b, a higher level of system efficiency is achieved when the fuel
utilisation factor rises from 0.7 to 0.9. Additionally, it can be shown in
Fig. 4c that the system’s efficiency falls when the fuel cell’s working
temperature rises.

Fig. 5a depicts the LCOE fluctuations of the system with current
density. It has been observed that when current density increase, the
LCOE reduces. As illustrated in Fig. 5a, this is related to a drop in system
efficiency. According to Fig. 5b, increasing the fuel utilisation factor
from 0.7 to 0.9 lowers the LCOE. It is because system efficiency increases
with increasing UF levels. In addition, as shown in Fig. 5c, when the
operating temperature of the fuel cell increases, so does the LCOE of the
system, as system efficiency drops at higher cell temperatures.

Table 4
Input parameters for technical analysis [31].

Components Parameters Values Units

SOFC Area of a cell 0.01 m?
Exchange current density of cathode 2500 A/

m?
Exchange current density of anode 6500 A/
m2

Thickness of electrolyte 0.00001 m
Thickness of anode 0.0005 m
Thickness of cathode 0.00005 m
Thickness of interconnect 0.003 m
Effective gas diffusivity through anode 0.000005  m?/s
Effective gas diffusivity through cathode 0.00002 m?%/s
Steam to carbon ratio 2.5 -
Pressure drop in SOFC 2 %
Pressure drop at afterburner 3 %

Fuel Isentropic efficiency 85 %

compressor

Air blower Isentropic efficiency 85 %

Pump Isentropic efficiency 85 %

s-CO;, cycle Maximum pressure of the cycle 12000 kPa
Minimum pressure of the cycle 7500 kPa
Turbine inlet temperature 150 °C
Pinch point temperature difference at the 5 °C
regenerator
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Fig. 3. Solid oxide fuel cell model validation.
4.3. Analysis of variance (ANOVA)

Table 5 shows the results from ANOVA for energy efficiency of the
system as the one objective response. The p-value is an important model
parameter. A p-value greater than 0.05 is deemed insignificant. Table 5
shows that the model’s p-value is O with a larger F-value (21744.01),
indicating that the model is significant. Table 5 further reveals that each

term of the regression model is significant, i.e., linear, square, and 2-way
interaction for system efficiency. Fig. 6 depicts the Pareto chart for
standardised effects for the response efficiency of the system. Given that
every bar crosses the reference line 2.4, implying that all of the terms are
meaningful.

Table 6 shows the results from ANOVA for LCOE of the system as the
one objective response. The fact that the model’s p-value is 0 and its F-
value is larger (1488.51) indicates that the model is significant. Table 6
further demonstrates the significance of each parameter in the regres-
sion model, including the linear, square, and two-way interactions for
LCOE. The Pareto chart for standardised effects for the response LCOE of
the system is depicted in Fig. 7. All the bars are seen to cross the
reference line at 2.4, which implies that all the terms are significant.

The regression models for the two objective responses, namely sys-
tem efficiency and LCOE, were generated based on the ANOVA results.
The regression equations for the system’s energy efficiency and LCOE
determined from ANOVA analysis are shown below.

Nys (%) = — 118.07 + 0.004930 x j + 356.23 x UF +0.07053 x T — 145.10

x UF* — 0.000024 x T*> — 0.009500 x j x UF — 0.08175 x UF x T
(34

LCOE %) =0.6782 —0.000020 < j —0.9301 x UF —0.000240 x T

+0.4348 x UF* +0.000023 x j x T 4-0.000139
xUF xT
(35)

For the system efficiency model, higher values of Rﬁdj and R; ¢ are

rec

observed, viz. 99.99% and 99.98%, respectively. Similarly, the R?, and

adj
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Fig. 4. Influence of input parameters on efficiency of the system (1sys), a) Current density (j), b) Fuel utilisation factor (UF), c) operating temperature of fuel cell (T).

(a)
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Fig. 5. Influence of input parameters on LCOE of the system; a) Current density (j), b) Fuel utilisation factor (UF), c) operating temperature of fuel cell (T).

