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ARTICLE INFO ABSTRACT

Ammonia has emerged as a promising hydrogen carrier and carbon-free fuel. This study designs a novel gas
turbine-solid oxide fuel cell (GT-SOFC) hybrid energy system, distinct from traditional SOFC-GT configurations,
utilising ammonia as the primary fuel. In this hybrid system, ammonia is combusted with oxygen under fuel-rich
conditions in the GT, generating both electricity and hydrogen. Hydrogen is then fed into the SOFC for electricity
generation. The GT-SOFC hybrid system was designed and modelled using Aspen Plus. The first and second laws
of thermodynamics were applied to perform energy and exergy analyses of the proposed system. A parametric
study was conducted to study the effect of key parameters on the performance of the hybrid system, including
equivalence ratio, combustor pressure, current density in the SOFC, and fuel utilisation ratio. The fuel utilisation
ratio in SOFC was found to have a significant impact on the performance of the GT-SOFC hybrid system. The NOy
emissions from this hybrid system were found to be negligible. An energy and exergy efficiencies of 75.5% and
72.1%, respectively, were achieved, which were higher compared with the conventional SOFC-GT system with a
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similar power output.

1. Introduction

Hydrogen plays an increasingly important role in the decarbonisa-
tion of the energy and industrial sectors. However, the hydrogen
economy presents many challenges in its storage and transportation due
to its low volumetric energy density and the lack of global infra-
structure to support cost-effective and efficient distribution. Ammonia
has been recognised as an excellent hydrogen carrier, as it offers high
flexibility in transportation and storage [1]. Currently, ammonia is
mainly produced through the Haber-Bosch process [2] and used as a
fertiliser with a global capacity of approximately 200 Mt per annum
[3]. Ammonia can be used directly as a fuel, and recent research pre-
sented significant progress in ammonia combustion in gas turbines
(GTs) [4]. However, the limitations of this technology include high NO,
emissions and low combustion efficiency, mainly due to the slow
burning rate of ammonia and nitrogen in the fuel [5]. Ammonia has
also been suggested to be used directly in solid oxide fuel cells (SOFCs)
[6,7]. However, challenges associated with direct NH3 SOFC include
slow ammonia decomposition kinetics, potential NO, emissions, and
catalyst (e.g., nickel) deactivation due to nitridation [8,9].
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The integration of SOFC with GT for power generation offers an
option to increase the energy efficiency [10], as shown in previous
studies focusing on the use of ammonia in the combined SOFC-GT
system [11,12]. In the conventional SOFC-GT system, ammonia is first
cracked to produce hydrogen, which is then supplied to the SOFC for
power generation. The unreacted H, from the SOFC is fed into the
combustor of the GT for power generation. This process requires in-
tensive energy for ammonia cracking, leading to high costs and low
overall energy efficiency. Also, the unreacted hydrogen from the
cracking unit leads to NO, emissions when combusted in the GT
[13,14].

To address the challenges associated with conventional hybrid
SOFC-GT systems, a new concept of a GT-SOFC system is proposed. In
this process, the ammonia feedstock is fuel-rich combusted and cracked,
before the products (H,, N,, and H,0) enter the GT. The fuel-rich
ammonia combustion offers 2 functions: producing NOy-free hot com-
bustion gas for power generation and producing hydrogen for the SOFC
for additional power generation [15,16]. Unutilised hydrogen in the
SOFC can be burned in the combustor to enhance ammonia fuel-rich
combustion. The overall aim of this paper is to understand the
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Fig. 1. Schematic diagram of the ammonia-based GT-SOFC power generation system with unreacted fuel recycling. GT = gas turbine; SOFC = solid oxide fuel cell;

ST = steam turbine.

thermodynamic performance of the GT-SOFC system. The outcomes
will shed some light on the design of effective ammonia energy systems.

