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Abstract
Marine transportation facilitates the transportation of fuels and goods over long distances cost-effectively, but their environ-
mental impact has increased due to the utilization of fossil fuels. This paper presents a new marine engine design compris-
ing a steam Rankine cycle, gas Brayton cycle, and solid oxide fuel cell to replace a two-stroke internal combustion engine. 
Hydrogen, methane, dimethyl ether, ethanol, and methanol are selected as eco-friendly fuels. This hybrid combined engine 
is attached to a multi-effect desalination unit to take the advantage of waste energy from the exhaust gases. The engine is 
thermodynamically analyzed using the Aspen Plus software to assess its performance energetically and exergetically. It is 
found that the engine's total power is increased by 40% to an average of 15,546 kW with average thermal and exergetic effi-
ciencies of 61% and 43%, respectively. The maximum power reaches 16,780 kW with maximum carbon emission reductions 
of 53% and a minimum specific fuel consumption of 337 g kWh−1 which is a reduction of 17%. In addition, the waste energy 
is used to deliver 20.3 kg s−1 freshwater by desalinating seawater. The proposed engine system has better performance and 
less environmental impact, which makes it a better choice than traditional engines.

Keywords  Hydrogen · Steam Rankine cycle · Gas Brayton cycle · Solid oxide fuel cell · Energy · Exergy · Multi-effect 
desalination
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CC	� Combustion chamber
CFH	� Closed feedwater heater
CN	� Condenser
D	� Desalination
FW	� Freshwater
GBC	� Gas Brayton cycle
GTHX	� Reheater
HP	� High pressure
HX	� Heat exchanger
LNG	� Liquified natural gas
LP	� Low pressure
P	� Pumps/power
SFC	� Specific fuel consumption
SL	� Brine
SOFC	� Solid oxide fuel cell
SR	� Steam reforming
SRC	� Steam Rankine cycle
ST	� Steam turbine
SW	� Seawater
T	� Gas turbine
WGS	� Water gas shift

Introduction

Large vessels, cargo ships, and oil tankers are the backbone 
of intercontinental transportation and international com-
merce. However, environmentalists are worried about their 
impact on marine ecosystems due to their thermal pollution 
and greenhouse gas (GHG) emissions [1]. However, GHG 
emissions are anticipated to rise by 50% in 2050, and an 
international mitigation governance system is making initia-
tives to ease some challenges to reducing emissions [2, 3]. 
An allometric approach is adopted to discover the correla-
tion between ship sizes and speeds and the amount of GHG 
emissions. It is worth noting that slowing down ship speeds 
and applying energy-saving strategies can drastically reduce 
GHG emissions [4]. For example, Ünlügençoğlu et al. [5] 
collected and monitored emissions from ships and classified 
the emissions according to ship and engine types. Unfortu-
nately, the emission rates are increased as detected in the 
Ambarli Port. Also, Muše et al. [6] investigated the emis-
sions from two-stroke marine engine. They found that apply-
ing pre-injection method was able to reduce NOx emissions 
by 9% and reduce the engine efficiency because of the utility 
of fossil fuels. This raises awareness about marine pollution 
and encourages many academics and industries to develop 
eco-friendly ideas to reduce the environmental impact of 
marine transportation. Therefore, two emission regulations, 
namely International Maritime Organization Data Collection 
System and European Union Monitoring, Recording, and 
Verification, have become essential for ships above 5000 
GRT (gross register tonnage) to inspect the carbon emissions 

in addition to applying energy efficiency management sys-
tems [7].

To mitigate the impact of marine transportation on the 
environment, two possible approaches are worth consider-
ing: applying new technology and design for marine engines 
and utilizing eco-friendly fuels. Vedachalam et al. [8] and 
Ampah et al. [9] have reviewed marine regulations to restrict 
the sulfur contents in marine fuels such as distillate marine 
fuels (DM), ultra-low sulfur fuel oil (ULSFO-DM), residual 
marine fuel (RM), and high-sulfur heavy fuel oil (HSHFO). 
They also discussed the role of the international marine 
organization (IMO) in lowering the border of carbon emis-
sions, nitrogen oxides, sulfur oxides, and particulate matter. 
Some combinations and processing can be performed for 
marine fuels; hence, alternative fuels can be introduced and 
have the potential for better propulsion and power perfor-
mance, such as hydrogen, liquified natural gas, alcohol fuels 
(i.e., ethanol and methanol), hydrocarbons (i.e., dimethyl 
ether), ammonia, and biodiesel and biofuels with the addi-
tion of nanoparticles on biodiesel–diesel blends to reduce 
emissions [10].

