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H I G H L I G H T S  G R A P H I C A L  A B S T R A C T  

• Techno-economic assessment of a tri-
generation system fuelled by green 
ammonia. 

• Trigeneration system’s highest exergy 
efficiency is projected to be 60.94%. 

• Lowest levelized cost of energy (LCOE) 
calculated to be £0.1232 per kWh. 

• The system produces maximum power, 
heating, and cooling: 357.6 kW, 257.9 
kW, and 46.99 kW. 

• System has potential to meet UK super-
markets’ energy needs while mitigating 
GHG emissions.  
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A B S T R A C T   

In recent years, ammonia has gained traction as a clean fuel alternative and a promising energy carrier. In this 
study, a trigeneration system fuelled by ammonia has been conceptualised, integrating a solid oxide fuel cell 
stack for power generation, a hot water unit for heating, and an NH3-H2O absorption chiller for cooling. The 
main objective of this study is to conduct a comprehensive techno-economic feasibility assessment of the pro-
posed trigeneration system. The system’s performance was analysed for a UK supermarket requiring electricity, 
heating, and cooling. A detailed sensitivity analysis was performed to investigate the influence of significant 
operating parameters, including current density, fuel utilisation factor, and cell temperature, on the system’s 
performance. The system can deliver maximum power, heating, and cooling outputs of 357.6 kW, 257.9 kW, and 
46.99 kW, respectively. The trigeneration system is projected to achieve its highest exergy efficiency at 60.94%, 
with a maximum fuel energy saving ratio of 47.67%. The lowest levelised cost of energy (LCOE) is estimated to 
be £0.1232 per kWh. This study’s objective is also aligned with United Nations Sustainable Development Goal 
(SDG) No. 7, which aims to achieve “Affordable and Clean Energy”.   

1. Introduction 

The United Kingdom’s net zero strategy sets an ambitious target to 
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power the country solely by clean electricity by 2035, subject to the 
security of supply [1]. Moreover, the strategy aims to install low-carbon 
heating appliances in all homes and workplaces by that time. To achieve 
this target, green hydrogen produced by splitting water molecules using 
electricity from renewable sources could play a significant role. How-
ever, the process of generating green hydrogen is comparatively 
expensive when compared to other more convenient methods of 
hydrogen production. Although several groups are advocating for the 
use of hydrogen in home heating, it is essential to note that using 
hydrogen for heating purposes is far less efficient than utilising elec-
tricity directly [2]. Nevertheless, the UK government plans to decide on 
the role of hydrogen in heating applications by 2026 [1]. 

In recent years, ammonia has gained traction as a clean fuel alter-
native and a promising energy carrier. This trend has been attributed to 
the growing focus on reducing carbon emissions and the need for sus-
tainable energy sources. As reported in [3], green ammonia can serve as 
a carbon-free hydrogen carrier. The production of green hydrogen and 
nitrogen using renewable energy sources such as solar or wind energy 
can lead to the generation of ammonia through the Haber-Bosch prin-
ciple [4]. At − 33 ◦C temperature under ambient pressure, or at around 
10 bars of pressure and atmospheric temperature ammonia can be liq-
uefied with ease [5]. Also, compared to hydrogen, ammonia is less prone 
to flammability, and in case of any leakage, it can be promptly identi-
fied. It is not considered as a flammable substance at concentration less 
than 16% [6]. 

In recent years, there has been a notable surge of interest in solid 
oxide fuel cells (SOFCs) owing to their exceptional performance and 
lower environmental footprint [7]. Operating within a temperature 
range of 600 to 1000 ◦C, these fuel cells are designed to function at 
elevated temperatures, making them highly efficient, fuel-flexible, and 
capable of generating electricity with lower emissions [8]. One of the 
unique features of SOFCs is that they produce a by-product of high-grade 
waste heat that can be utilised in cogeneration or tri-generation appli-
cations. Another advantage of SOFCs is that they can be operated with a 
wide range of fuels, including biogas [9], syngas [10], methane, natural 

