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Abstract: In this paper, a new integrated system of solid oxide fuel cell (SOFC)–gas turbine (GT)–
steam Rankine cycle (SRC)–exhaust gas boiler (EGB) is presented, in which ammonia is introduced
as a promising fuel source to meet shipping decarbonization targets. For this purpose, an SOFC is
presented as the main power-generation source for a specific marine propulsion plant; the GT and
SRC provide auxiliary power for machinery and accommodation lighting, and steam from the waste
heat boiler is used for heating seafarer accommodation. The combined system minimizes waste heat
and converts it into useful work and power. Energy and exergy analyses are performed based on the
first and second laws of thermodynamics. A parametric study of the effects of the variation in the
SOFC current density, fuel utilization factor, superheat temperature, and SRC evaporation pressure
is conducted to define the optimal operating parameters for the proposed system. In the present
study, the energy and exergy efficiencies of the integrated system are 64.49% and 61.10%, respectively.
These results serve as strong motivation for employing an EGB and SRC for waste heat recovery
and increasing the overall energy-conversion efficiency of the system. The SRC energy and exergy
efficiencies are 25.58% and 41.21%, respectively.

Keywords: SOFC; ammonia; integrated system; waste heat boiler; steam Rankine cycle

1. Introduction

Maritime transportation makes a significant contribution to global CO2 emissions [1].
From 2012 to 2020, CO2 emissions due to shipping activities increased from 962 million tons
to 1056 million tons, which is equivalent to an increase of 2.76% to 2.89% [2]. To combat
climate change and contribute to sustainable development, the International Maritime
Organization (IMO) has adopted an initial strategy and related regulations to reduce
CO2 emissions per transportation work (carbon intensity) by 40% by 2030, and the total
yearly GHG emissions by 50% by 2050 [3]. As a result, several technical and operational
measures have been implemented to improve energy efficiency and reduce CO2 emissions,
including the use of alternative fuels, using renewable energy, increasing engine efficiency,
implementing waste heat recovery systems, improving hull form, implementing speed
reduction, and using alternative sea routes [4].

Hydrogen is a cost-effective and “clean and green” fuel option. However, its limitation
is its low volumetric energy density (9.9 MJ/m3 lower heating value) compared with that
of fossil fuels; hence, larger vessels are required for storage and transportation [5]. Both
physical and material-based technologies have been explored for the dense storage of
hydrogen.
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Ammonia, with the chemical formula NH3, is a fuel with a hydrogen concentration
of 17.6% by weight and has no carbon. It decomposes easily into a gas combination of
75% H2 and 25% N2, resulting in a high output of pure hydrogen with minimal carbon
emissions [6]. Ammonia has emerged as an energy vector because of its ability to efficiently
be stored and produced from renewable energy. It is a potential fuel for fuel cells because
it is inexpensive, easy to store and carry, less combustible than other fuels, and relatively
safe due to observable odor leaks [7]. With this important potential of ammonia as marine
fuel, the IMO and international societies have adopted safety guidelines and operational
regulations to minimize risks for ammonia utilization. In addition, fuel cells are considered
possible alternatives to the aforementioned approaches, which have strong benefits over
conventional combustion-based technologies [8]. Ammonia can be directly supplied and
converted to electricity using technologies such as SOFCs [9] and internal combustion
engines [10], or indirectly used through decomposition in polymer electrolyte membrane
fuel cells (PEMFCs) [11]. In contrast to methanol, the ammonia fuel used in SOFCs un-
dergoes thermal cracking at the anode, producing hydrogen and nitrogen; therefore, no
steam is required, avoiding carbon formation. In addition, the technological infrastructure
for ammonia use is well-established. As a result, there is growing interest in employing
ammonia-fueled fuel cells, particularly SOFCs [6].

SOFCs are gaining more attention as a cutting-edge power-generation technology
with high energy-conversion efficiency, low environmental impact, and flexibility of fuel
supply [12]. Because of the high cost and poor volumetric energy density of hydrogen,
portable SOFC applications seem unlikely, even though hydrogen has been widely used
as a fuel for SOFCs. However, since SOFCs operate at a high temperature (approximately
600–1000 ◦C), their efficiency can be increased by combining them with thermodynamics
cycles [13,14] to improve the energy-conversion efficiency.