R:,, values for the LCOE model are higher, 99.88% and 99.53%,

respectively. It suggests that models exhibit a greater degree of
accuracy.

4.4. Response surface methodology and numerical model comparison

Table 7 displays the system efficiency and LCOE values for various
current densities, fuel utilisation factors, and fuel cell operating tem-
peratures. It also shows the comparative results obtained between the
RSM and the numerical model. For both system efficiency and LCOE, the
root mean square error is estimated to be 0.0274 and 0.0002,
respectively.

4.5. Interaction effect of decision parameters on objective responses

The interaction effect of UF and ¢j’ on the efficiency of the system has
been shown in Fig. 8. The maximum value of efficiency (greater than
58%) has been observed at a high value of UF (more than 0.82) and low
4" (less than 2000 A/mz) and minimum efficiency (less than 41%) is
observed when UF is less than 0.74 and ¢’ is more than 2600 A/m? The
interaction effect of ‘T’ and ‘j’ on the efficiency of the system has been
shown in Fig. 9. The maximum value of efficiency (greater than 60%)
has been observed at lower values of T (less than 770 °C) and low ¢’ (less
than 1650 A/m?) and minimum efficiency (less than 50%) is observed
when T is higher than 900 °C and 4’ is more than 2850 A/m? The
interaction effect of ‘T and ‘UF’ on the efficiency of the system has been
shown in Fig. 10. The maximum value of efficiency (greater than 60%)
has been observed at a lower value of T (less than 760 °C) and a high ‘UF’
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Table 5
ANOVA for energy efficiency of the system.
Source DF Seq SS Contribution Adj SS Adj MS F-Value P-Value
Model 7 245.206 100.00% 245.206 35.0294 21744.01 0.000
Linear 3 231.037 94.22% 231.037 77.0124 47804.45 0.000
j 1 57.031 23.26% 57.031 57.0312 35401.36 0.000
UF 1 76.076 31.02% 76.076 76.0761 47223.23 0.000
T 1 97.930 39.94% 97.930 97.9300 60788.75 0.000
Square 2 7.885 3.22% 7.885 3.9425 2447.26 0.000
UF*UF 1 7.678 3.13% 7.820 7.8196 4853.94 0.000
T*T 1 0.207 0.08% 0.207 0.2068 128.37 0.000
2-Way Interaction 2 6.283 2.56% 6.283 3.1416 1950.11 0.000
j*UF 1 3.610 1.47% 3.610 3.6100 2240.86 0.000
UF*T 1 2.673 1.09% 2.673 2.6732 1659.37 0.000
Error 7 0.011 0.00% 0.011 0.0016
Lack-of-Fit 5 0.011 0.00% 0.011 0.0023 * *
Pure Error 2 0.000 0.00% 0.000 0.0000
Total 14 245.217 100.00%
system has been shown in Fig. 12. The minimum value of LCOE (lesser
T .
o than 0.195 £/kWh)) has been observed at lower values of current density
c (less than 1750 A/m"2) and high ‘UF’ (greater than 0.82) and higher
LCOE (more than 0.215£/kWh) is observed when j is higher than 3400
8 A/m"2 and ‘UF’ is less than 0.72. The interaction effect of ‘j and ‘UF’ on
the LCOE of the system has been shown in Fig. 13. The lowest LCOE (less
A than 0.195£/kWh) has been seen when T is less than 775 °C and the ‘UF’
is more than 0.81, while the highest LCOE (more than 0.22£/kWh) has
88 been observed when T is larger than 925 °C and the ‘UF” is less than 0.72.
AB A : Current density (A/m"2)
B8C B : Fuel utilization factor
cc C : Operating temperature of fuel cell (°C)
0 50 100 150 200 250
Standardized Effect

Fig. 6. Pareto chart for standardised effects for response efficiency of
the system.

(greater than 0.87) and a minimum efficiency (less than 48%) is
observed when T is higher than 925 °C and ‘UF’ is less than 0.72.