Some studies have implemented a combination of Rank-
ine cycles with marine diesel or dual engines. For example, 
Hountalas et al. [11] combined a Rankine bottoming cycle 
with the exhaust of a marine diesel engine to utilize waste 
energy. This integration increases the net power and the over-
all efficiency and reduces fuel consumption. Aghdoudch-
aboki et al. [12] combined an organic Rankine cycle and a 
multi-effect desalination unit with a marine diesel engine to 
recover the waste heat. The integrated engine can produce a 
net power of about 390 kW and 7 m3 h−1 of freshwater, and 
it has maximum exergy efficiency of 36%. Jafarzad et al. [13] 
introduced a topping cycle and two bottoming cycles to be 
combined with the marine diesel engine in order to recover 
waste heat. The topping cycle is a steam turbocharger, and 
the bottoming cycles are an organic Rankine cycle (ORC) 
and reverse-osmosis desalination unit. The overall perfor-
mance was raised to 82% and 54% thermal and exergetic 
efficiencies, respectively, and the cogenerated engine can 
generate a net electric power of 668 kW and a heating load 
of 650 kW. A similar study was conducted by Pallis et al. 
[14] by integrating ORC with the heat recovery of a water 
cooling jacket. Ahn et al. [15] investigated a marine engine 
involving a combined gas turbine and a steam Rankine cycle 
operated by liquified natural gas (LNG). They also presented 
two configurations: one with the same design using liquid 
hydrogen mixed with LNG, and molten carbonate fuel cell 
is replaced with a gas turbine and combined with a steam 
Rankine cycle (SRC). The original design can produce a net 
power of 65,249 kW with a thermal efficiency of 54.4%, but 
the first and second configurations can generate 65,792 kW 
and 65,593 kW, respectively, with an efficiency 53.9%. The 
first configuration has reduced carbon emissions by 17% 
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compared to the second configuration, which is increased 
by 5%. Tsougranis and Wu [16] developed a power plant sys-
tem of a vessel consisting of four dual-fuel engines and two 
LNG tanks to be connected to a bottom ORC that depends 
on a cryogenic pump at the affluent of LNG tanks for cool-
ing the condenser. They used one-stage and two-stage ORC. 
They found that both ORCs can produce a net power more 
than 400 kW for one-stage and 550 kW for the two-stage 
ORC, with thermal and exergetic efficiencies of about 28% 
for one stage and more than 35% for two stage. The cost of 
this system can be increased due to the heat exchanger and 
expanders; however, the fuel consumption saving per year 
is 344285 $/year with a payback of four years.

The diesel engine is still in use despite its low efficiency 
compared to other powering systems. Therefore, some stud-
ies have been conducted to investigate the performance of 
other powering systems. For instance, Gonca [17] analyzed 
an SRC containing three turbines, one open and two closed 
feedwater heaters. He found that pressure is a necessary con-
dition to consider in the design to gain maximum perfor-
mance. Gude [18] used the engine exhaust's waste energy to 
desalinate the ships' ballast water to produce 1000 m3 day−1 
freshwater that is sufficient for 2000–4000 occupants. Also, 
Singh [19] combines a gas turbine cycle with an SRC by 
using a recovery heat exchanger for steam generation. The 
thermal efficiency of this combination ranges from 38 to 
33% according to the excess air in the combustion of natural 
gas.

Some state-of-the-art powering systems have been intro-
duced to marine transportation. For example, Long et al. [20] 
designed hydrogen gas production by utilizing the exhaust 
gases of a diesel engine that operated using LNG. The pro-
cess can produce a maximum hydrogen concentration of 
about 13%, and the thermal efficiency of a steam reformer 
(SR) ranges from 63 to 94%, according to the amount of 
excess air. Lion et al. [21] studied a two-stroke marine diesel 
engine of 13.6 MW. They found a massive amount of waste 
heat is rejected to the atmosphere. Therefore, they designed 
SRC and ORC to recapture two energy sources: the high heat 
of exhaust to the boiler and the rejected heat of condens-
ers by using seawater. The first scenario is SRC and ORC, 
and the second scenario is only ORC. The first scenario can 
produce 848 kW, while the second can give 678 kW. This 
shows the combination of two cycles is a better choice than 
the other. Chitgar et al. [22] combined a solid oxide fuel 
cell (SOFC) with freshwater desalination by reverse osmosis 
process, and they selected methane for hydrogen production 
from a fuel cell. The combined system can produce a net 
power of 1.3 MW and about 230 m3 day−1 of freshwater with 
an exergetic rate of 54%.

As mentioned earlier, marine diesel engines are still oper-
ated using diesel fuel with some additives such biodiesel, 
natural gas, or hydrogen. However, marine engines operated 

completely with green fuels have not been extensively 
explored. Therefore, this research is presented to fill this 
gap. The novelty of the current research is stated as follows:

•	 The current study presents a new design of marine engine 
depending on steam Rankine cycle, instead of diesel 
engine

•	 The new engine is combined with other powering system, 
such as fuel cell, gas turbine, and an energy recovery 
system, such as desalination, to increase the engine per-
formance.

•	 The new marine engine is fully operated using ecof-
riendly fuels with different blend combination.

Hence, the specific research objectives are fivefold, 
namely: (1) to propose a new powering system for marine 
transport, especially for tankers using a marine steam Rank-
ine cycle and hybridized marine gas turbine; (2) to inte-
grate the proposed engine with a multi-effect desalination 
to recover the waste heat; (3) to analyze the new engine 
thermodynamically to assess engine performance; (4) to use 
five alternative fuels, such as hydrogen, methane, methanol, 
ethanol, and dimethyl ether, instead of marine gas oil (MGO-
DMA). These five fuels are constituents of five hydrogen-
based fuel blends; and finally (5) to establish a comparison 
between the conventional marine engine and the proposed 
new design to assess the design makers for the best choices.