gas [11], methanol [12] and even ammonia [13]. These fuels can be 
obtained from various sources, such as renewable energy sources, and 
can be used to generate clean and reliable electricity. The development 
of SOFCs has opened up new avenues for clean energy production and 
has the ability to significantly decrease greenhouse gas emissions. 
Furthermore, SOFCs have high efficiency, fuel flexibility, and ability to 
produce high-quality waste heat that can be utilised in cogeneration or 
trigeneration applications [14]. Various studies have explored the 
integration of SOFCs as prime movers in cogeneration and trigeneration 
configurations. For instance, Al-Rashed et al. [15] investigated a 
cogeneration system based on an SOFC fuelled by syngas and biogas, 
integrated with a vanadium‑chlorine cycle to generate electricity and 
hydrogen. The study revealed that the biogas-fuelled configuration 
outperformed the syngas-fuelled one, with the extent of superiority 
varying between 3% to 10% depending on operating conditions. Wang 
et al. [16] explored a trigeneration system that combined an SOFC, a gas 
turbine, a dual-effect absorption chiller, and solar-based energy storage 
to generate cooling, heating, and electricity, achieving energy and 
exergy efficiencies of 92.21% and 37.59%, respectively. In a separate 
study, Hou et al. [17] investigated a complex trigeneration system 
integrating a biomass-based SOFC, a double-flash binary geothermal 
cycle, a water heater, and a humidification-dehumidification (HDH) 
desalination system, achieving an optimum exergy efficiency of 64.49% 
and a unit cost of the product of $4.94/GJ. Similarly, Sinha et al. [18] 
investigated biomass-fuelled SOFC and gas turbine (GT) integrated 
hybrid systems employing thermodynamic analysis and reported that 
the maximum thermal efficiency was 63.12% with pine sawdust. Fong 
and Lee [19] studied the feasibility of a trigeneration configuration with 
an SOFC as the prime mover for two restaurant locations in Singapore 
and Hong Kong, which reduced primary energy consumption and car-
bon dioxide emissions by up to 24% and 38%, respectively. Similarly, 
Cao et al. [20] investigated a trigeneration system that integrated a 
methane-fuelled SOFC, a combined cooling and power unit, and a pro-
ton exchange membrane electrolyser for hydrogen production, 
achieving optimal net power generation, cooling, and hydrogen 

Nomenclature 

ASOFC Total area of solid oxide fuel cell (m2) 
CAPi Capital cost of ith component ($) 
CC Annual capital cost (£) 
CEPCI Chemical Engineering Plant Cost Index 
CRF Capital recovery factor 
Ė Exergy (kW) 
F Faraday’s constant (C/mol) 
FC Yearly fuel cost (£) 
FESR Fuel energy saving ratio (%) 
G Gibbs energy 
h Specific enthalpy (kJ/mol) 
H Annual operating hours (hr) 
HEX Heat exchanger 
in Interest rate (%) 
ix Current density in x direction 
LCOE Levelised cost of energy (£/kWh) 
LHV Lower heating value (kJ/kg) 
ṁ Mass flowrate (kg/s) 
MF Multiplication factor 
ṅ Molar flowrate 
O&M Operation and maintenance cost (£) 
Q̇ Heat transfer (kW) 
R Universal gas constant 
RC Replacement cost (£) 

s Specific entropy 
SFC Specific fuel consumption 
SOFC Solid oxide fuel cell 
T Temperature 
UC Capital utilisation 
V Voltage (V) 
Ẇ Power output (kW) 
xi molar fraction of the ith composition of the gas mixture 
YE Yearly expenditure (£) 

Greek letters 
η Efficiency (%) 

Subscripts 
AB Afterburner 
AC Air compressor 
Ch Chemical 
En Energy 
EVA Evaporator 
Ex Exergy 
FC Fuel compressor 
i Inlet 
o Outlet 
Ph Physical 
0 Standard condition  
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generation. In a separate study, Choudhary and Sanjay [21] investigated 
the SOFC and Intercooled Gas Turbine (ICGT) integrated hybrid cycle 
using an energy analysis and entropy minimisation approach, which 
yielded an optimal efficiency of 74.13%. In another study, Kumar et al. 
[22] examined the integration of an SOFC-ICGT system with an organic 
Rankine cycle (ORC) through energy and exergy analyses, reporting an 
energy efficiency level of 70%. Sinha et al. [23] also conducted a study 
on the SOFC-ICGT integrated cycle, comparing its performance with that 
of the base case ICGT cycle and an intercooled recuperated GT cycle. 
They reported that the SOFC-ICGT system achieved the maximum effi-
ciency of 64.78%. 

In another study, Singh et al. [24] explored a combined cooling, 
heating, and power (CCHP) system that integrated a reversible SOFC, an 
organic Rankine cycle, a metal hydride hydrogen storage system, and an 
absorption chiller, achieving the highest overall efficiency of 88.82% in 
the electrolyser mode. Moreover, Xu et al. [25] examined a CCHP system 
that integrated a natural gas-fuelled SOFC, an absorption chiller, and a 
water heater system, achieving an overall efficiency of over 80%. In a 
different study, Zhang et al. [26] investigated municipal waste-based 
plasma gasification integrated with a CCHP system with SOFC as 
prime mover. They reported that the system was able to reach 87.6% 
energy efficiency, 50% electrical efficiency and 47% exergy efficiency. 
Mehrpooya et al. [27] investigated a technical performance investiga-
tion of a CCHP system fuelled by natural gas for a building application 
with SOFC as a prime mover. They reported that the system was able to 
achieve 45% electrical efficiency, cooling efficiency of 58% cooling ef-
ficiency and 60% heating efficiency. Zhao et al. [28] explored a 
cogeneration system using thermodynamic and economic analyses 
integrating a biomass gasification facility, SOFC and LNG coupled CO2 
recovery unit. They reported 60.28% thermal efficiency, 66.20% elec-
trical efficiency and 55.59% exergy efficiency of the cogeneration sys-
tem. Peng et al. [29] investigated natural gas fuelled CCHP system 
integrating solar collector, SOFC and absorption chiller using thermo-
dynamic analysis. The reported values for the CCHP system’s exergy and 
electrical efficiency were 70.8% and 36.03%, respectively. In another 
study Akikur et al. [30] investigated economic feasibility assessment of a 
cogeneration system integrating reversible SOFC, PTSC and PV com-
ponents in context of Malaysia. The minimum LCOE of the system was 
reported to be 0.045$/kWh. 