2. System description, modelling, and evaluation
2.1. System description

The schematic diagram of the novel GT-SOFC power generation
system with unreacted fuel recycling is presented in Fig. 1. In green
ammonia production processes, a large amount of oxygen is usually
generated as a byproduct from the electrolysis of water to produce
green hydrogen — a precursor for green ammonia synthesis [17].
Therefore, in this study, oxygen is adopted for fuel-rich combustion and
as the oxidation agent in the cathode of the SOFC unit. Firstly, the li-
quid ammonia from the storage tank is vaporised and compressed. After
compression, ammonia is preheated and mixed with compressed O,.
The mixture of NH; and O, is then sent to the combustor, which op-
erates under the fuel-rich condition with an equivalence ratio (ER) of
4.5-6 [18]. Following the fuel-rich combustion process, the high-tem-
perature output stream (mainly including H,, H,0, and N5) is expanded
in the GT for power generation. The sensible heat of the exhaust gas is
recovered for steam generation in the heat recovery steam generator
(HRSG) and then conveyed to the SOFC unit along with the recycled H,.
In the SOFC unit, H; is oxidised by the oxygen transported from the
cathode, where the chemical energy of the inlet fuel is converted to
power. Following power generation in the SOFC unit, the unreacted O,
stream from the cathode of the SOFC unit is sent back to the oxygen
preheater to be preheated and recycled back to the SOFC. The sensible
heat of the unreacted high-temperature fuel is recovered by preheating
the inlet fuel of the SOFC unit, generating steam in the HRSG, and
vaporising NH3 from the storage tank. After heat recovery, 99% of the
unreacted fuel stream can be recycled at the anode of the SOFC unit for
power generation.

2.2. Process modelling

The GT-SOFC power generation system was modelled with the
Aspen Plus V.12.1 software and can be divided into 3 main units
(shown in Fig. 1): the NH; fuel-rich combustion unit, the heat recovery
unit (HRSG), and the SOFC power generation unit.

2.2.1. NH; fuel-rich combustion unit
The NH; fuel-rich combustion unit (also called the Brayton cycle
unit) consists of 2 gas compressors, gas-gas heat exchangers, the fuel-

rich combustor, and the GT. The gas compressors and the GT were
modelled using the Compr Block, and the gas-gas exchangers were
modelled using the MHEATX Block. The fuel-rich combustor is mod-
elled by the RGibbs block, which is widely used in the simulation of
combustion processes [19,20]. The partial oxidation of NH; under fuel-
rich conditions produces heat and hydrogen, which was represented by
Eq. (1). The ER is defined as the ratio between the actual fuel to oxygen
ratio and the stoichiometric fuel to oxygen ratio (Eq. (2)).

a 3
aNH; + b0, — N, + (Ea - 2b)H2 + 2bH,O# ®

3
ER=* @

2.2.2. Heat recovery unit (HRSG)

In the heat recovery unit, the Rankine cycle is applied for waste heat
recovery. The unit converts heat energy into mechanical energy, which
is ultimately transformed into electricity. This unit consists of a boiler, a
steam turbine (ST), a condenser, and a pump. The boiler was modelled
as a heat exchanger to provide heat sources. Water is pressurised
through the pump and then delivered to the heat exchanger, where it is
heated. The ST allows for the expansion of the high-temperature, high-
pressure steam, and the internal energy of the steam is converted into
mechanical energy, which is subsequently converted into electricity.
After expansion, the steam is condensed into liquid form in the con-
denser, releasing residual heat. The condensed water is then fed back to
the pump to start the next cycle.

2.2.3. SOFC power generation unit

To model the SOFC unit, 3 parts were considered: the anode, the
cathode, and the heat exchanger. The SOFC anode was modelled as a
Gibbs reactor (RGibbs block), as an electrochemical reaction occurs
within unit. The SOFC cathode is modelled using a separator (Sep), as
oxygen ions are transferred within the SOFC. Only a portion of the heat
generated by the electrochemical reaction is converted to power, and
the heat flow function is applied to the heat exchanger. The heat ex-
changer is used to simulate the temperature of the exhaust gas of the
SOFC cathode, and the exit temperature of the heat exchanger is set to
800 °C, which is the same as the temperature of the exhaust gas of the
SOFC cathode and the SOFC operating temperature. As shown in Fig. 1,
a recirculating stream from the anode chamber is mixed with the fed
fuel stream to the SOFC stack, and the Design-spec function is applied to
split the anode output stream at different steam-to-carbon (S/C) ratios.
The mixed fuel stream enters the SOFC anode chamber following the
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fuel preheater. The main electrochemical reaction that takes place at
the SOFC anode is the oxidation of the hydrogen produced from the
fuel-rich combustion process. The inlet air is sent to the SOFC cathode
and separated to achieve the required oxygen molar flow rate. The
required molar flow rate of oxygen (1o, rq) based on the fuel utilisation
factor (U) can be estimated with Eq. (3):

no, reg = U X (0.5np, + 0.75nNm;) # 3)

where ny, and nyy, represent the molar flow rate (in mols™ 1) of hy-
drogen and ammonia contained in the fuel stream, respectively.