System description

The proposed new hybrid compound marine engine consists 
of a regenerative steam Rankine cycle (SRC), a reheat gas 
Brayton cycle (GBC) and a solid oxide fuel cell (SOFC), as 
displayed in Fig. 1. The first system is GBC [23], where the 
air is compressed by a low-pressure compressor (LP-C1), 
cooled by an intercooler (IC), and compressed again through 
a high-pressure compressor (HP-C2). Then, a bypass from 
the compressor air is used for the SOFC system, and the 
remaining is used for combustion with a fuel blend in the 
combustion chamber (CC). The SOFC system electrochemi-
cally reacts the compressed air with hydrogen produced from 
the steam reforming and water gas shift of fuel blends to pro-
duce electric power. At the same time, the exhaust of SOFC 
flows to the CC to complete the combustion. The exhaust 
of CC is used to reheat the outgoing flow of the HP-T1 by a 
reheater (GTHX) before re-entering the HP-T1. After that, 
the exhaust gas is expanded again by the LP-T2 and a power 
turbine (P-T3), which are used in the combustion process of 
the boiler burner (BR-BL) of the SRC. The specifications of 
the GBC engine are described in “Brayton gas turbine cycle 
modelling” section.
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The second system is the SRC, where the water is pumped 
to the heat exchanger boiler (HX-BL) to be heated to super-
heated steam with high pressure. The superheated steam is 
expanded by a high-pressure turbine (HP-ST1), reheated in 
the boiler, and then expanded again by an intermediate-pres-
sure turbine (IP-ST2). After that, the steam exits the IP-ST2 
and splits into two pathways: to the third closed feedwater 
heater (CFH3) and to the low-pressure turbine (LP-ST3) to 
be expanded to very low pressure of the condenser (CN). 
There are two steam bleeds from the LP-ST3 and one steam 
bleed from the IP-ST2 that flow to closed feedwater heaters 
(CFH) and exist to a trap to drop the pressure to the affluent 
device.

Therefore, the first CFH1 receives a steam bleed to be 
cooled and expelled to a trap (EX3) to the condenser. The 
second CFH2 receives a steam bleed at different pressure 
and exits to the second CFH2 through (EX2). The last one 

obtains a steam bleed at different pressure and ejects to the 
third CFH3 through a trap of (EX1). The burner boiler is 
employed to combust the remaining fuel blend from the 
GBC with the fuel blend of F1 and air of B1 streams. The 
exhaust gases inside the boiler are used to heat the pressur-
ized water from A6 to superheated steam of A7 using the 
boiler heat exchanger HX-BL before the turbine inlet and 
heat the steam of reheater in HX-RH. Also, the waste heat 
is used for seawater desalination unit (DSWR) to produce 
freshwater for an Aframax ship.

The ship propeller is operated using a generator fed by the 
electric power generated from the SRC, GBC, and SOFC. 
Since the ship runs at different speeds with different loads, 
any excess electric power can be used for any auxiliary sys-
tem, such as lighting, air-conditioning, and emergency gen-
erators, and the remaining unwanted power can be stored 
using batteries.
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Fig. 1   Schematic diagram of the proposed hybrid combined marine engine
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The selected ship is an Aframax oil tanker used for trans-
porting refined or unrefined oil on the east coast of Canada. 
It has a length of 254 m and a maximum 120,000 DWT, and 
it can carry up to 4 million barrels of oil. The specifications 
of this ship and its engine are displayed in Table 1. The 
aframax engine is a two-stroke ICE engine with a turbo-
charger; however, it will be replaced by a steam Rankine 

cycle to produce the same power of 15,960 kW using marine 
gas oil (MGO-DMA), which comprises 75% saturated 
hydrocarbons containing paraffin and naphthenes, 24% 
unsaturated hydrocarbons as benzene rings, 1% Asphaltenes. 
The properties of MGO-DMA are presented in Table 2. The 
alternative fuels are selected as hydrogen, methanol, ethanol, 
dimethyl-ether (DME), and methane to substitute the MGO-
DMA; their properties are also shown in Table 2. In addi-
tion, the stoichiometric combustion reactions for all fuels are 
mentioned in Table 3.

System modeling

The hybrid combined marine engine is modeled using ther-
modynamic analysis and simulated using Aspen PLUS. This 
software program is a reliable and established software in 
the field of thermo-chemical engineering. A separate com-
ponent represents each engine process to present a closer 
approach to reality, which will be explained later.