There are many studies on electricity production with ammonia 
fuelled SOFC are found in the literature. For example, Cinti et al. [31] 
experimentally and numerically examined use of diluted ammonia in an 
SOFC stack and reported efficiency with diluted ammonia up to 50%. Al- 
Hamed and Dincer [32] investigated thermodynamic analysis of an 
ammonia fuelled SOFC based hybrid system and reported the overall 
energy and exergy efficiency of 61.2% and 66.3%, respectively. Selvam 
et al. [33] investigated thermodynamic feasibility study in SOFC system 
with ammonia as fuel and reported the system was able to achieve 75% 
energy efficiency. In a recent study by a group of researchers from China 
[34] investigated part load performance investigations of an SOFC based 
system fuelled by ammonia and integrated with hydrogen regeneration 
sub-system and reported the overall system efficiency of 60%. 

Upon reviewing the existing literature, it becomes apparent that 
there is a noticeable gap in research pertaining to trigeneration systems 
powered by SOFCs utilising ammonia as a fuel source. Comprehensive 
techno-economic investigations focused on ammonia-based SOFC ap-
plications are notably scarce. In light of this, our study seeks to address 
this gap by exploring a trigeneration system that seamlessly integrates 
SOFC technology, NH3-H2O based absorption chiller, and a water 
heater. This system is tailored for application in UK supermarkets, where 
the simultaneous demand for electricity, heating, and cooling is preva-
lent. Green ammonia has been chosen as a fuel for the SOFC, and a 
detailed techno-economic performance analysis has been performed. 
Furthermore, this study aligns with the objectives of United Nations 
Sustainable Development Goal (SDG) No. 7, which strives to achieve 
“Affordable and Clean Energy” [35] by offering a sustainable and 

efficient solution for energy generation, promoting access to affordable 
and clean energy, and reducing environmental impacts. With the aim of 
achieving the SDG No.7 this study offers a comprehensive examination 
of the technical and economic facets of an energy hub centred around 
SOFC technology, meeting the electricity, heating, and cooling needs of 
supermarkets in the United Kingdom. The major contributions of this 
study are listed below:  

• A novel trigeneration system that employs green ammonia as a fuel 
source has been introduced. This system integrates an SOFC stack for 
power generation, a hot water generation unit for heating, and an 
NH3-H2O absorption chiller for cooling. It is specifically tailored for 
the unique energy demands of supermarkets in the UK.  

• Comprehensive analyses of technical and economic feasibility for the 
trigeneration system have been presented.  

• Sensitivity analysis has been performed on various technical and 
economic parameters.  

• The results of the proposed trigeneration system have been 
compared with various types of trigeneration systems. 

The organisation of the paper is summarised in Fig. 1. Firstly, in the 
“materials and methods” section, the system configuration has been 
introduced. Secondly, numerical model of SOFC is explained and veri-
fied with experimental results. Thirdly, exergy and economic models are 
explained. Furthermore, in “Results and discussion” section, the sensi-
tivity analysis of important technical and economic parameters are 
performed. Additionally, the proposed trigeneration system have been 
compared with previous trigeneration systems reported in the literature. 
Finally, the conclusions are summarised. 

2. Materials and methods 

2.1. System topology 

A schematic representation of the ammonia-fuelled SOFC-based tri-
generation system is presented in Fig. 2. The integrated system com-
prises an SOFC stack for power generation, a hot water generation unit 
for heating, and an NH3-H2O absorption chiller for cooling. Ammonia 
fuel is stored at − 33 ◦C and is preheated in heat exchangers HEX1 and 
HEX3 before being fed into the anode channel of the SOFC. Similarly, 
hot air is directed into the cathode channel after being heated by HEX4. 
Any unutilised fuel exiting the anode channel of the SOFC unit is 
completely combusted in the afterburner unit. The exhaust gas from the 
afterburner unit is divided into two streams using a splitter. One stream 
is used to preheat the incoming cathode channel air at HEX4, and the 
other stream is used to preheat the incoming fuel for the anode channel 
at HEX3. Additionally, these two streams are mixed and employed to 
heat the incoming fresh water supplied by a water pump at the HEX2 
heat exchanger unit. Furthermore, the hot water is used to provide heat 
to the generator of the absorption chiller. The NH3-H2O absorption 
chiller consists of several subunits: Generator, Condenser, Refrigerant 
HEX, Evaporator, Absorber, Solution Pump, and Solution HEX. In this 
absorption chiller, ammonia serves as the refrigerant, and water acts as 
the absorbent. Under reduced pressure, the refrigerant undergoes 
vaporization within the evaporator and is then absorbed into the weak 
ammonia-water solution within the absorber. 