Wojcik et al. [15] experimented with SOFCs using ammonia as the fuel and showed that
ammonia can be directly used as fuel in a SOFC system. System performance is dependent
on the current density and the catalysts used for the SOFC. The two recommended catalysts
for ammonia SOFCs are nickel-and iron-based catalysts. Qianli et al. [16] tested ammonia
with an SOFC cell, Ni-BCGO/BCGO/LSCO–BCGO, compared the performance results
with hydrogen as the fuel, and proved the feasibility of using ammonia as a fuel for SOFCs.
The decomposition of ammonia is efficient in the anode chamber, with a maximum open
circuit voltage (OCV) and power density of 0.985 V and 355 mWcm−2 at 700 ◦C, respectively.
Baniasadi and Dincer [7] designed an SOFC system for vehicular applications employing
ammonia as the fuel and showed that the energy and exergy efficiencies vary from 60% to
90% and 60% to 40%, respectively, depending on the current density of the SOFC. Ammonia
can achieve 100% conversion to N2 and H2 at temperatures above 873 K. The largest exergy
destruction rate was found in the SOFC stack, turbine, and heat exchanger. Al-Hamed and
Dincer [17] proposed an integrated ammonia SOFC and hydrogen production system for
locomotive applications and showed that hydrogen can be produced during the operation
of a passenger locomotive. The energy and exergy efficiencies of the system are 61.2% and
66.3%, respectively. When more hydrogen is generated, the energy and exergy efficiencies
are marginally improved by 0.28% and 0.24%, respectively. Ishak et al. [18] performed
a thermodynamic analysis with the SOFC–ammonia system, and stated that 100% of
ammonia conversion to N2 and H2 is achieved at a temperature of 700 K and atmospheric
pressure. In a comparison between SOFC-H and SOFC-O, the peak power density of
SOFC–H using ammonia is 20–30% higher than that of SOFC–O using ammonia. Ishak
et al. [19] presented the energy and exergy analysis for a combined system of an SOFC-
GT using ammonia as fuel and found that the highest energy and exergy efficiencies
obtained were 81.1% and 74.3%, respectively. The configuration and layout of the system
components, among other factors, impacted the total system performance. The highest
exergy destruction rate was observed in the fuel cell and heat exchanger. Siddiqui et al. [20]
designed and analyzed an integrated SOFC combined cycle system with ammonia as the
fuel. The proposed system produces electricity, hot and cold water, and hydrogen for
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multiple purposes. The overall energy and exergy efficiencies of the system are 39.1%
and 38.7%, respectively. Compared with a single-generation system, the multi-generation
system provides a higher exergy efficiency of 18.7%. Thus, the developed multi-generation
system is more efficient than a single system. The highest exergy destruction rate is found
in the organic Rankine cycle (ORC) turbine.

In the present paper, a novel plant configuration is proposed to adapt to both the
energy demands of the propulsion plant of the vessel and sustainable development in an
environmentally friendly manner. The main objective is to use ammonia as a direct fuel for
the SOFC integrated system for marine vessels. Additionally, the integration of an SRC and
EGB is introduced to use the exhaust gas from the SOFC-GT subsystem. This combination
has not been investigated previously. The novelty of this system is the inclusion of a steam
boiler to provide steam for the heating of lubricating oil and seafarer accommodation
in the system, and the enhancement of energy efficiency and waste heat recovery. In
addition, the hot water generated during the cooling process of the SRC is used in seafarer
accommodation. In summary:

� A novel integrated system with ammonia as the fuel in an SOFC for significantly
improving the energy-conversion efficiency and green energy target for marine vessels
is proposed. The SRC and EGB are integrated to serially recover the waste heat from
the exhaust gas from the SOFC using an energy-cascade method.

� A thermodynamic model of the components, sub-system, and total system is built to
estimate the working performance of the proposed system.

� A parametric study is carried out to investigate the impact of the main parameters on
system performance.

The remainder of this paper is organized as follows. The novel integrated system
and its operation are described in Section 2. The thermodynamic models developed to
investigate the system energetically and exegetically are presented in Section 3. This is
followed by a verification using the thermodynamic models in Section 4. The parametric
study on the effect of key parameters on system performance is presented in Section 5.
Lastly, the conclusions of the thermodynamic investigation are presented in Section 6.

2. Process Modelling of the Power Generation Plant for the Vessel

The proposed system is designed for an existing general cargo vessel (3000 DWT),
which uses a type of electric propulsion unit (3800 kW) [21] powered by ammonia. SOFCs
provide power for the main propulsion plant, while a GT and SRC supply power for the
auxiliary machinery, lighting, and seafarer accommodation.

Figure 1 shows the flowsheet of the integrated SOFC-GT-SRC-EGB system for marine
vessels using ammonia as fuel.
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Figure 1. Schematic diagram of the SOFC-GT-SRC-EGB employing ammonia as fuel. Figure 1. Schematic diagram of the SOFC-GT-SRC-EGB employing ammonia as fuel.
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2.1. Design

The proposed multi-generation plant includes four main subsystems: (i) main power
production based on SOFC technology, (ii) direct waste-heat utilization in a GT, (iii) energy
harvested by the SRC, and (iv) steam generation by an EGB (economizer).

Ammonia is first preheated in the fuel regenerator (HEX-2) before being directly
supplied to the SOFC anode and decomposed to H2 and N2 at high temperatures with
the use of catalysts. Ni/YSZ is employed as the catalyst in this simulation study [9,13,22].
The decomposition of ammonia occurs by the dehydrogenation reactions [6], whereby
(i) ammonia is absorbed by the catalyst’s active area, (ii) N-H bond cleavage occurs to
release hydrogen atoms, and (iii) N and H atoms are recombined to form nitrogen and
hydrogen molecules. HEX-2 is needed for the fuel cell to attain its operational temperature.
The temperature range for this SOFC is 700–900 ◦C.

After being compressed by an air compressor to attain the required pressure (stream 2),
air is preheated by waste heat from the gas turbine in the heat exchanger (HEX-1). Then, the
cathode side of the fuel cells is supplied with air at the required temperature and pressure,
providing oxygen for the electrochemical reaction. After reacting in fuel cells, there are
two exhaust streams generated. The main exhaust stream (stream 10) is supplied to the
afterburner. Otherwise, the exhaust of a nitrogen-rich stream from the cathode (stream 9)
and a mixed water and nitrogen stream (stream 6) from the anode, are discharged.