Steam Rankine cycle modeling

The regenerative steam Rankine cycle contains three tur-
bines (HP-ST1, IP-ST2, and LP-ST3), a condenser (CN), two 

Table 1   Specification of a tanker ship and its engine for marine trans-
portation [24, 25]

Ship specifications Value

Ship model Aframax WSD 42 111 k
Ship type Tanker for oil and products
Length overall 252.80 m
Deadweight, max. draft 111,000 DWT
Service speed 14.5 knots
Cargo segregation 12 cargo tanks
Fuel oil consumption 35.2 t day−1

Generator sets 3 × 875 kWe
Emerg./harbor generator 1 × 200 kWe
Engine 2-Stoke Wartsila 6 × 62 for 10,400 kW
Engine output power 15,960 kW
Engine weight 377 ton

Table 2   Specifications of fuels for developed marine transportation systems

Specifications MGO-DMA [26, 27] Hydrogen [28] Methanol [29] Ethanol [30] DME [31] Methane [32]

Molecular formula – H2 CH3OH CH3OHCH2 CH3OCH3 CH4

Molecular weight /kg kmol−1 220–238 2.016 46.069 46.07 46.07 16.043
Adiabatic flame temperature /°C 2101 2000 1949 2082 2100 1963
Auto-ignition temperature /°C 256 571 470 365 350 537
Density at 40 °C /kg m−3 815–870 0.0773 792 789 2.11 0.657
Viscosity at 40 °C/mm2 s−1 4.5 109 0.75 1.056 0.184 18.72
High heating value /MJ kg−1 45.9 141.9 22.7 29.7 31.67 55.5
Low heating value /MJ kg−1 42.8 119.0 18.1 26.7 28.87 50

Table 3   Stoichiometric 
combustion reactions for the 
fuels

Fuel Stoichiometric combustion reaction Heat of com-
bustion (ΔHc), 
kJ mol−1

MGO-DMA Paraffins (CnH2n+2): C6H14 + 9.5 O2 → 6 CO2 + 7 H2O − 10,557
Naphthenes (CnH2n): C6H12 + 9 O2 → 6 CO2 + 6 H2O
Aromatics (C6H6): C6H6 + 7.5 O2 → 6 CO2 + 3 H2O
Asphalates (C7H8): C7H8 + 9 O2 → 7 CO2 + 4 H2O

Hydrogen 2 H2 + O2 → 2 H2O − 286
Methanol CH3OH + 1.5 O2 → CO2 + 2 H2O − 726
Ethanol CH3OHCH2 + 3 O2 → 2 CO2 + 3 H2O − 1366.91
DME CH3OCH3 + 3 O2 → 2 CO2 + 3 H2O − 2726.3
Methane CH4 + 2 O2 → CO2 + 2 H2O − 891
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pumps (P1 and P2), three closed feedwater heaters (CFH1 to 
CFH3) accompanied with their expansion valves (EX1, EX2, 
and EX3), and a heat exchanger boiler (HXBL), a reheater 
(HXRH), and a desalination unit (DSWR). The condenser 
(CN) is a shell and tube heat exchanger using seawater for 
cooling media that is pumped from the sea and rejected back 
to the sea. The specifications of SCR are listed in Table 4. The 
resultant power of this system is evaluated as follows:

The power of the low-pressure turbine is a function of the 
bleeding mass fraction to the closed feedwater heaters, which 
are equal amount and can be given as y. Therefore, the LP-ST3 
is written as:

The feedwater heaters have an energy balance as indicated 
below:

The required heat of exchanger boiler (HXBL) and reheater 
(HXRH) are calculated as the following:

(1)ẆSRC = ẆHPST1 + ẆIPST2 + ẆLPST3 −
(

ẆP1 + ẆP2

)

(2)

Ẇ
LPST3

= ṁ
ST
(1 − y)

(

h
A11

− h
A12

)

+ ṁ
ST
(1 − 2y)

(

h
A12

− h
A13

)

+ ṁ
ST
(1 − 3y)

(

h
A13

− h
A10

)

(3)CFH1 yṁST

(

hA11 − hA14
)

= ṁST

(

hA5 − hA4
)

(4)
CFH2 yṁSThA12 + yṁSThA15 − 2yṁSThA16 = ṁST

(

hA4 − hA3
)

(5)
CFH3 yṁSThA13 + yṁSThA17 − 3yṁSThA18 = ṁST

(

hA3 − hA2
)

(6)Q̇HXBL = ṁST

(

hA7 − hA6
)

Another heat exchanger is added to the exhaust gases 
at the chimney to use the waste energy in the desalination 
unit of (DSWR) to desalinate the seawater and produce 
freshwater for the ship, which will be explained in a sepa-
rate section. The useful heat of DSWR is a function of 
exhaust gas flow rate, ṁB4 (see Fig. 3) and the difference 
of specific enthalpy between the inlet and exit flow of hB4 
and hB5 , respectively, which is written as follows:

The boiler is heated by burning a fuel blend with air 
mixed with the exhaust of gas Brayton cycle of G12 
stream. The input heat of fuel combustion in the burner 
(BRBL) is estimated as follows:

The required power of the two pumps of P1 and P2 is 
calculated below:

The performance of SRC is evaluated using energetic 
efficiency, �SRC , and exergetic efficiency, �SRC , as below:

(7)Q̇HXRH = ṁST

(

hA9 − hA8
)

(8)Q̇DSWR = ṁB4

(

hB4 − hB5
)

(9)Q̇BRBL = ṁB2hB2 − (ṁF1hF1 + ṁB1hB1 + ṁG12hG12)