The modelling of the system is based on the following technical input 
parameters provided in Table 1. To simplify the analysis, the following 
assumptions have been made [36]:  

• The trigeneration system functions while operating at a steady state 
and under thermodynamic equilibrium conditions.  

• The gases behave as an ideal gas.  
• SOFC is completely insulated and no heat loss from the SOFC has 

been considered. 
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Fig. 1. Analysis procedure and organisation of the study.  

Fig. 2. Proposed ammonia fuelled SOFC based trigeneration system.  
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• Temperatures at the inlet channels of SOFC are identical, similarly 
the temperatures at the exit channels of SOFC are same.  

• All the unreacted fuels coming from the SOFC module are completely 
burned at the afterburner. 

It should be noted that the described system has been modelled in a 
manner that ensures its optimal operation and efficiency. The system’s 
technical input parameters have been carefully selected and are based 
on available literature and industry standards. The assumption of 
steady-state operation ensures that the system operates at a consistent 
level, which allows for accurate analysis of the system’s performance 
over time. 

The schematic representation of the ammonia fuelled SOFC based 
trigeneration system presented in Fig. 2 is designed to provide a clear 
and detailed understanding of the system’s operation. The system’s 
various components have been clearly identified, and their functions 
have been explained in detail. Additionally, the technical input pa-
rameters provided in Table 1 have been selected to ensure that the 
system is modelled accurately, taking into account all the relevant pa-
rameters required for optimal system operation. 

The described methodology is a comprehensive and detailed repre-
sentation of the ammonia fuelled SOFC based trigeneration system. The 
methodology is designed to provide a clear and accurate understanding 
of the system’s operation and efficiency, and the assumptions made in 
the analysis ensure that the results are reliable and relevant. 

2.2. Solid oxide fuel cell 

The reversible voltage, also known as the Nernst voltage, of the SOFC 
can be calculated using the following equation[33]. 

Vx = V0
T +

RTcell

2F
ln

{
x1/2

O2 ,ca × xH2 ,an

xH2O,an
× p1/2

cell

}

(1)  

where ‘F’ denotes Faraday’s constant, which is equal to 96,487C per 
mole. ‘p’ denotes the partial pressure of the cell, ‘R’ is the universal gas 
constant, Tcell is the operating temperature of the fuel cell, and ‘x’ refers 
to the molar fraction of the relevant element present in the cathode (ca) 
and anode (an) streams. V0

T is the standard reversible voltage and it can 
be estimated from the change in Gibbs energy as shown below [33]. 

V0
T = +

ΔG0
T

2F
(2) 

The voltage generated by the cell is lesser than the reversible voltage 
due to the irreversible operations of the cell. The disparity between the 
reversible voltage and the actual voltage is denoted by the voltage loss, 

as demonstrated underneath [43]: 

V = Vx − ΔVLoss (3) 

Similar to Ohm’s law, the constant of proportionality is represented 
by the equivalent cell resistance (Req), which can be defined as follows. 

Req =
ΔVLoss

ix
(4) 

Lastly, the rate at which H2 is converted at a given cross-section x can 
be determined by the current density: 

dnH2

dx
=

ix

2F
(5) 

The calculation of the net electrical power generated by SOFC 
(ẆSOFC) is based on the following equation. 

ẆSOFC = V × I × ηDC/AC (6)  

where ηDC/ACis the inverter efficiency. 
The results of this SOFC model were compared with the experimental 

findings by Wang et al. [44] and the numerical results by Selvam et al. 
[33]. To assess the model’s performance, ammonia was utilised as the 
fuel, and the cell temperature was maintained at 750 ◦C. Fig. 3 illustrates 
the current density versus cell voltage characteristics of the current 
model, compared to both experimental and numerical results. The 
comparison shows that the model exhibits a maximum difference of only 
1.29% from the experimental data and 2.73% from the numerical 
results. 

2.3. Exergy analysis 

It is considered that the exergy (Ė) value of each stream is a sum-
mation of its physical and chemical exergy [41]. 

Ė = ĖPh + ĖCh (7)  

where ĖPhand ĖCh represent physical exergy and chemical exergy, 
respectively. The equations, given below, can be used to estimate 
physical exergy and chemical exergy values. 

ĖPh =
∑

i
ṅi((hi − h0) − T0(si − s0) ) (8)  

where h, s and ṅ are the specific enthalpy, specific entropy, and molar 
flowrate, respectively. The subscript 0 indicates the reference state 

Table 1 
Technical specifications.  

Description Value Unit Ref. 