The afterburner burns the remaining (unused) ammonia fuel (stream 10) from the
anode and cathode to produce a high-pressure, high-temperature exhaust gas. The exhaust
gas (stream 12) then powers the turbine, which generates more electricity.

The integrated waste-heat recovery system includes a gas turbine (K-101), three recu-
perates (HEX-1, HEX-2, and HEX-3) that recover waste heat after the afterburner (stream
12) and expansion in the gas turbine (K-101) (stream 13). The recuperates pre-heat the feed
air (via HEX-1), ammonia (via HEX-2), and the SRC working fluid (via HEX-3), after which
heat is transferred to the water in the EGB.

In the SRC, the heat exchanger (HEX-3) is primarily responsible for recovering waste
heat. The working fluid is water, which is initially pumped to a high pressure by a pump
(RC-Pump) and then passed through a heat exchanger (HEX-3) to form superheated vapor.
The high-pressure steam is then expanded and depressurized in the SRC expander (K-102)
before being used to drive the reversible pump (RC-pump) and generate further electric
power. The saturated vapor condensed in the heat exchanger (HEX-4) is transferred to cold
water, releasing heat. The resulting hot water is supplied to seafarer accommodation.

Finally, the EGB uses waste heat, transferring it to fresh water and generating steam for
multiple uses, such as the heating of lubricating oil and accommodation air conditioning.

The working performance of the integrated SOFC-GT-SRC-EGB hybrid system is
strongly influenced by the SOFC efficiency, exhaust heat temperature, gas turbine cycle
pressure, and GT pressure ratio. The SOFC power output/efficiency impacts the exergy
of the exhaust gas, and the ORC turbine inlet pressure also affects the integrated system.
For an increase in the power output of the SOFC, the mass flow of exhaust gas (stream 12)
and heat provided to the gas turbine cycle increases, reducing the GT fuel requirement and
improving the SOFC-GT efficiency.

2.2. Operating Data Performances and Assumptions

The proposed integrated SOFC with directly supplied ammonia is simulated with
support from ASPEN-HYSYS V12.1 (AspenTech, Massachusetts, USA) [23–25]. Ammonia is
defined as the conventional component of Aspen HYSYS; therefore, the Peng–Robinson (PR)
equations of state are employed to estimate the thermodynamic properties and operating
parameters of all components.

To simplify models and analysis, the below general assumptions are adopted:

• The supplied air is composed of 79% N2 and 21% O2 at 29.85 ◦C, 101.3 kPa;
• This simulation is accomplished in a steady state and thermodynamic equilibrium;
• The mass and pressure losses in all pipe components are negligible;
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• The pressure losses on the tube side and shell side of the heat exchanger (HEX) are
assumed to be 6.895 and 3.447 kPa, respectively;

• The flow temperatures of the air and fuel at the inlet and outlet of the SOFC are
constant and equal to the working temperature of the SOFC.

• The boundary conditions of the simulation study are listed in Table 1 [17,26].

Table 1. Boundary conditions of the proposed system.

Component Parameter Value

SOFC

Operating pressure (bar) 4

Operating temperature (◦C) 814.1

Number of single cells 14,202

Fuel cell current density (A/m2) 1455

Active surface area (m2) 0.22

Anode thickness (cm) 0.002

Cathode thickness (cm) 0.002

Electrolyte thickness (cm) 0.004

Stoichiometric rate of hydrogen 1.2

Stoichiometric rate of oxygen 2

Fuel utilization factor in SOFC (%) 85

Compressor Isentropic efficiency (%) 82

Pumps Isentropic efficiency (%) 82

Expanders Isentropic efficiency (%) 80

Heat exchangers Minimum temperature approach (◦C) 7

Converter DC-AC converter efficiency (%) 98

3. Material and Methodology

Ammonia is unstable at high temperatures and decomposes into H2 and N2 [19], as
per Equation (1), at a temperature of 200 ◦C or greater [27]. At 425 ◦C, approximately
98–99% ammonia is decomposed, and if the temperature is above 600 ◦C (873 K), ammonia
is entirely transformed [28]. However, the conversion rate is affected by the presence of
catalysts.

2NH3 ↔ N2 + 3H2 (1)

2H2 ↔ 4H+ + 4e− (2)

The generated H2 is used for the electrochemical generation of energy following the
first cracking of NH3 into N2 and H2 over the Ni/YSZ catalyst. Subsequently, oxide ions
oxidize the hydrogen to H2O and generate electricity [28].

O2 + 4e− + 4H+ → 2H2O (3)

O2 + 2H2 → 2H2O (4)

Water (vapor state) and the remaining oxygen exit the fuel cell from the cathode side,
while NH3, N2, and H2 exit from the anode side. SOFCs rely primarily on an oxygen
ion-conducting electrolyte to allow oxygen ions to move from the cathode to the anode,
resulting in the production of nitrogen oxide (NO).