(10)ẆP1 = 𝜂P1ṁST𝜈A1
(

PA2 − PA1

)

(11)ẆP2 = 𝜂P2ṁST𝜈A5
(

PA6 − PA5

)

(12)

𝜂SRC =
ẆSRC + Q̇DSWR

Q̇BRBL

and 𝜓SRC =
ẆSRC + Ėx

Q

DSWR

Ėx
Q

BRBL

Table 4   Specifications of SCR Parameter Value

Steam mass flow rate 6 kg s−1

Maximum temperature before first turbine 536.9 °C
Reheater temperature 526.9 °C
Maximum pressure 7100 kPa
Turbine exit pressures 1700 kPa, 1000 kPa, 5 kPa
Turbine and pump thermal efficiency 85%
Turbine and pump mechanical efficiency 90%
Minimum pressure 5 kPa
First pump pressure ratio 5
Second pump pressure ratio 14.2
Steam bleeding ratio for all CFH 0.1
Steam bleeding pressures 1000 kPa, 600 kPa, and 300 kPa
Condenser cooling media Seawater enters at 15 °C and 

500 kPa and leaves at 21 °C and 
500 kPa
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Brayton gas turbine cycle modeling

The marine gas Brayton cycle (GBC) is selected to be Tau-
rus 60 [33], with specifications presented in Table 5. It con-
sists of low- and high-pressure compressors (LP-C1 and 
HP-C2), an intercooler (IC), a combustion chamber (CC), 
two turbines (HP-T1 and LP-T2), a reheater (GTHX), and 
a power turbine (P-T3). This configuration is to reduce the 
back work ratio (compressors’ power to turbines’ power) 
and increase the GBC efficiency. The net power of GBC is 
determined as the summation of all turbine power minus the 
summation of all compressor power as written below:

The resultant required heat of GBC is given as follows:

The energetic and exergetic efficiencies that can evaluate 
the performance of GBC are  below:

Solid oxide fuel cell system

One cell of SOFC comprises two porous anodic electrodes 
(Ni–ZrO2 or Co–ZrO2 cermet), two porous cathodic elec-
trodes (strontium-doped lanthanum manganate (LaMnO3)), 
and an oxide-ion conducting electrolyte (yttria stabilized 
with zirconia) [34]. Air enters the cathodic electrode and 
produces oxygen ions that are transferred to the anodic elec-
trode to react with hydrogen and hence generate electric-
ity through electrons as well as steam. Also, a fuel blend 
is mixed with water, and both enter the direct SOFC that 
involves in two stages: steam reforming (SR) and water gas 
shift (WGS). They are essential stages to deal with different 
hydrocarbon fuels, not only methane, to produce hydrogen 

(13)ẆGBC = ẆHPT1 + ẆLPT2 + ẆPT3 − ẆLPC2 − ẆHPC3

(14)Q̇GBC = Q̇CC − Q̇IC

(15)𝜂GBC =
ẆGBC

Q̇GBC

and 𝜓GBC =
ẆGBC

Ėx
Q

CC
− Ėx

Q

IC

gas at the anode. The specific data details of SOFC are out-
lined in Table 6, along with the electrochemical reactions of 
the SOFC as given below:

•	 At anode side: H2 + O2−  → H2O + 2 e−

•	 At cathode side: 0.5 O2 + 2e−  ↔ O2−

•	 Overall: H2 + 0.5 O2 ↔ H2O

Table 7 provides the specific equations about cell volt-
age and potential losses in the SOFC. The electric power of 
SOFC is then expressed as follows:

where �inv denotes for efficiency of an inverter (95%). The 
overall SOFC electric efficiency, �SOFC,e , is defined as the 
ratio of the cell voltage to the Nernst voltage. The change 
of cell volage versus the current density is illustrated in 
Fig. 2 at 1073 K and 1823 kPa. The SOFC is operated at 
0.6 A cm−2, which is located on the linear relationship of 
ohmic loss far from the activation loss and concentration 
loss, as shown in Fig. 2. This validates the selection of the 
current density and the cell voltage of SOFC.

The thermal and exergetic efficiency of SOFC is indicated 
as �SOFC,th and �SOFC , respectively. They depend particu-
larly on the added heat of SOFC, Q̇SOFC , which is given as 
the summation of the heat terms in the SOFC due to the 

(16)ẆSOFC = ηinviAtVc

Table 5   Specifications of marine gas turbine engine [33]

Specifications Values

Gas turbine model Taurus 60
Output power Up to 5740 kW (7700 hp)
Turbine and compressors thermal 

efficiency
85%

Turbine and compressors mechani-
cal efficiency

90%

Maximum speed 15,000 rpm
Dimension 6 m (L) × 2.5 m (W) × 2.7 m (H)
Mass 15,420 kg (34,000 lb)

Table 6   Datasheet of SOFC [35]