Operating cell temperature of SOFC 650–900 ◦C [37] 
Operating current density of SOFC 2000–5000 A/m2 [38] 
Fuel utilisation factor 0.7–0.9 – [37] 
Pressure difference anode 0.02 bar [39] 
Pressure difference cathode 0.02 bar [39] 
DC-AC conversion efficiency 96 % [39] 
Pressure loss in heat exchangers 0.01 bar [39] 
Compressor isentropic efficiency 70 % [39] 
Compressor mechanical efficiency 80 % [39] 
Isentropic efficiency of pump 85 % [39] 
Mechanical efficiency of pump 60 % [39] 
Ammonia storage temperature − 33 ◦C [39] 
Domestic hot water temperature 65 ◦C – 
Evaporator temperature − 5 ◦C [40] 
Reflux ratio 0.13 – [41] 
Solution pump isentropic efficiency 65 % [41] 
ηREF 40 % [42] 
ηboiler 90 % [42]  

Fig. 3. SOFC model validation.  
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(T0 = 25 ◦C and p0 =101.325 kPa). 

ĖCh = ṅ

(
∑

i
xieCh,0

i +RT0

∑

i
xiln(xi)

)

(9)  

where eCh,0
i and xi are the standard chemical exergy and molar fraction 

of the ith composition of the gas mixture, respectively. 

2.4. Economic analysis 

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

It is considered that the SOFC stacks are replaced in every 5 years 
[51]. Yearly expenditure (YE) is estimated by the following relation. 

YE = CC+O&M +RC+FC (10)  

where, CC: Capital cost, O&M: operation and maintenance cost, FC: 
yearly fuel cost, and RC: replacement cost. 

The estimation of the annual Capital Cost (CC) is based on the 
following equation 

CC = TCC×(1+MFPC)× (1+MFTPC)× (1+MFTOP)×CRF (11) 

The estimation of total capital cost (TC) is based on the following 
equation 

TCC =
∑

i
CAPi (12) 

The capital recovery factor (CRF) is defined by the relation provided 
below. 

CRF =
in(1 + in)

yr

(1 + in)
yr
− 1

(13)  

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

Table 3 provides the cost functions of various components. Chemical 
Engineering Plant Cost Index (CEPCI) was used to update the equipment 
cost functions. The equipment cost of its ith component was updated 
using the equation below [52]. 

CAPi,2022 = CAPi ×
CEPCI2022

CEPCIOY
(14)  

where, respectively, the cost indices CEPCI 2022 and CEPCI OY stand for 
the year 2022 and the original year the cost relation was established. 

2.5. Performance indicators 

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

ηEn =
Ẇnet + Q̇heating + Q̇cooling

ṁfuel × LHVfuel
(15) 

The electrical efficiency of the system is estimated as 

ηEL =
Ẇnet

ṁfuel × LHVfuel
(16) 

The system’s exergy efficiency is estimated as 

ηEx =
Ẇnet + Ėheating + Ėcooling

ṁfuel × LHVfuel
(17) 

Fuel energy saving ratio (FESR) has been estimated as follows [57]. 

FESR =
FCONReference system − FCONPresent system

FCONReference system
(18)  

FCONReference system =
Ẇnet

ηREF
+

Q̇heating

ηboiler
+

Q̇cooling

ηboiler × COPVAR
(19)  

FCONPresent system = ṁfuel ×LHVfuel (20) 

The levelised cost of energy was calculated using the equation shown 
below [58]. 

LCOE =
YE

UCCAP × H × ˙(Wnet + Q̇heating + Q̇cooling

) (21)  

where H is for annual operating hours, UCCAP stands for capital uti-
lisation parameter, and YE stands for annual plant expense. 

The specific fuel consumption of the system is estimated by the 
equations provided below 

SFC =
3600 × ṁfuel

˙(Wnet + Q̇heating + Q̇cooling

) (22)  

3. Results and discussion 

3.1. Effect of current density on the performance of the system 

The results of the current density on the performance of the 
ammonia-fuelled SOFC-based trigeneration system are presented in this 
section. The graphical representation of the system performance with 
respect to operating current density is presented in Fig. 4. The impact of 
operating current density on net power output, heating, and cooling 
production is illustrated in the figure. It is evident from the figure that 
increasing the current density results in a corresponding increase in the 
net power output, heating, and cooling production. The reason behind 
this phenomenon is that at higher current densities, a greater amount of 
fuel is consumed, leading to the generation of more power. The highest 
net power output of 357.6 kW was obtained at a current density of 5000 
A/m2. Moreover, as the flue gas mass flow rate increases from the exit of 
the SOFC module at higher operating current densities, more waste heat 
is generated, resulting in higher heating and cooling production. The 
current density of 5000 A/m2 resulted in the maximum heating and 
cooling outputs of 208.5 kW and 37.98 kW, respectively. The results 
show that the ammonia-fuelled SOFC-based trigeneration system oper-
ates efficiently at high current densities, which is advantageous for 
commercial applications. The findings of this study suggest that the 
system can be optimised to operate at higher current densities to achieve 
better system performance. 