As shown in Fig. 1, the oxygen is heated in an oxygen preheater with
the heat from the electrochemical reaction. Therefore, there is no en-
ergy output from the SOFC power generation unit at the SOFC cathode
(Sep), which means that the only energy output of the unit is at the
SOFC anode (RGibbs block).

The current of the SOFC can be calculated using Eq. (4):

I=FxUXQ2ng, + 3nyg)# o))

where F is the Faraday constant of 96,485 C:mol ~*.
The current density of the SOFC (i.) can be obtained using Eq. (5):

i= I
C_AACI

(5)

where A, is the active surface area of the SOFC power generation unit
in m®,

The actual SOFC voltage (Vsorc) can be estimated by applying semi-
empirical correlations that display the variations in cell voltage be-
tween the actual operating conditions and the reference state operating

conditions (Eq. (6)):

Vsorc = Vi + AV, + AVr + AV + AVig # ©)

where Vs represents the reference voltage in mV, AV,, AV, AV,,, and
AV, represent the variance of voltage (in mV) by the operating pres-
sure, operating temperature, flowing composition in the anode, and
flow composition in the cathode on cell voltage. These parameters can
be calculated using the equations below (Eqs. (7)-(11)):

Vror = 0.72988 + 2.0014 X 10~%, — 9.668 X 10~7i% + 2.626 x 10710}

%)
AV, = 0.76 X log("f,‘%)# ®)
AVp = 8.00 X 1076 X (Tsopc — Tref)ic# ©
AV, = 0.172 X log [%] (10)
AVigr = 0.092 X log(PZZief)# an

where Psorc is the actual operating pressure (in bar) of the SOFC of both
electrodes, Tsorc is the operating temperature (in K) of the SOFC power
generation unit, Py,/Py,0 is the ratio of the hydrogen and steam partial
pressures in the anode outlet, Py, is the average partial pressure (in bar)
of oxygen in the cathode. The reference values are collected from lit-
eratures: the reference operating pressure (B) is 1 bar, the reference

Set and/or Make Initial
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operating temperature (Tp,s) is 1000 °C, the ratio of the hydrogen and
steam partial pressures in the anode outlet at the reference conditions
((Pry/ Pry0)rer) is 0.15 and the oxygen partial pressure at the reference
conditions (Po,,rs) is 0.164 [21,22].

It is assumed that the reactions inside the SOFC power generation
unit are adiabatic. The net heat duty of the SOFC anode can be calcu-
lated using the heat balance, as the heat generated from the reactions
includes the net heat duty and the heat required to maintain the op-
erating temperature of the SOFC. This net heat duty consists of the
thermal loss from the unit and the output power. The required air flow
can then be determined using an Aspen Plus Design-spec that satisfies
the following equation (Eq. (12)), applying the calculation hierarchy
shown in Fig. 2, where Qs represents the total thermal loss of the unit,
taken as 2% of Q,,; in this calculation.

Qnet = IVsorc + Quoss# 12)

A direct current to alternating current (DC-AC) transmitter is in-
stalled at the output of the SOFC, and the power output of the SOFC
(Wsorc) can be obtained using Eq. (13):

Wsorc = IVsorctpe_ac# (13)

where 7,._,c is the efficiency of direct current converting to alter-
nating current and set to 0.97.

2.2.4. Main operating parameters

The Peng-Robinson equation of state was selected to calculate the
global physical properties of the various streams in the GT-SOFC pro-
cess. The pressure loss due to material conveying between different
pieces of equipment was ignored. The main operating parameters are
listed in Table 1.

2.3. System evaluation

The first and second laws of thermodynamics are used to evaluate
the energy performance of the GT-SOFC hybrid system. The first law of
thermodynamics is used to calculate the electrical efficiency, while the
second law of thermodynamics is used to calculate the exergy efficiency
and exergy destruction.