The interaction effect of ‘T* and ‘j° on the LCOE of the system has
been shown in Fig. 11. The minimum value of LCOE (less than 0.190
£/kWh) has been observed at lower values of j (less than 1550 A/m?)
and low ‘T’ (less than 750 °C) and maximum LCOE (higher than 0.22
£/kWh) is observed when T is higher than 935 °C and ‘j’ is higher than
3250 A/m? The interaction effect of ‘UF’ and 4§ on the LCOE of the

BC

A: Current density (A/m*2)

cC
B : Fuel utilization factor

AC
C : Operating temperature of fuel cell (°C)

0 10 20 30 40 50 60 70 80

Fig. 7. Pareto chart for standardised effects for LCOE of the system.

Table 6

ANOVA for LCOE of the system.
Source DF Seq SS Contribution Adj SS Adj MS F-Value P-Value
Model 8 0.001442 99.95% 0.001442 0.000180 1488.51 0.000
Linear 3 0.001336 92.60% 0.001336 0.000445 3677.65 0.000
J 1 0.000386 26.76% 0.000386 0.000386 3188.42 0.000
UF 1 0.000273 18.95% 0.000273 0.000273 2257.46 0.000
T 1 0.000676 46.89% 0.000676 0.000676 5587.06 0.000
Square 2 0.000073 5.05% 0.000073 0.000036 301.02 0.000
UF*UF 1 0.000068 4.71% 0.000070 0.000070 579.97 0.000
T*T 1 0.000005 0.34% 0.000005 0.000005 41.02 0.001
2-Way Interaction 3 0.000033 2.29% 0.000033 0.000011 91.03 0.000
j*UF 1 0.000021 1.49% 0.000021 0.000021 177.12 0.000
j*T 1 0.000004 0.27% 0.000004 0.000004 32.16 0.001
UF*T 1 0.000008 0.54% 0.000008 0.000008 63.81 0.000
Error 6 0.000001 0.05% 0.000001 0.000000
Lack-of-Fit 4 0.000001 0.05% 0.000001 0.000000 * *
Pure Error 2 0.000000 0.00% 0.000000 0.000000
Total 14 0.001442 100.00%




D. Roy et al.

Table 7

Energy 281 (2023) 128158

Design matrix with numerical model results and response surface methodology projected values.

Std Run Pt Blocks Input variables Nsys (%) LCOE (£/kWh)
Order Order Type
Current density (A/s 'm?) Fuel utilisation factor Fuel cell RSM Numerical RSM Numerical
Operating Model Model
Temperature (°C)
14 1 0 1 2500 0.8 850 54.687 54.69 0.20338 0.20320
2 2 2 1 3500 0.7 850 48.433 48.40 0.21820 0.21825
10 3 2 1 2500 0.9 750 60.401 60.40 0.19246 0.19217
9 4 2 1 2500 0.7 750 52.598 52.62 0.20693 0.20658
8 5 2 1 3500 0.8 950 48.283 48.27 0.22167 0.22176
5 6 2 1 1500 0.8 750 60.621 60.55 0.18939 0.18957
4 7 2 1 3500 0.9 850 52.701 52.69 0.21115 0.21113
12 8 2 1 2500 0.9 950 51.768 51.75 0.21363 0.21369
3 9 2 1 1500 0.9 850 59.941 59.97 0.19262 0.19286
11 10 2 1 2500 0.7 950 47.236 47.24 0.22254 0.22254
15 11 0 1 2500 0.8 850 54.688 54.69 0.20338 0.20320
7 12 2 1 1500 0.8 950 53.623 53.65 0.20580 0.20563
1 13 2 1 1500 0.7 850 51.873 51.88 0.20894 0.20924
13 14 0 1 2500 0.8 850 54.688 54.69 0.20338 0.20320
6 15 2 1 3500 0.8 750 55.281 55.33 0.20130 0.20175
0.90
Efficiency (%)
u < 50
B 50 - 52
B 52 - 54
W 54 - 56
W 56 - 58
0.85 o > 58
St
=3
Ed
2 Hold Values
= T 850 (°C)
=
=
= 0.80
N
E
=
o)
=
=
0.75
0.70

1500 2000 2500

3000 3500

Current density (A/m”2)

Fig. 8. Interaction consequence of UF and j on efficiency of the system.