*FDV… Fuller diffusion volume

Parameters Value

Cell temperature, Tc /K 1073
Cell pressure, Pc /kPa 1823
Current density, i /A/ m−2 6000
Active cell area, Ac /m2 0.7
# of cells per a stack, Nc 100
# of stacks, Ns 34
Total area, At/m2 2380
Anode thickness, �an/µm 20
Cathode thickness, �ca/µm 50
Electrolyte thickness, �el/µm 500
Interconnect thickness, �in /µm 20
Porosity of anode, �na 0.5
Porosity of cathode, �ca 0.5
Tortuosity for anode and cathode, � 6
FDV* of hydrogen, �H

2
 /m3 7.07

FDV* of water, �H
2
O/m3 12.7

FDV* of oxygen, �O
2
/m3 16.6

FDV* of nitrogen, �N
2
/m3 17.9
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Table 7   Modeling the SOFC 
[36, 37] Cell voltage:

Vc = EN − �act − �Ω − �con

Nernst voltage:
EN = −

Δg

2F
−

RTc

2F
ln

�

pH2O

pH2
√

pO2

�

Activation loss:
�act = �act,an + �act,ca

By anode:
�act,an =

RTc

2�anF
sinh

−1
(

i

2i
0,an

)

Exchange current density of anode: i
0,an = �an

(

PH2

Pref

)(

PH2O

Pref

)

exp

(

−
Eact,an

RTc

)

Pre-exponential coefficient for anode: �an = 7 × 10
9 A m−2

By cathode:
�act,ca =

RTc

2�caF
sinh

−1
(

i

2i
0,ca

)

Exchange current density of cathode:
i
0,ca = �ca

(

PO2

Pref

)0.25

exp

(

−
Eact,ca

RTc

)

Pre-exponential coefficient for cathode: �ca = 2 × 10
9 A m−2

Ohmic loss:

�Ω =
i(�an�an+�ca�ca+�el�el+�in�in)

Ac

Specific material resistivity: �an = 2.98 × 10
−5exp

(

−
1392

Tc

)

�ca = 8.114 × 10
−5exp

(

600

Tc

)

�el = 2.94 × 10
−5exp

(

10,350

Tc

)

�in = 1.257 × 10
−5exp

(

4690

Tc

)

Concentration loss:
�con = �con,an + �con,ca

By anode:
�con,an = −

RTc

2F
ln

(

1 −
i

iL,an

)

+
RT

2F
ln

(

1 +
PH2

i

PH2O
iL,an

)

Limiting current density of anode: iL,an =
2FPH2

Dan(eff)

RTc

By cathode:
�con,ca = −

RTc

2F
ln

(

1 −
i

iL,ca

)

Limiting current density of cathode: iL,ca =
2FPO2

Dca(eff)

RTc

Effective diffusivity:
Ordinary diffusion coefficient:

DO,ik =
1×10−7T1.25(M−1

i
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k )
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P

(

�
1∕3
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k

)

Effective ordinary diffusion coefficient: DO,i(ef f) = DO,i

(

�

�

)

Knudsen diffusion coefficient: DK,i = 97r
√

T

Mi

Effective Knudsen diffusion coefficient: DK,i(ef f) = DK,i

(

�

�

)

Overall diffusion coefficient: 1

Di(ef f)

=
1

DK,i(ef f)

+
1

DO,i(ef f)

Effective diffusivity of anode: Dan(eff) =

(

PH2O

Pan

)

DH
2(ef f)

+

(

PH2

Pan

)

DH
2
O(eff)

Effective diffusivity of cathode: Dca(eff) = DO
2
(ef f)
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chemical reaction of anode and cathode minus the heat of 
SR and WSG:

Note that the sustainable fuels previously mentioned in 
Table 2 form five fuel blends with hydrogen as the basis, 
as shown in Table 8, which are named MF#. The mass 
ratios and the total high and low heating values of five 
fuel blends are given in Table 8, along with the chemi-
cal reactions in the steam reformer (SR) and water gas 
shift (WGS) reactor, accordingly. The average fuel HHV 
and LHV is 71.5 MJ kg−1 and 61.1 MJ kg−1, respectively, 

(17)�SOFC,e =
Vc

EN

(18)𝜂SOFC,th =
ẆSOFC

Q̇SOFC

and 𝜓SOFC =
ẆSOFC

Ėx
Q

SOFC

which are greater than that of MGO-DMA, as shown in 
Table 2. That means these fuel selections can have less 
mass flow rate for the same combustion heat resulting in 
high engine performance. The fuel blends in this study 
are modeled as complete combustion with excess air of 
25% in the CC and 4% in the BRBL, so that equivalence 
ratio of combustion is around 0.7 in the CC and 0.95 in 
the BRBL, which helps the excess air still flows to the 
BRBL from the GBC and continues to combust the fuel 
in the BRBL as well.