2.3.1. Energy analysis
The energy efficiency (7,,,,) was calculated using the following
equation (Eq. (14)) [29].

Whet  __

Wsorc + WoT + WsT — Weomp — Wpump m
#
Mfuel LHV fyel

nen,sys -

14

Qinput

where Wsorc, Wor, Wsr, Weomp, and Wy, are the power generated in the
SOFC, GT, ST, compressors, and pumps, respectively. my,; is the mass
flow rate of the fuel in kg'h™ 1 and LHV},, is the lower heating value of
the fuel.

2.3.2. Exergy analysis

The maximum working capacity of the process consumption can be
defined as the exergy use of the system. Exergy efficiency can be cal-
culated based on exergy destruction due to irreversible processes
throughout the system and the exergy input. The energy efficiency
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Fig. 2. Hierarchy of cell voltage calculation.
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Table 1
Main operating parameters
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Items Description

Feedstocks -
Fuel input (NH3)
Gas input (05)

Compressors -

Lower heating value (LHV): 18603.6 kJ-kg ~'. Temperature and pressure of fuel input: —33°C and 1.2 bar [23,24].
Temperature and pressure of fuel input: 25 °C and 1.013 bar.

Operating temperature: 910 °C. Operating pressure: 1.013 bar. Fuel utilisation factor: 85%. Faraday constant: 96,485 C/mol. Efficiency of DC/AC

NH; fuel compressor 25 bars.
O, compressor 25 bars.
Units -
Combustor Adiabatic; pressure: 25 bars.
Gas turbine Input pressure: 1.013 bar. Exhaust pressure: 25 bars. Isentropic efficiency: 92% [25].
SOFC
conversion: 97%. Heat exchanger O, stream outlet temperature: 895 °C [26,27].
PSA system Compressor outlet pressure: 20 bar; hydrogen recovery ratio: 90%; hydrogen purity: 99%.

Rankine cycle system Pump isentropic efficiency: 95% [26,28].

AC = alternating current; DC = direct current; SOFC = solid oxide fuel cell.

(nex’sys) was calculated using the following equations (Egs. (15) or (16)):

_ Wsorc + WoT + WsT — Weomp — Wpump#
Mfyel €Xfuel

Tex. s as)
where Wsorc, Wor, Wre, Weomp, and W,y are the power generated in
SOFC, GT, ST, compressors, and pumps, respectively. my,; is the mass
flow rate of the fuel in kg'h™?, and expel is the exergy of the fuel.

Total irreversibility of cycle
Total exergy input to the cycle

nex,sys =1l- (16)

The equation above (Eq. (16)) is based on irreversibility and fuel
input, which is preferred to be applied when the irreversible process of
the system is optimised through the reduction of the exergy destruction
theoretically.

3. Results and discussion
3.1. Parametric studies

Based on the block programme (Fig. 1), an Aspen Plus model was
developed, and the schematic diagram is presented in Fig. 3. The
temperature, pressure, and mass flowrate of each stream are sum-
marised in Table 2. The composition of each stream is detailed in the
Supplementary Information. The component names and code in the GT-
SOFC hybrid system Aspen Plus model are summarised in Table 3. Four
key parameters were chosen to evaluate their effects on the model
performance: the ER, the pressure in the combustor, the current den-
sity, and the fuel utilisation ratio in the SOFC.

3.1.1. Effect of equivalence ratio (ER)

The ER in the combustor was set from 4.5 to 6 as the combustor
works at fuel-rich conditions. Fig. 4 shows the power output, power
generation efficiency, and energy input of the GT-SOFC hybrid system.
As the ER increases, the net power output (B,) and the power gen-
eration efficiency (7),) decrease. The power output from the combustor
(Pcom) decreases significantly, while the power output from the SOFC
and heat recovery unit (HRSG) remains stable. At higher ERs, the fuel is
in excess, leading to a lower combustion efficiency and more heat
losses. The overall power generation efficiency is therefore reduced.