N2 + 2O2− → 2NO + 4e− (5)

2NH3 + 5O2− → 2NO + 3H2O + 10e− (6)

By completely covering the YSZ electrolyte with a proton conductor and ammonia
cracks, the production of NO may be avoided [15,16]. Ma et al. [29] showed that the partial
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pressure of NO increases with increasing of NH3 conversion rate. However, the partial
pressure of NO is only 10−12 atm when the ammonia conversion rate of ammonia is 0.99
and the working temperature of SOFC is 800 ◦C.

Reaction Equation (1) is endothermic and is influenced by pressure and temperature,
in addition to other conditions. As the temperature rises, the reaction shifts to the right,
producing more hydrogen, and as the pressure rises, it shifts to the left, producing less hy-
drogen. The overall Gibbs energy of the process can be decreased to attain thermodynamic
equilibrium with ammonia [5,18,19]:

(∆Gsystem)T,P = 0 (7)

The sum of the product of the number of moles of chemical species i multiplied by the
appropriate standard Gibbs free energy at constant temperature and pressure is the Gibbs
energy of the system:

Gsystem = ∑ nigi (8)

The Gibbs energy of one mole of the substance for a gas can be expressed in terms of
this activity as per the following equation:

gi = g0
f i + RT ln

fi

f 0
i

(9)

The total Gibbs energy is equal to:

Gsystem = (∑ ni[g0
f i + RT ln(yiP)])gas

+ (∑ nig0
f i)condensed

(10)

3.1. Model of the SOFC

SOFCs [30] transform the chemical energy of the fuel into electrical power through
electrochemical reactions at high temperatures (from 500 ◦C to 1100 ◦C). In the SOFC,
ammonia participates in the reforming reaction according to Equation (1) under YSZ
electrolytes [31].

3.1.1. Fuel and Oxidant Utilization

The utilization of fuel (ammonia) can be defined as follows [13,19,21,32,33]

U f =
(ammonia)react
(ammonia)in

=
(H2)react
(H2)in

(11)

where (H2)react and (H2)in denote the molar flow of the reacting hydrogen and the molar
flow of hydrogen supplied to the fuel cells, respectively.

Similarly, the air utilization can be determined as the ratio of oxygen supply and usage
because air is assumed to consist of a constant ratio of 21% oxygen and 79% nitrogen:

Uair =
(Air)consumed

(Air)in
=

(O2)consumed
(O2)in

(12)

Airin represents molar flow of inlet air.
With reference to Equation (4):

nO2 = 0.5 U f nH2 (13)

nO2 and nH2 represent the molar flow rate of oxygen and hydrogen required for the fuel
cells, respectively.

The net power output of an SOFC system can be determined using the component
stack, as follows [34–36]:

Wstack = i·a·Vc (14)
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where i and Vc represent the current density (A/m2) and the actual voltage of the stack
(V), respectively, and a is the surface area (m2) [26,30,35,37,38]

i =
nFU f qNH3

Ncell Acell
(15)

qNH3 =
i Ncell Acell

U f nF
(16)

where n denotes the number of electrons transported by every oxygen atom of the electro-
chemical reaction (in this case, its value is 3); F denotes the Faraday constant, 96,485 C/mol;
qNH3 is the ammonia molar flow rate, mol/s; and Ncell and Acell represent the number of
cells and cell area (m2), respectively.

Vc = VR −Vloss (17)

VR is defined as the cell’s ideal reversible voltage and Vloss is the voltage loss in the system.
Based on the Nernst equation:

VR = Vo +
RuT
neF

ln

PH2 P
1
2

O2

PH2O

 (18)

Vloss = Vohm + Vact + Vcon (19)

where Vohm denotes the ohmic losses (V), Vact denotes the activation losses (V), Vcon denotes
the concentration losses (V), and Vo denotes the electro-motoric force.

Vohm = Vohm,a + Vohm,c + Vohm,e + Vohm,int (20)

Furthermore, the I-V curve can be used to determine the actual voltage of the
stack [17,29,32,39–41]

The generated power of the SOFC:

WSOFC = Wstack Ncell ·ηDA (21)

ηDA is the inverter efficiency.
Thermodynamically, the energy efficiency of the fuel cell [26,35,42–44]:

ηen,SOFC =

.
WSOFC

.
mNH3 LHVNH3

(22)

where
.

mNH3 and LHVNH3 represent the mass flow rate of NH3 (kg/h) and the low heating
value of NH3 (KJ/kg), respectively.

3.1.2. Afterburner

The unreacted hydrogen and ammonia in the SOFC are combusted in the afterburner.
A strong exothermic oxidation reaction occurs, increasing the temperature and pressure of
the exhaust gas. The reactants are assumed to burn completely adiabatically [45].