4.6. Multi-objective optimisation

In this section, multi-objective optimisation was carried out utilising
the Minitab software’s response optimiser tool. Table 8 shows the
optimisation constraints as well as the objectives.

In Minitab software, every response is transformed to a dimension-
less desirability value (d). The value of ‘d’ ranges between 0 and 1. The
values of 1 and O indicate desirable results and unacceptable results,
respectively. The combined desirability (D) can be defined as follows
[41].

D =1[di(y,) X d3(y;) X d3(y3) X cvvverein.. d,(y,)]"" (36)

where, n is the number of responses.

Individual desirability of all the responses is found to be 1. Thus,
combined desirability is found to be 1. Thus, the model generates
acceptable results. The optimum conditions are shown in Fig. 14 to be j
= 1500 A/mz, UF = 0.9 and T = 750 °C. In addition, the RSM optimiser
predicted outcomes are validated using the numerical model and are

shown in Table 9. The model estimated optimum efficiency and LCOE of
63.97% and 0.1848 £/kWh. The model predicted an optimum efficiency
and LCOE of 63.97% and 0.1848 £/kWh, respectively. The RSM opti-
miser estimated the best efficiency and LCOE of 64.02% and 0.1842
£/kWh, respectively. The LCOE and efficiency percentages of error are
calculated to be 0.32% and 0.08%, respectively.

4.7. Performance comparison

Table 10 compares the performance of the proposed system with
conventional natural gas fired combined cycle (NGCC) and combined
cycle gas turbine (CCGT) power plants. NGCC plants are the most con-
ventional electric power generation pathway all around the world using
natural gas as the energy input. Centralised power stations powered by
NGCC are typically several megawatts in size. The suggested small-scale
decentralised district power generation system has the highest efficiency
of 64%. Compared to other conventional NGCC system, the proposed
system offers competitive energetic efficiency. Furthermore, NGCC
systems are not suitable for modest scale commercial operation. The use
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Fig. 10. Interaction consequence of T and UF on efficiency of the system.

of directly fired gas turbines and the contact of the gas turbine blades
with combustion gases are characteristics of the classic CCGT and NGCC
systems. These issues are not present in the fuel-cell-based technology
employed in this investigation. Additionally, because fuel cells produce
less noise while operating, the fuel cell integrated system is preferable.
The proposed integrated energy system is superior to other traditional
natural gas fuelled gas turbine systems. However, with the development
of the material research and development once the specific cost of the
SOFC would achieve its lowest price (DOE target 900$/kW [42]) the
overall levelised cost of electricity of the proposed power generation
system would become very much competitive compared to the con-
ventional NGCC systems. Moreover, the proposed system offers better
performance in terms of CO2 emissions with 311.45 kg/MWh, which is
lower than CCGT [43-45] and NGCC [46] plants.

4.8. Modification of the system using green hydrogen as a fuel

Typically, green hydrogen is generated by utilising renewable energy
to operate an electrolysis process that separates hydrogen and oxygen
from water [47]. The proposed system has been modified, and green
hydrogen has been supplied at the optimum design configuration. The
modified configuration is shown in Fig. 15. The system efficiency has
been improved substantially, and it is estimated to be 73.37%. An
approximate 10% efficiency improvement has been found compared to
the methane-fuelled option. However, the levelised cost of electricity
will be highly dependent on the green hydrogen price. Presently, there is
no consensus on the price of green hydrogen, and green hydrogen is
available at variable ranges in different geographical locations. The
cheapest green hydrogen, for example, is currently available in some
Middle Eastern countries, including Qatar (3.51 $/kg), Saudi Arabia
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Fig. 12. Interaction consequence of UF and j on LCOE of the system.

(4.23 $/kg), and the UAE (6.45 $/kg) using PEM electrolysers [48].
Green hydrogen is substantially more expensive in the United Kingdom,
costing 17.57 $/kg using an alkaline electrolyser and 20.81 $/kg using a
PEM electrolyser, respectively [48]. Thus, it is important to conduct a
sensitivity analysis for estimating LCOE with the variation of cost of
green hydrogen.