3.1.2. Effect of combustor pressure

The pressure in the combustor varied from 4 bars to 20 bars. As
shown in Fig. 5, the total power output slightly increases due to the rise
in the power output of the combustor. On the other hand, the power
generation efficiency of the GT-SOFC system is significantly improved
as the pressure in the combustor increases. This is attributed to a higher
combustion efficiency inside the combustor at high pressures, leading
to lower heat losses at this step. Additionally, the expansion ratio in the
combustor becomes higher at higher pressure conditions, enhancing the
mechanical power output.

3.1.3. Effect of current density in the SOFC

The current density of the SOFC varied from 600A-cm™? to
1650 A-cm 2. As shown in Fig. 6(a), the actual current of the SOFC and
the energy input increase as the current density increases, while the cell
voltage decreases. Fig. 6(b) shows that the total power output increases
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Fig. 3. Schematic diagram of the GT-SOFC hybrid system model using Aspen Plus. GT = gas turbine; SOFC = solid oxide fuel cell.
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Table 2
Temperature, pressure, and mass flowrate of the streams
Stream 1 2 3 4 5 6 7 8 9 10
Temperature (°C) -33 25 332 456 344 816 269 100 40 40
Pressure (bar) 1 1 20 20 20 20 1 1 1 1
Mass flowrate (kg.h™") 761.68 761.68 761.68 238.52 1000.2 1000.2 1000.2 1000.2 734.4 265.8
Stream 11 12 13 14 15 16 17 18 19 20
Temperature (°C) 40 800 892 892 892 910 910 225 100 40
Pressure (bar) 1 1 1 1 1 1 1 1 1 1
Mass flowrate (kg.h™ 1) 823.53 923.53 135285 817.56 134468 134468 17411 17411 1741.1 822.17
Stream 21 22 23 24 25 26 27 0,-1 IN 0,-2 IN 0,-0UT
Temperature (°C) 40 40 40 40 41 255 48 25 25 40
Pressure (bar) 1 1 1 0.097 6 6 0.097 1 1 1
Mass flowrate (kg.hfl) 189.13 633.04 918.92 381.81 381.81 381.81 381.81 238.52 135285 134468
62
Table 3 ‘ . [ O e [
Names and codes of the main components in the Aspen Plus 3000+ P _e_ <
’ 7, =
model net P . N
S 2500- 16! &
Component Name Code X = = -2
§_ 2000 4 ’:E
Mixer B1 g 460 <
Compressor B2, B3, B23 ; 1500 %
Gas turbine B4 2 5
Cooler BS, B17 & 1000+ 159 &
Heater B18, HEATER2 5004 g
Separator B14 2
Pump B22 0 = . . . = 58
Heat exchanger B16, B21, HEX3 4 8 12 16 20
Combustor Combust1

significantly as the current density of the SOFC increases. Compared
with the heat recovery unit and the combustor, the power output of the
SOFC contributes the most. On the other hand, the power generation
efficiency decreases as current density increases, which can be attrib-
uted to the decline of cell voltage in the SOFC and the increasing
overpotential. The energy losses become greater at higher over-
potential, the internal heat generation is great, and more energy is lost
as heat instead of being converted to electricity. The number of cells
required for the system can be reduced due to the higher power density
at higher current density.

3.1.4. Effect of fuel utilisation ratio (U)

In the SOFC, as a portion of fuel is recycled, the recycling ratio (R)
can be calculated with the fuel conversion ratio (X¢) and the fuel uti-
lisation ratio (U). The relationship between the fuel conversion ratio
(Xc) and the fuel utilisation ratio (U) is defined by Eq. (17):

3500

[ ] PHRS(E [ ] P(‘om I ] PS()I"("
, a

net

Power output (kW)

O T T LJ
4.5 5 5.5 6

Equivalence ratio

Power ¢

eneration efficiency 1,(%)

Combustor pressure (bar)

Fig. 5. Power output and power generation efficiency at an equivalent ratio
(ER) of 4.5 with a current density of 900 A-cm ~2 and fuel utilisation ratio (U) of
0.85. HRSG = heat recovery steam generator; SOFC = solid oxide fuel cell.

U

Xe= 1-(1-U)+R

# a7

When the fuel utilisation ratio (U) varied from 0.1 to 0.9, the fuel
conversion ratio (X¢) increased continuously to approach 100% when
the recycling ratio (R) was adopted as 99%. As shown in Fig. 7, a fuel
conversion ratio of 95% can be achieved at a very low fuel utilisation
ratio of 0.15 in the SOFC.