3.2. Model of the GT
GT

The hot gaseous mixture expands and produces useful mechanical power as it exits
the combustion chamber and enters the gas turbine. The outlet temperature of the gas
turbine is

Tout = Tin (PR)
(k−1)

k (23)
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where PR = Pin
Pout

and k =
∑i yi

.
Cp,i

∑i yiCv,i
The isentropic efficiency can be calculated as

ηs,T =
∑i (

.
nihi)in – ∑i (

.
nihi)out

∑i (
.
nihi)in – ∑i (

.
nihi)s, out

(24)

For the SOFC-GT subsystem:
Energy efficiency can be determined as:

ηen,SOFC,GT =

.
WSOFC +

.
WGT −

.
WAir comp

.
mNH3LHVNH3

(25)

Exergy efficiency can be determined as:

ηex,SOFC,GT =

.
WSOFC +

.
WGT −

.
WAir comp

.
mNH3ex1

(26)

Heat exchangers:
The following formulae are used to compute the hot (exhaust gas) and cold (fuel or air

supply) streams through the heat exchanger:

.
Q = ∑

i
(

.
nicp,i)h

(
Th(c),in − Th(c),out

)
(27)

3.3. Model of the SRC

The equation for the energy balance of the SRC turbines is (the subscript numbers in
the equation represent the stream in the flow diagram):

.
mw f ,SRCh20 =

.
WSRC,T +

.
mw f ,SRCh19 (28)

The waste heat absorbed by HEX-3 of the SRC:

.
QHEX−3 =

.
mw f ,SRC(h19 − h18) =

.
mexhgas(h15 − h16) (29)

The net power output of the SRC:

.
Wnet,SRC =

.
WSRC,Turbine −

.
WPRC−Pump (30)

The energy and exergy efficiency of the SRC:

ηen,SRC =

.
Wnet,SRC

.
m15 (h15 − h16)

(31)

ηex,SRC =

.
Wnet,SRC

.
m15 (ex15 − ex16)

(32)

3.4. Model of the EGB

In this system, the EGB serves as a heat exchanger, and heat is transferred between
the water and flue gas inside and outside the tube, resulting in the generation of steam
in the boiler drum. The flue gas flow rate is 321 kgmole/h, at 359.4 ◦C. At the calculated
steam production rate corresponding to the heat exchange facilitated in the boiler, steam is
produced at 175 ◦C, 781.1 kPa, and 725 kg/h.
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In this study, the EGB is divided into three working areas, as shown in Figure 2: a
single-phase subcooled area, a two-phase evaporation area, and a single-phase superheated
area. The heat balance equations between the hot and cold sides of each area are:

Superheated area:
.

m16(h16 − he) =
.

m24(h25 − hc) (33)

Evaporation area:
.

m16(he − hd) =
.

m24(hc − ha) (34)

Sub-cooled area:
.

m16(hd − h17) =
.

m24(ha − h24) (35)

The total heat transfer by the waste heat boiler [46] can be calculated as:

Q = U·A·LMTD (36)

where LMTD represents the log mean temperature difference, U is the heat exchange
coefficient fixed at 30 Wm−2K−1, and A is the heat exchange area (m2).

LMTD =
∆T2,end − ∆T1,end

ln
(

∆T2,end
∆T1,end

) (37)

where ∆T2,end and ∆T1,end are the temperature differences between the hot and cold streams
at the two ends of the heat exchanger, respectively.
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3.5. Exergy Efficiency of the Main Components

In the system, the exergy represents the maximum working capacity dissipated in
the process. The exergy efficiencies of the main components of the system calculations
are based on the second law of thermodynamics. Table 2 demonstrates the equilibrium
relationship of the exergy destruction of the main components [38,47–50].

Table 2. Exergy destruction equations of the main components.

Components Exergy Destruction Rate

SOFC
.

Ex3 +
.

Ex4 +
.

Ex11 −
.

Ex10 +
.

Ws =
.

Exdes (38)

Afterburner
.

Ex10 −
.

Ex12 =
.

Exdes (39)

Gas Turbine
.

Ex12 −
.

Ex13 +
.

WGas turbine =
.

Exdes (40)

Air heat exchanger (HEX-1)
.

Ex2 +
.

Ex13 −
.

Ex3 −
.

Ex14 =
.

Exdes (41)
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Table 2. Cont.

Components Exergy Destruction Rate

Fuel heat exchanger (HEX-2)
.

Ex1 +
.

Ex14 −
.

Ex15 −
.

Ex4 =
.

Exdes (42)

SRC heat exchanger (HEX-3)
.

Ex15 +
.

Ex18 −
.

Ex19 −
.
Ex16 =

.
Exdes (43)

Exhaust gas boiler
.

Ex16 +
.

Ex24 −
.

Ex17 −
.
Ex25 =

.
Exdes (44)

The overall energy and exergy efficiencies for the entire integrated system are written
as [17,19,51]:

Energy balance equation at steady state:

.
Q−

.
W + ∑

in

.
min

(
hin +

V2
in
2

+ gZin

)
−∑

out

.
mout

(
hout +

V2
out
2

+ gZout

)
= 0 (45)

ηen,overall =

.
Welec,overall

.
mNH3 LHVNH3

(46)

where
.

Welec,overall represents the net value of power production and consumption of the
system:

.
Welec,overall =

.
Welec,SOFC +

.
WGT +

.
WSRC, turbine −

.
WAir comp −

.
WSRC, pump (47)

LHVNH3 is the lower heating value of ammonia (kJ/kg).
According to the second law of thermodynamics, the physical, chemical, potential,

and kinetic exergy all contribute to the total exergy value. In this analysis, the potential
and kinetic exergy are negligible.

exj = exph
j + exch

j =
(
hj − h0

)
− T0

(
sj − s0

)
+ ∑

k
xk (exch

j − RT0xk ln(xk)) (48)

ηex,overall =

.
Welec,overall
.

mNH3 exNH3
(49)

4. Model Verification

The values calculated using the integrated model employing ammonia as fuel and the
corresponding values listed in the literature are shown in Table 3. The estimated values
agree well with the data in the literature, and the discrepancy between the current data and
the literature is within an acceptable range.