Fig. 16 depicts the variation of cost of green hydrogen on the LCOE.
The minimum LCOE of the system is estimated to be 0.2123 £/kg, which
is approximately 15% higher than the methane-based option. It is
important to emphasise that the modified system emits no CO into the
atmosphere because it is driven by hydrogen.

5. Conclusions

This study proposes and investigates a hybrid power generating
system that integrates a SOFC and a recuperated s-COy cycle at the

downstream for waste heat recovery. The proposed system has been
analysed from both thermodynamic and economic perspectives, and the
results have been thoroughly discussed. Multi-objective optimisation of
the system has also been performed using Response Surface Methodol-
ogy (RSM). The proposed system’s comparative optimum performance
has been investigated taking into account the effects of the current
density, fuel utilisation factor, fuel cell operating temperature.
Furthermore, the proposed SOFC-s-CO» configuration was fuelled by
green hydrogen, and the system’s performance was investigated. Some
of the key findings are as follows:

e The estimated maximum energy efficiency of the system is around
64%, at j = 1500 A/m?, Teey = 750 K, UF = 0.9.

e The minimum levelised cost of electricity of the proposed power
plant is computed as 0.18 £/kWh under the same optimal operating
conditions.
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Optimisation constraints and objectives.

Parameters

Range/objective

Current density (A/m?) 1500-3500
Fuel utilisation factor 0.70-0.90
Operating temperature of fuel cell (°C) 750-950
Energy efficiency (%) Maximise
Levelised cost of energy (£/kWh) Minimise

Optimal ey
gl
D:1.000 o
Low

Composite
Desirability
D: 1.000

LCOE
Minimum
y = 0.1842
d = 1.0000

Efficien
Maximum
y = 640208
d = 1.0000

Fig.

Table 9

35000 090 950.0
11500.0) {0.90) {7500
1500.0 070 750.0

—=

14. Response optimiser plot generated using Minitab.

Validation table.

Efficiency (%) Error (%) LCOE (£/kWh) Error (%)

Model

RSM Model RSM

63.97

64.0208 0.08 0.1848 0.1842 0.32

12

Table 10
Performance comparisons between the proposed plant and conventional NGCC.
System Performance parameter
Capacity  Efficiency  Cost of CO;, emission
electricity (kg/MWh)
(£/kWh)
Combined cycle gas 634 MW  57.4% 0.0626 354

turbine plant
(CCGT) [43-45]

Present proposed 225 kW 64% 0.18 311.45
system

Natural gas fired 553 MW  55.55% 0.07042 366
combined cycle
plant [46]

e The desirability test provides additional evidence of the analysis’s
accuracy. The estimated total desirability is 1. So, it is possible to say
that the setting may be helpful in achieving accurate findings for
every response taken individually.

e When compared to conventional Natural Gas Combined Cycle
(NGCC) and Combined Cycle Gas Turbine (CCGT) power generation
systems, the proposed integrated energy system offers superior
thermodynamic and environmental performance.

o The system efficiency improves significantly with green hydrogen,
with an estimated efficiency of 73.37%. However, the LCOE of the
system is relatively high, approximately 15% higher than the
methane-based option.

This study has demonstrated that the proposed power generation
system can provide electricity in a more efficient and environmentally
friendly way. Future implementation of this idea of the proposed plant
for community-scale power production should benefit greatly from the
direction provided by the current study. As a result, it can be said that
the proposed power generation system can use natural gas/methane as
fuel more effectively and sustainably in the long run. In terms of system
thermodynamic performance, green hydrogen is more effective than
methane. However, the expensive green hydrogen appears to be one of
the primary impediments to its practical implementation. Future
research could include an advanced exergy and exergoeconomic ana-
lyses of the proposed power generation system. Additionally, it is
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possible to research how this proposed methane-based power generation
plant can be run integrated with a Carbon Capture and Sequestration
(CCS) or Carbon Capture, Utilisation and Storage (CCUS) using different
types of post-combustion carbon capture systems.
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