As shown in Fig. 8(a), at a fixed current density, the voltage of
the SOFC decreases significantly as the fuel utilisation ratio (U)
increases, while the current and energy input are only slightly af-
fected. The total power output decreases when the fuel utilisation
ratio increases (shown in Fig. 8(b)), as the power output of the

62 .\.\.\. 4000
61 - a 5 _ -3000 _
—— 3
=
(=%
60 -2000 .E
>
" - 9]
—&— Power generation efficiency 5
—s— Enerey i t s
50.] nergy inpu [ 1000 %)

58 T T 0

5.0 5.5
Equivalence ratio

4.5 6.0

Fig. 4. Power output, power generation efficiency, and energy input at a current density of 900 A-cm ~ 2 with an operating pressure of 20 bar and fuel utilisation ratio

(U) of 0.85. HRSG = heat recovery steam generator; SOFC = solid oxide fuel cell.
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(ER) of 4.5 and fuel utilisation ratio (U) of 0.85. HRSG = heat recovery steam generator; SOFC = solid oxide fuel cell.
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Fig. 7. Relation between fuel conversion ratio (Xc) and the fuel utilisation ratio
(U) under conditions of unreacted fuel recycling.

SOFC decreases. However, the power generation efficiency sig-
nificantly reduces at a high fuel utilisation ratio. In fact, the GT-
SOFC hybrid system is able to convert the chemical energy of the
fuel into electrical energy effectively, even when the fuel utilisation
ratio is low. Unlike conventional SOFCs without fuel recycling, the
system reduces energy loss through fuel recovery. In conventional
SOFC units, a low fuel utilisation ratio indicates the waste of fuel’s
chemical energy. However, in the novel GT-SOFC system, the che-
mical energy of unused fuel is recycled, which minimises the overall
energy losses. With a fixed current density, the voltage of the SOFC
increases as the fuel utilisation ratio lowers, leading to a higher
power generation efficiency.

5000 . = 6000
—=&— Energy input
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Z 4000 T—w— g o L L L 4500
< " <
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[=9 =]
£ * 2
2 3000 — £30003
@ C © © © © © & ©
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Fuel utilisation ratio

3.2. Thermodynamic performance comparison

3.2.1. Energy analysis

Based on the results of the parametric study, it is concluded that the
highest power generation efficiency for the GT-SOFC hybrid system can
be achieved with a low fuel utilisation ratio of 0.15. The following
operating conditions were chosen to establish the detailed energy bal-
ance: an equivalent ratio (ER) of 4.5, a combustor pressure of 20 bar, a
current density of 900 A<cm ™2, and a fuel utilisation ratio of 0.15.

A SOFC power generation unit with 3800 kW energy input was
applied and integrated into the GT-SOFC hybrid system. According to
the Aspen Plus model, the fuel (ammonia) mass flow rate is 0.22 kgs™ 1
Table 4 shows the detailed calculations of the energy balance under the
above conditions.

From Table 4, the power output of the SOFC, GT, and ST and the
power consumption of the compressors and pump can be de-
termined: Wsopc = 2740.99kW, Wgr = 445.14kW, Wsr = 84.22kW,
Weomp = 185.38kW, and Wpympy = 0.79kW. Based on Eq. (14), the en-
ergy efficiency of the GT-SOFC system can reach 75.5% at the op-
erating conditions studied, which exceeds the 60.96% energy effi-
ciency achieved by the conventional ammonia SOFC-GT system
[30].

3.2.2. Exergy analysis

The total exergy input from the fuel can be determined by the fol-
lowing equation: EXp, = Mg X eXpe = 4277.37kW . Therefore, using
Eq. (15), the exergy efficiency (7, ) of the GT-SOFC system is calcu-
lated to be 72.1%, which outperforms the conventional ammonia SOFC-
GT system with an exergy efficiency of 57.79% [30].