Table 3. Comparison of simulation results of the proposed integrated model with the corresponding
values listed in the literature.

Parameter Model Results Reported [52] Difference (%)

SOFC temperature (◦C) 808.8 800 1

Cell voltage (V) 0.85 0.67 21

Fuel utilization factor (%) 85 80 5

Current Density (A/m2) 1455 1450 0.3

SOFC efficiency 43.8 39 4.8

The proposed system ideally simultaneously supplies power for the propulsion plant
and auxiliary equipment and hot water for seafarer accommodation.
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Verification of the GT-SRC subsystem is necessary, as it is responsible for 26.87% of
the integrated system’s total power production. Chitgar et al. [36] used a multi-generation
SOFC-GT system providing a total power generation of 4910.4 kW (1.8% difference), with
energy and exergy efficiencies of 64.3% and 49.0%, respectively. The present model im-
proves upon that energy efficiency by 0.19% and the exergy efficiency by 12.1%, demon-
strating that the proposed model produces reasonable results.

5. Results and Discussion

Table 4 lists the thermodynamic parameters and state points of each node of the
proposed integrated power system. The minimization of Equation (10) was performed
using the optimization function in Aspen HYSYS V12.1.

Table 4. Simulation results of integrated system.

Node Vapor Fraction Temperature Pressure Molar Flow Mass Enthalpy

Unit C kPa kgmole/h kJ/kg

Air in 1.00 29.85 101.30 187.62 4.63

1 1.00 29.85 400.00 80.10 −2687.22

2 1.00 203.36 400.00 187.62 183.31

3 1.00 492.60 396.55 187.62 495.48

4 1.00 492.60 396.55 80.10 −1518.26

5 1.00 152.64 396.55 105.22 −1518.21

6 0.00 152.64 396.55 0.00 −1518.21

7 1.00 383.66 396.55 309.58 90.18

8 1.00 814.11 396.55 334.66 90.18

9 0.00 814.11 396.55 0.00 90.18

10 1.00 814.11 396.55 317.93 90.18

11 1.00 814.11 396.55 16.73 90.18

12 1.00 1158.61 396.55 320.99 90.18

13 1.00 890.01 117.00 320.99 −358.61

14 1.00 736.20 110.11 320.99 −607.95

15 1.00 587.58 103.21 320.99 −843.23

16 1.00 359.39 96.32 320.99 −1192.75

17 1.00 159.71 89.42 320.99 −1486.54

18 0.00 72.12 19,000.00 56.62 −15,667.37

19 1.00 360.90 18,996.55 56.62 −13,345.07

20 0.73 74.69 38.00 56.62 −13,965.52

21 0.00 70.00 31.11 56.62 −15,693.37

22 0.00 20.00 100.00 444.07 −15,909.39

23 0.00 70.98 96.55 444.07 −15,689.09

24 0.00 20.00 784.53 40.24 −15,908.74

25 1.00 175.00 781.08 40.24 −13,162.57

26 1.00 814.10 396.55 16.73 90.21

The performance of the main components of the system are listed in Table 5. The
results demonstrate an increase in the overall electrical efficiency of the proposed system
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to approximately 64.49% due to the recovery of the SOFC-GT exhaust gas via the SRC.
Further improvements can be achieved via parameter optimization.

Table 5. Performance of integrated system.

Term Value

SOFC power output (kW) 3800

Gas Turbine power (kW) 844.8

SRC Turbine power (kW) 175.8

SRC pump power (kW) 7.369

Air compressor power (kW) 268.7

SOFC electrical efficiency (%) 53.92

Electrical efficiency of entire system (%) 64.49

EGB mass flow rate (kg/h) 725

EGB superheated temperature (◦C) 175

5.1. Energy and Exergy Efficiency of System

The target vessel requires 3800 kW of electric power for the main propulsion system,
and additional power to run auxiliary machines, lighting, and seafarer accommodation re-
quirements. The fuel cell should be operated at the best possible fuel utilization factor, while
maintaining an acceptable reactant concentration and fuel cell efficiency. For a utilization
factor of 0.85, the SOFC energy efficiency is 53.9%. With reference to the thermodynamic
models built in Section 3, the total output power of the integrated system is 4820.6 kW,
which is sufficient to drive the vessel and its auxiliary systems. The 1020.6 kW surplus
over the power demand of the ship results almost exclusively from the waste heat recovery
components, accounting for 21.17% of the total electrical output, which demonstrates that
the subsystem was necessary for the running of auxiliary systems. The overall energy and
exergy efficiencies of the proposed system are 64.49% and 61.10%, respectively. The energy
and exergy efficiencies of the entire system and each subsystem are listed in Table 6.

Table 6. Energy and exergy efficiency of the proposed system.