The impact of operating current density on the performance of the 
proposed system was further investigated by analysing its energy effi-
ciency, exergy efficiency, and fuel energy saving ratio (FESR). Fig. 5 
illustrates the variation in these parameters with respect to different 
current densities. The results indicate that the increase in current density 
leads to a decline in both energy and exergy efficiency of the system, 
primarily due to voltage loss. The highest energy efficiency and exergy 
efficiency of the system were observed at a current density of 2000 A/ 
m2, with values of 94.32% and 60.94%, respectively. A similar trend was 

Table 2 
Input parameters for economic analysis.  

Description Value Unit Ref. 

Operational year 30 years [45] 
Number of operating hours per year 8000 hr [46] 
UCCAP 85 % [47] 
Cost of ammonia 0.57 £/kg [48] 
in 3 % [49] 
MFTOP 20.20 % [50] 
MFTPC 52.5 % [50] 
MFPC 9 % [50]  
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observed for the FESR, with the highest value of 47.67% obtained at the 
same current density of 2000 A/m2. This can be attributed to the fact 
that the fuel consumption of the system decreases in comparison to the 
standard reference system at lower operating densities, leading to an 
increase in FESR values. It is worth noting that the energy efficiency, 
exergy efficiency, and FESR of the system are critical parameters that 
determine the overall performance of the proposed system. Therefore, it 
is crucial to identify the optimum operating conditions to ensure the 
efficient functioning of the integrated configuration. The results ob-
tained from this study offer valuable insights into the effect of operating 
current density on the system’s efficiency, thereby facilitating the 
development of more efficient and sustainable energy systems. 

The results of the influence of operating current density on the per-
formance of the SOFC system are further elaborated by examining the 
LCOE and specific fuel consumption. The relationship between these 
two parameters and the operating current density is depicted in Fig. 6. 
The results show that as the operating current density increases, the 
LCOE of the system decreases gradually. This trend is attributed to the 

fact that higher current densities correspond to greater values of net 
power output, heating, and cooling production, as shown in Fig. 4. 
Consequently, according to Eq. 21, LCOE decreases due to the increase 
in the overall energy output of the system. However, it is observed that 
an increase in current density leads to a higher specific fuel consump-
tion. This is due to the increase in fuel consumption within the system at 
higher operating current densities. This increase in fuel consumption is 
due to the higher demand for fuel to meet the increased power output 
and waste heat recovery needs. The observed increase in specific fuel 
consumption with increasing current density suggests that there is a 
trade-off between fuel supply and system efficiency. Therefore, to 
optimise the performance of the SOFC system, the operating current 
density needs to be carefully balanced with the fuel utilisation. The re-
sults of this study provide valuable insights into the impact of operating 
current density on the performance of an SOFC system. 

3.2. Effect of fuel utilisation factor on the performance of the system 

The impact of fuel utilisation factor (UF) on the system’s perfor-
mance was investigated while holding current density and cell temper-
ature constant. Fig. 7 illustrates the effect of UF on power, heating, and 
cooling outputs within the range of 0.7–0.9. The results showed that as 
UF levels increased, the power output, as well as the heating and cooling 
outputs, decreased. This decreasing trend can be attributed to the lower 
molar flow rate of fuel to the SOFC, which leads to a decrease in cell 
voltage and subsequently, a decrease in power output. At higher UF 
values, less waste heat is available for recovery in the heating and 
cooling circuit, resulting in reduced heating and cooling outputs. This is 
because a larger fraction of the fuel energy is consumed in the SOFC to 
produce electricity, leaving less energy available for heating and cool-
ing. Therefore, there is a trade-off between the electrical and thermal 
energy outputs of the system, and the optimal UF value must be selected 
based on the specific requirements of the application. The results indi-
cate that the net power output decreases from 308.6 kW to 295.6 kW 
when the UF increases from 0.7 to 0.9. Similarly, the heating and cooling 
outputs decrease from 257.9 kW and 46.99 kW to 89.52 kW and 16.31 
kW, respectively, when the UF increases from 0.7 to 0.9. 

In addition to the aforementioned results, it is worth noting that the 
fuel utilisation factor (UF) plays a crucial role in determining the effi-
ciency and performance of the proposed trigeneration system. Fig. 8 
provides a detailed insight into the impact of UF on the energy effi-
ciency, exergy efficiency, and fuel energy saving ratio of the system. As 
the UF values increase, the energy efficiency and fuel energy saving ratio 
of the system decrease, indicating that more fuel is needed to generate 
the equal amount of electricity, heating, and cooling. The maximum 

Table 3 
Equations for estimating capital costs of different components.  