Desalination unit (DSWR)

The multi-effect desalination system (DSWR) consists of 
three stages (D-D#) under the same temperature difference. 
The brine temperature, Ti , is decreased for the next unit by the 
temperature difference

The condensation temperature inside each stage is the 
difference between the brine temperature and the boiling 
point elevation (BPE). The feed seawater flow rate,ṁSW , 
is equally distributed to all stages. A constant salinity of 
seawater xi is assumed throughout all effects. The brine 
leaving stage (i), ṁSLi , is introduced into the next stage 
( i + 1 ). Therefore, the pure water, ṁFWi , leaves the stage 
and heats the next stage. This is repeated until the last stage 
has no salinity. The mass flow rate of desalinated water, 
ṁFWi , is calculated as:

(19)ΔT =
TD−D1 − TD−D3

3 − 1

(20)ṁFWi =

i
∑

k=1

ṁSWi − ṁSLi
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Fig. 2   Polarization curve of SOFC at 1073 K and 1823 kPa

Table 8   Mass ratios, heating values, and chemical reactions of the presently considered fuel options

Fuels Mass ratio HHV[MJ kg−1] LHV[MJ kg−1] SR WGS

H2 CH4 CH3OH CH3OHCH2 CH3OCH3

MF1 0.25 0.75 0 0 0 77.1 67.3 CH4 + H2O → CO + 3 H2 CO + H2O → CO2 + H2

MF2 0.25 0 0.75 0 0 52.5 43.3 CH3OH → CO + 2 H2 CO + H2O → CO2 + H2

MF3 0.40 0 0 0.60 0 74.6 63.6 CH3OHCH2 → CH4 + CO + H2 CO + H2O → CO2 + H2

CH4 + H2O → CO + 3 H2

MF4 0.40 0 0 0 0.60 75.8 64.9 CH3OCH3 → CH4 + CO + H2 CO + H2O → CO2 + H2

CH4 + H2O → CO + 3 H2

MF5 0.40 0.15 0.15 0.15 0.15 77.7 66.2 CH4 + H2O → CO + 3 H2 CO + H2O → CO2 + H2

CH3OH → CO + 2 H2

CH3OHCH2 → CH4 + CO + H2

CH3OCH3 → CH4 + CO + H2
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The first stage can be analyzed thermodynamically by esti-
mating the mass balance, partial mass balance, and the energy 
balance equations, as indicated below:

The desalinated water is used to heat the next stage, while 
the brine of the previous stage enters the next one and heats 
the seawater to remove its salinity. The mass balance and 
the energy balance equations of the following stages are 
explained below:

The thermal efficiency of the desalination (DSWR), 
�DSWR , and its exergy efficiency, �DSWR , can be described 
below. Also, the gained output ratio (GOR) is calculated by 
the ratio of the latent heat of fresh water exiting the last stage 
to the input heat of steam entering the first stage.

Overall performance

The overall performance of the ship engine is defined as the 
ratio of the useful output energy/exergy rates to the required 
input energy/exergy rates. The useful energy rates are the net 
power of the SRC, GBC, and SOFC and the amount of fresh 
water extracted from the seawater, while the input energy is 
the fuel combustion in the CC and BRBL and the input of 

(21a)ṁFW,1 = ṁSW,1 − ṁSL,1

(21b)xSWṁSW = xSLṁSL = xSL
(

ṁSW − ṁFW

)

(21c)Q̇DSWR = ṁsc
(

Ts,in − Ts,ex
)

(21d)Q̇DSWR = ṁFW,1hfg,1 + ṁSW,1c
(

T1 − TSW
)

(22a)ṁSL,i = ṁSW,i −
(

ṁSL,i − ṁSL,i−1

)

(22b)xSWṁSW + xSL,i−1ṁSL,i−1 = xSL,iṁSL,i

(22c)Q̇s,i = ṁFW,i−1hfg,i−1 + ṁSL,i−1cP
(

Ti−1 − Ti
)

(22d)Q̇s,i = ṁFW,ihfg,i + ṁSW,icP
(

Ti − TF
)

(23)𝜂DSWR =
ṁFW15hFW16

Q̇DSWR

(24)𝜓DSWR =
ṁFW15exFW16

Ėx
Q

DSWR

(25)GOR =
ṁFW15hfg

Q̇DSWR

SOFC. The overall energetic and exergetic efficiencies are 
written below:

Results and discussion

This section intends to cover the results of a comprehen-
sive analysis and assessment of the presently developed 
integrated engine system with multiple fuel options using 
the Aspen Plus. It also discusses the impact of fuel selec-
tion on engine performance and some parametric studies 
to understand engine behavior.

Thermodynamic analysis

A detailed analysis using energy and exergy methods is 
performed on the hybrid combined marine powering sys-
tem through the Aspen Plus. The flow chart for the SRC 
is shown in Fig. 3, and the steam streams are numbered 
with A#, while the streams of chimney exhaust are num-
bered with B#. B2 stream is the connection between the 
SRC and GBC. The flow chart for the GBC is displayed 
in Fig. 4; its stream numbers are G#, and M# streams are 
for the SOFC subsystem. Finally, Fig. 5 illustrates the 
flowchart for the desalination unit (DSWR), which con-
tains three main streams: SW# is for feed and seawater, 
FW# is for desalinated freshwater, and SL# is for the 
brine stream. The equations of states are selected to be 
Soave–Redlick–Kwong (SRK) for the GBC for hydrocar-
bon mixture and combustion at high pressure and tempera-
ture; Peng Robinson for the SRC for steam thermodynamic 
properties at various pressure and temperature; and ELEC-
NTRL for MED desalination system for modeling brines.