Subsystem Energy Efficiency Exergy Efficiency

SOFC-GT 62.10 58.84

SRC 25.58 41.21

Total System 64.49 61.10

Figure 3 displays the exergy destruction of the key components of the proposed system
as a result of the thermal processes within them. It is apparent that the system with the
largest exergy destruction is the SOFC, with a value of 3136.25 kW, equivalent to 50.56% of
the entire integrated system. The presence of electrochemical and chemical processes in
this component are the primary sources of irreversibility.
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The second largest sources of exergy destruction are the gas turbine and afterburner, at
28.46% and 13.55% of the whole system, respectively. The gas turbine has a comparatively
high rate of exergy destruction, implying that there is a significant margin for development.
The smallest exergies belong to the regenerators, HEX-1, HEX-2, and HEX-3, with values
of 133.32 kW, 112.92 kW, and 119.33 kW, equivalent to 2.15%, 1.82%, 1.92% and 1.54% of
the entire system, respectively. The phase transition process is the source of most of the
thermal irreversibility, including internal and external irreversibility. The EGB had the
lowest exergy destruction value of 95.47 kW due to the lower temperature of the flue gas
provided to the boiler.

5.2. Influence of the Key Parameters on the System’s Performance

A parametric investigation based on the first and second laws of thermodynamics was
conducted to estimate the overall performance of the combined system.

Several variables affect the performance of the integrated SOFC-GT-SRC system.
However, the main objective of the current study is to estimate the waste-heat recovery of
the SOFC-GT system employing SRC and EGB to provide electric power to the propulsion
plants of target vessels and other auxiliary electric equipment. Secondary system outputs
include steam and hot water for machinery requirements and seafarer accommodation.

The parametric study examined how modifying the current density, fuel utilization
factor, and turbine inlet temperature and pressure of the SRC affected the energy and
exergy efficiency of the overall system.

5.2.1. Effect of Current Density

Current density is one of the key performance measures for the fuel cells and the entire
system. Figure 4 demonstrates the effect of the current density on the energy efficiency of
the system and other essential components. The current densities range from 955 A/m2 to
2055 A/m2. The cell operating pressure is 4 bar and the operating temperature is 800.8 ◦C.
It can be seen that the efficiency of the SOFC-GT subsystem and the entire system decreases
with increasing current density, whereas the energy efficiency of the SRC is independent of
current density.

The highest net electrical cycle efficiency is 67.33% at 955 A/m2, and the lowest is
60.24% at 2055 A/m2. The energy efficiency of the SOFC-GT system decreases with an
increase in current density. Increased current density necessitates an increase in air flow
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to provide more oxygen ions. Furthermore, decreased efficiency results in an increase in
unconverted chemical energy, which is converted into heat; thus, heat dissipation at the air
inlet must increase to maintain the operating temperature of the cells. Low-current-density
operation results in greater efficiency. Additional capital (more cells) is required during
low-current-density operation to generate the same amount of power as that generated
during high-current-density operation.
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To maintain the power output of the system at predetermined levels, the mass flow
rate was increased from 1247 kg/h to 1526 kg/h, and the current density was decreased
from 2055 A/m2 to 955 A/m2. For a constant power scenario, it can be seen that lower
current density requires more fuel for the SOFC. With reference to Equation (14), increasing
current density also results in a decrease in cell voltage. As the current density increases, the
Nernst potential and voltage losses decrease. Increases in the energy and exergy efficiency
with a lowering in the current density were also reported in the literature [53] due to a
large reduction in voltage losses. Based on these opposing requirements, an optimal value
of current density was selected to maximize cell voltage. This maximum cell voltage was
determined to be 0.85 V, corresponding to a current density of 1455 A/m2.

The effect of the current density on the exergy efficiency is shown in Figure 5. With
increasing current density, the net electrical exergy efficiency decreases, owing to a decrease
in cell voltage, and as a result, a decrease in power production from the SOFC. In contrast,
the exergy efficiency of the SRC tends to increase with increasing current density. This
is because an increase in the flue gas temperature and mass exergy corresponds with an
increase in the mass flow rate.

For the range of current densities investigated, the net electrical exergy efficiency of
the entire system and SOFC-GT subsystem decreases with increasing current density from
63.79% to 57.8% and 61.32% to 55.05%, respectively.
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5.2.2. Effect of the Turbine Inlet Pressure of the SRC

The parameters based on the first and second laws of thermodynamics are clear
indicators of a system’s performance, providing conclusive information about the current
state of the system. Both exergy and thermal analyses are required to accurately represent
the system’s behavior as a function of the working pressure and temperature. In this
section, the parametric optimization of the SRC is carried out in depth based on the turbine
inlet pressure and temperature.

The turbine inlet pressure is a critical factor affecting the SRC performance. Figure 6
demonstrates the variation in the energy and exergy efficiency and power output of the SRC
as a function of the turbine inlet pressure. The figure shows that the power output of the
expander and the energy and exergy efficiency of the system fluctuate with the increasing
evaporation pressure in the SRC in the range of 10,000 kPa to 30,000 kPa, whereas the
power required form the SRC pump increases with an increase in evaporation pressure. In
the observed range of evaporation pressures, the change in power output of SRC expander,
energy, and exergy efficiency varies from 85.5 kW to 181.9 kW, 63.23% to 64.62%, and 59.91%
to 61.23%, respectively.