Component Cost function CEPCI (Ref Year) Ref 

SOFC CSOFC = ASOFC(2.96TSOFC − 1907) 395.6 (2002) [53] 
SOFC Inverter 

CAPinverter = 105

⎛

⎜
⎝

ẆSOFC,DC

500

⎞

⎟
⎠

0.7 395.6 (2002) [53] 

Afterburner 
CAPAB =

46.08 × ṁoxydant

0.995 −
Pout

Pin

[1 + exp(0.018 × Tout − 26.4) ]
368.1(1994) [53] 

Air compressor 
CAPAC = 1516.5×

(

ẆAC

)0.67 402.3 (2003) [54] 

Fuel compressor 
CAPFC = 1516.5×

(

ẆFC

)0.67 402.3 (2003) [54] 

Heat exchanger CAPHEX = 3× 130× (Area/0.093)0.78 468.2 (2005) [53] 
Chiller CAPChiller = 1144.3× Q̇EVA 394.1 (2000) [55] 
Pump 

CAPPump = 3× 422× 1.41×

⎛

⎜
⎝

ẆPump

1

⎞

⎟
⎠

0.71

× fn 

fn = 1+ (0.2/(1 − η) )

394.1 (2000) [56]  

Fig. 4. Effect of current density on the power, heating, and cooling.  
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energy efficiency and fuel energy saving ratio of the system were found 
to be 98.07% and 44.52%, respectively, at a UF value of 0.70. On the 
other hand, the exergy efficiency of the system increases with an in-
crease in UF and reaches its peak value of 59.58% at a UF value of 0.90. 
This behaviour can be attributed to the fact that a higher UF leads to a 
lower exhaust gas temperature and higher exhaust gas quality, resulting 
in a higher exergy efficiency. The results indicate that a UF value of 0.70 
can provide the optimal balance between energy efficiency and fuel 
energy saving ratio, while a UF value of 0.90 can lead to the highest 
exergy efficiency. These outcomes can assist in the design and optimi-
sation of similar SOFC-based trigeneration systems in the future. 

In addition to the aforementioned observations, it is important to 
note that the levelised cost of electricity is a critical metric for evaluating 
the financial feasibility of energy systems. As shown in Fig. 9, the LCOE 
increases from 0.1232 £/kWh to 0.1491 £/kWh as the UF increases from 
0.7 to 0.9, respectively. This indicates that a higher UF value leads to a 
higher cost of electricity production, which could negatively impact the 
economic viability of the SOFC system. Moreover, the increase in SFC 
with higher UF values signifies that more fuel is required to produce the 
same amount of electricity, heating, and cooling outputs. This could 
result in increased operating costs and reduced overall efficiency of the 
system. Therefore, the choice of UF value for an SOFC system should be 

Fig. 5. Effect of current density on energy efficiency, exergy efficiency and fuel energy saving ratio of the system.  

Fig. 6. Effect of current density on LCOE and specific fuel consumption of the system.  
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based on a trade-off between the system’s performance, efficiency, and 
cost-effectiveness. The results suggest that a UF value of 0.70 is the 
optimal value for achieving the highest energy efficiency and fuel en-
ergy saving ratio while maintaining a relatively low LCOE and SFC. 
However, the decision on the UF value should also consider other factors 
such as the availability and cost of ammonia fuel, maintenance costs, 
and system lifetime. 

3.3. Effect of cell temperature on the performance of the system 

In this study, the effect of cell temperature on the performance of the 
SOFC system was investigated. As shown in Fig. 10, the power output of 
the system remains relatively constant within the temperature range of 

700–900 ◦C, while holding current density and fuel utilisation factor 
constant. The maximum power output of 305.2 kW was achieved at a 
cell temperature of 700 ◦C. It is observed that the heating and cooling 
outputs exhibit a slight increasing trend as the cell temperature is 
increased. This can be attributed to the increase in the operating tem-
perature of the SOFC, which results in a slightly higher availability of 
waste heat from the SOFC module. It is worth noting that the effect of 
cell temperature on the performance of an SOFC system is complex, and 
can be affected by several factors, including the electrode kinetics, 
transport phenomena, and electrochemical performance of the system. 
Therefore, further investigation is needed to fully understand the impact 
of cell temperature on the performance of the SOFC system. 

Fig. 11 illustrates the effect of cell temperature on the energy effi-
ciency, exergy efficiency, and fuel energy saving ratio (FESR) of the 
system, within the range of 700–900 ◦C, while holding current density 
and fuel utilisation factor constant. It can be observed that the trends of 
energy and exergy efficiency of the system with rising cell temperature 
remain mainly constant. The maximum energy and exergy efficiency is 
found to be 90.61% and 56.37%, respectively, at a cell temperature of 
700 ◦C. However, with rising cell temperature, the FESR levels tend to 
decrease. This is mainly due to a marginal drop in power output pro-
duction, and according to Eq. 19, the fuel consumption in the reference 
system slightly decreases. The maximum FESR of the system is estimated 
to be 44.47%. Overall, the results suggest that the SOFC system is 
relatively insensitive to changes in cell temperature within the range 
studied. 