5000
[ | Pygsc | | Poml ] Psorc 176 &
Y o<
4000 P —0—m, b &
> 72 §
= e 'S
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Fig. 8. (a) Energy input, current, and voltage and (b) power output and power generation efficiency at an operating pressure of 20 bar, with a current density of
900 A-cm ™2 and an equivalence ratio (ER) of 4.5. HRSG = heat recovery steam generator; SOFC = solid oxide fuel cell.
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Table 4
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Detailed energy balance at an operating pressure of 20 bar, current density of 900 A-cm ™2, equivalence ratio (ER) of 4.5, and fuel utilisation ratio of 0.15

Energy input

Energy output NH; fuel-rich combustion unit

Heat recovery unit

SOFC power generation unit

NH; mass flow rate (kg.s™') 0.22
Lower heating value (MJ.kg ™) 18.60
Energy input (kW) 4092.0
Power consumption of NH; compressor (kW) 156.39
Power consumption of O, compressor (kW) 28.99
Power consumption of compressors (kW) 185.38
Power output of gas turbine (kW) 445.14
Net power output in NH3 fuel-rich combustion unit (kW) 259.76

Power consumption of the pump (kW) 0.79

Power output of steam turbine (kW) 84.22
Net power output in heat recovery unit (kW) 83.43
Power output in the SOFC power generation unit (kW) 2740.99
Net power output (kW) 3084.18

SOFC = solid oxide fuel cell.

= 10.66, 1%

N\

= 114.43,10%

= 178.83,15%

= 214.64,18%

30.08, 2%

= Vaporizer (kW)

= Fuel-rich combustor (kW)
= Fuel preheating (kW)

= Other emission losses (kW)

= NH3 compressor (kW)
= Gas turbine (kW)
= SOFC (kw)

= 121.23,10%
" 11.96,1%

1.86,0%

= 487.27,41%

= 22.24,2%

02 compressor (kW)
HRSG unit (kW)
= 02 preheating (kW)

Fig. 9. Exergy destruction by each component of the GT-SOFC hybrid system. GT = gas turbine; HRSG = heat recovery steam generator; SOFC = solid oxide fuel

cell.

Fig. 9 shows the exergy destruction by components of the GT-SOFC
hybrid system. The components with the most exergy destruction are the
fuel-rich combustor (burner), the fuel preheating, and the SOFC. The loss
from these 3 components accounts for about 75% of the exergy destruction
of the system. The fuel-rich combustor contributes to the most exergy de-
struction (about 41%) due to the incomplete conversion of chemical energy
into thermal energy when the ER significantly deviates from 1 [31]. Ap-
proximately 18% of exergy destruction is from the fuel preheating. External
heat is required to preheat ammonia and oxygen before entering the com-
bustor, and the exergy destruction occurs at the heat exchanger due to its
limited efficiency. Approximately 15% of exergy destruction comes from
the SOFC. The SOFC operates at high temperature conditions, and heat
dissipation is inevitable. Typically, the SOFC includes multiple components
and units, and the loss from every single component can accumulate and
result in a compensation in energy conversion.

4. Conclusions

In this study, a novel GT-SOFC hybrid system using ammonia as the fuel
was designed and modelled via Aspen Plus. The thermodynamics of the
energy system was analysed to understand the effect of key operation
parameters on the energy efficiency and exergy efficiency. The novel GT-
SOFC hybrid system has negligible NO, emissions and utilises the waste
heat efficiently. An energy efficiency of up to 75.5% and an exergy

efficiency of up to 72.1% can be achieved by controlling the operating
condition, which outperforms the conventional SOFC-GT system with a si-
milar power output. Although the fuel-rich combustor contributes to the
most exergy destruction due to the incomplete conversion of chemical en-
ergy into thermal energy, it eliminates the NO, formation and also avoids
the use of any ammonia cracking unit for SOFC, as used in the conventional
SOFC-GT system. This work represents a thermodynamic feasibility study of
the proposed GT-SOFC system. As the proposed system fundamentally dif-
fers from conventional SOFC-GT systems, there are no readily available
experimental data for the direct validation of this specific configuration.
Future research will focus on the experimental validation of the system,
including fuel-rich ammonia combustion characteristics, hydrogen produc-
tion, and SOFC performance under realistic operating conditions. In addi-
tion, a techno-economic analysis will be carried out to evaluate the cost and
scalability of the GT-SOFC system, which will provide further insight into its
practical viability and commercial potential.
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