It is noteworthy that the power output, energy efficiency, and exergy efficiency of the
SRC decrease to a minimum at a turbine inlet pressure of 14,000 kPa; however, they reach a
maximum at a turbine inlet pressure of 18,000 kPa. At a constant turbine inlet temperature,
when the turbine inlet pressure is 14,000 kPa, liquid is formed at the inlet of the expander,
influencing the results negatively. As the SRC uses two heat exchangers, it is important to
consider the effects of turbine inlet pressure on the LMTD of the heat exchanger, as shown
in Equations (36) and (37). Taking this into account, an evaporation pressure of 19,000 kPa
was selected for this simulation.
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5.2.3. Effect of the Evaporation Temperature of the SRC

The evaporation temperature of the SRC varies with the mass flow rate of the flue gas
of the SOFC, the current density of the SOFC, and the compressor ratio of the exhaust gas
turbine. Different superheat temperatures of the SRC working fluid were simulated, and
the results are presented in Figure 7.
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Figure 7. Effect of superheat temperature on SRC performance and heat exchanger efficiencies.

Figure 7 shows the effect of the superheat temperature, in the range 250 ◦C to 450 ◦C,
on the SRC performance indicators and the temperature difference in the heat exchangers.
With an increase in the superheat temperature, the power output of the SRC significantly
increases, and the energy and exergy efficiency of the SRC are improved. The power output
of the SRC changes from 38.46 kW to 221.9 kW with a superheat temperature increase from
250 ◦C to 450 ◦C. However, the temperature difference (LMTD) of the heat exchangers tends
to decrease with an increase in the superheat temperature. As shown in Equations (36) and
(37), with a decrease in LMTD, the temperature difference between the hot and cold sources
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of the heat exchangers decreases. This necessitates an increase in the heat-contacting area
(A), which increases the cost of the design and operation. In contrast, a high value of
LMTD necessitates a smaller heat exchange area with inherent manufacturing inefficiency.
Therefore, the LMTD value selected must balance the heat exchange efficiency and cost of
manufacturing.

The above analysis demonstrates the significant effect of the SRC superheat tempera-
ture on the SRC performance as well as the performance of heat exchangers (HEX-3, HEX-4,
and EGB). Therefore, the selection of the stack cooling passage needs to be optimized
to ensure that the SRC fluid can fully exchange heat and reach the desired superheat
temperature.

5.2.4. Effect of the Fuel Utilization Factor

The performance of the SOFC system has been studied for fuel utilization factors (Uf)
of 65%, 75%, and 85%, respectively. Figures 8 and 9 demonstrate the influence of Uf on
the efficiency of the SOFC and the integrated system. It is observed that system efficiency
increases with the fuel utilization ratio, if the concentration polarization is not significantly
higher than that of other polarizations. When cells operate at a low current density, the
influence of the fuel usage ratio becomes increasingly significant. When the SOFC-GT
operates at lower current densities, the energy efficiency of the combined cycle improves.
This is because the incoming fuel mass flow rate decreases faster than the output power.
The calculated values for the energy efficiency of SOFC-GT are in agreement with the
thermodynamic modeling results presented in References [7,54].

When the Uf value is 0.85, the energy efficiency of the system reaches a maximum
value. This is because increasing the Uf further results in the consumption of more hydrogen
in the SOFC stack, which simultaneously increases the current density and reduces the
voltage due to internal irreversibility. In addition, the outlet temperature of the SOFC and
afterburner is reduced, which further results in a decrease in the inlet temperature and
power output of the GT.
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6. Conclusions

The energy and exergy performances of the system were assessed using the first and
second laws of thermodynamics. The first law evaluates power, power density, current
density, voltage, and electrical efficiency; the second law evaluates exergy efficiency and
exergy losses.

In the present study, an SRC and EGB are employed to recover waste heat from an
SOFC/GT system. A thermodynamic analysis predicted an increase of 175.8 kW of power
due to the SRC, with energy and exergy efficiencies of 25.58% and 41.21%, respectively. Hot
water and steam are generated for use in machinery and seafarer accommodation.

In addition, a parametric study showed the current density, fuel utilization factor, and
turbine inlet pressures of the SRC to be the key variables affecting the system performance.
Additional findings include:

As the current density increases, the exergy efficiency of the cycle decreases due to
increased fuel consumption by the SOFC. As efficiency decreases, a greater amount of
unconverted chemical energy is converted into heat, increasing the requirement for inlet
air cooling to maintain the operating temperature of the cells.

For SRC, optimal turbine inlet pressures exist at which the net output power and
exergy efficiency of the combined cycles can be maximized. The SRC is maximized for a
power output of 178.5 kW, and the energy and exergy efficiencies of the entire system are
64.53%, and 61.14%, respectively. However, this results in a reduction in steam production
and EGB efficiency due to the increase in the heat dissipation requirement in HEX-3.

The system efficiency increases with increasing fuel utilization factor. Within the
testing range, at a Uf value of 0.85, the exergy efficiency of the hybrid system and combined
cycles is maximized. On the other hand, the net output power of the cycles decreases as the
fuel utilization factor increases.

Compared with the SOFC/GT system, combined cycles offer better exergy efficiency
and provide an incentive to use the suggested combined cycles.

Utilizing the EGB, steam is produced at 175 ◦C, 781.1 kPa, and 725 kg/h. It is supplied
to machinery and provides heating for seafarer accommodation.
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