Fig. 12 illustrates the impact of operating cell temperature, within 
the range of 700–900 ◦C, while holding current density and fuel uti-
lisation factor constant, on the levelised cost of energy (LCOE) and 
specific fuel consumption (SFC) of the system. As shown in the figure, it 
is observed that the LCOE gradually increases with rising cell tempera-
ture. This is mainly due to the decrease in power output production at 
higher operating cell temperature, as depicted in Fig. 10. The lowest 
LCOE value of 0.1313 £/kWh is found at a cell temperature of 700 ◦C. 
Furthermore, it is found that the specific fuel consumption (SFC) of the 
system increases with increasing cell temperature. This is mainly due to 
the decrease in power output production with increasing cell tempera-
ture, as shown in Fig. 10. The lowest SFC value of 0.2104 kg/kWh is 

Fig. 7. Effect of fuel utilisation factor on the power, heating, and cooling.  

Fig. 8. Effect of fuel utilisation factor on energy efficiency, exergy efficiency and fuel energy saving ratio of the system.  
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found at a cell temperature of 700 ◦C. Overall, the results suggest that 
operating the SOFC system at a lower cell temperature, such as 700 ◦C, 
can result in lower LCOE and SFC values, indicating improved economic 
and environmental performance of the system. 

3.4. Comparison with other systems 

The results of the proposed trigeneration system have been 
compared with various types of trigeneration systems, and the findings 
are presented in Table 4. The proposed system demonstrated compara-
ble exergy efficiency to other systems, and even outperformed some of 
the trigeneration systems reported in the literature. However, when 
considering the LCOE, other systems performed better. 

3.5. Sensitivity analysis of levelised cost of energy 

It is essential to note that the Levelised Cost of Energy (LCOE) 
analysis is highly dependent on the assumptions made regarding the 
system’s interest rates, operating years of the proposed system and other 
economic parameters. Therefore, a sensitivity analysis of these as-
sumptions is crucial to determine the most cost-effective system design 
and operation. This sub-section presents a sensitivity analysis of LCOE 
on variable interest rates and operating years. Fig. 13 illustrates the 
impact of interest rates on the LCOE of the system. The results show that 
as the interest rates increase, the LCOE values also increase. At an in-
terest rate of 15%, the LCOE value can reach up to 0.157£/kWh, whereas 
at 3%, the LCOE will be 0.1325£/kWh. In addition to interest rates, the 
operating years of the system also significantly impact the LCOE values. 
Fig. 14 presents the effect of changing operating years on the LCOE 
values. The minimum LCOE value can be achieved at 50 years of oper-
ating years, which is 0.1296 £/kWh. 

4. Conclusion 

In conclusion, this article has presented a comprehensive techno- 
economic evaluation of a trigeneration system integrated with a solid 
oxide fuel cell fuelled by green ammonia, complemented by an NH3-H2O 
absorption chiller and a water heater, and its capability to deliver 
electricity, heating, and cooling to a UK supermarket. This research 
examined how several operating parameters, including current density, 
fuel utilisation factor, and cell temperature, impacted the system’s 
performance. The major findings are summarised as listed below:  

• The results showed that the increase in current density led to higher 
net power, heating, and cooling production, but lower energy and 
exergy efficiency.  

• The levelised cost of energy decreased as the operating current 
density increased, but a higher specific fuel consumption was 
observed with higher current densities. The fuel utilisation factor and 
cell temperature were also found to affect the system’s performance.  

• The system can generate maximum power, heating, and cooling 
outputs of 357.6 kW, 257.9 kW, and 46.99 kW, respectively. 

Fig. 9. Effect of fuel utilisation factor on LCOE and specific fuel consumption of the system.  

Fig. 10. Effect of cell temperature on the power, heating, and cooling.  
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• The trigeneration system’s highest exergy efficiency is projected to 
be 60.94%, with a maximum overall energy efficiency of 98.07% and 
maximum fuel energy saving ratio of 47.67%.  

• Sensitivity analysis revealed that the minimum LCOE value can be 
achieved up to 0.1232 £/kWh. 

Notably, since the system employs green ammonia as fuel, there are 
no CO2 emissions from the system. The study demonstrates that the 
proposed trigeneration system has the potential to meet the energy re-
quirements of UK supermarkets while mitigating greenhouse gas emis-
sions. This research provides valuable insights into designing and 

optimising a trigeneration system with SOFC fuelled by green ammonia 
for UK supermarkets. Furthermore, the future perspective of this work 
can expand to investigate the system in more detail, employing exer-
goeconomic and life cycle assessments. Additionally, it will be inter-
esting to assess the techno-economic performance of the trigeneration 
system using an anode and cathode recirculation loop. 

Currently, SOFC stack costs remain relatively high, necessitating cost 
reduction through technological advancements and large-scale com-
mercial production. Also, extensive investigation remains imperative to 
address issues related to its durability and stability as SOFCs are sus-
ceptible to degradation over time due to factors like thermal stress, 

Fig. 11. Effect of cell temperature on energy efficiency, exergy efficiency and fuel energy saving ratio of the system.  

Fig. 12. Effect of cell temperature on LCOE and specific fuel consumption of the system.  
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chemical reactions, and mechanical wear. Additionally, SOFCs face 
challenges in accommodating fluctuating energy demands. To effec-
tively address these challenges, further research will likely be necessary 
to develop an operational strategy for enhancing the system’s 
adaptability. 
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