The thermodynamic properties of streams are evalu-
ated and listed in Tables 9, 10 and 11. The steam enters 
the boiler at A6 of 7100 kPa and 510.1 K and superheats 
to A7 of 7100 kPa and 810 K, as shown in Table 9. The 
discharge pressure of turbines is 1700 kPa for HP-ST1, 
1000 for IP-ST2, and 5 kPa for LP-ST3. The breeding pres-
sure is 1000 for the CFH1, 600 for the CFH2, and 300 kPa 
for the CFH3. The steam mass flow rate is 6 kg s−1. The 
mass fraction of bleeding steam is 10% of the feeder. The 
condenser pressure is 5 kPa and cools the steams using 
water at 15 ℃ and 400 kg s−1 to be heated to 21.9 ℃. The 

(26)𝜂DSWR =
ẆSRC + ẆGBC + ẆSOFC + ṁFW15hFW16

Q̇CC + Q̇BRBL + Q̇SOFC

(27)𝜓DSWR =
ẆSRC + ẆGBC + ẆSOFC + ṁFW15exFW16

Ėx
Q

CC
+ Ėx

Q

BRBL
+ Ėx

Q

SOFC
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first pump increased the condensed steam from 5 kPa and 
37.4 ℃ to 500 kPa and 37.5 ℃, while the second pump 
increased the saturated liquid to 7100 kPa. The feedwa-
ter heaters increase the low-pressure liquid temperature 
to 86.1 ℃ by CFH3, 136.8 ℃ by CFH2, and 152.7 ℃ by 
CFH1 to ensure the exit of bleeding steam for the feed-
water heaters reach the saturated liquid at their working 
pressure.

For the GBC, the mass flow rate of intake air of G1 is 
30 kg s−1 at 25 ℃ and 101.3 kPa, which is pressurized to 
429.5 kPa and 1823.2 kPa with an overall pressure ratio 
of 18, as shown in Table 10. The fuel blend is combusted 
with air under stoichiometric combustion with excess 
air at a high temperature of 1200 ℃ and 1823 kPa and 
then decreased to 1100 ℃ by GTHX for blade safety. The 

exhaust gases expanded to 750 kPa by HP-T1, 350 kPa 
by LP-T2, and 200 kPa by P-T3. The exhaust gases are 
released from the GBC at 730.8 ℃ and 200 kPa of G12 
stream to enter the burner boiler (BRBL). The mass flow 
rate of G5 is 6 kg s−1 which is 20% of the intake air. The 
fuel blend and water mass flow rates of F3 and S1 are 
0.25 kg s−1 and 0.4 kg s−1. The fuel mixture enters the 
direct SOFC system to be reformed at 200 ℃, then water 
shifted at 400 ℃, and electrochemically reacted with air at 
800 ℃. The fuel blend, 25 mass% hydrogen and 75 mass% 
methane, is 1 kg s−1 at F2 and 0.2 kg s−1 at F1, while the 
intake air of B1 is 0.5 kg s−1. Finally, the exhaust gases at 
B5 flow at 32.35 kg s−1 with 216 ℃ and 200 kPa.

The desalination unit (DSWR) uses the seawater with a 
salinity of 0.035 kg kg−1 at 12 ℃ and 105 kPa at SW1 to be 
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HXRH

B3

B2

B4

B5 Exhaust gas

A1
W1

W2

FW
Fresh water

To desalination unit

Salt water
Sw

Cooling water

A2
A3A4

EX1

MX1
MX2

MX3

EX2

EX3

A5 CFH1 CFH2 CFH3

P1P2

A6

A7

A8

A9

A10

A12
A11

SP1

A11-E A12-E A13-E

A12-TA11-T

IP-ST2

Steam rankine cycle (SRC)

LP-ST3 LP-ST4
LP-ST5

A13-T
SP2 SP3

A13

A14 A15 A16 A17 A18
A19

A20

A21

A22

CN

HXBL

HP-ST1

Fig. 3   Aspen Plus flowchart of the SRC. The stream B2 exits from the burner boiler (BR-BL) to the heat exchanger boiler (HXBL) (see Fig. 3)
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Fig. 5   Aspen Plus flowchart for the desalination unit (DSWR)

Table 9   Stream properties of 
SRC for the steam streams

# ṁj Tj Pj hj sj exph,j exch,j ext,j

Units /kg s−1 /K /kPa /kJ kg−1 /kJ kg−1 K−1 /kJ kg−1 /kJ kg−1 /kJ kg−1

A1 6 310.6 5 − 15,974.5 − 8.885 8.8 527.3 536.1
A2 6 310.6 500 − 15,973.8 − 8.885 9.4 527.3 536.7
A3 6 359.3 500 − 15,739.5 − 8.276 62.2 527.3 589.5
A4 6 410.0 500 − 15,491.0 − 7.717 143.9 527.3 671.3
A5 6 425.8 500 − 15,223.6 − 7.129 236.1 527.3 763.5
A6 6 510.1 7100 − 14,960.5 − 6.758 388.6 527.3 915.9
A7 6 810.0 7100 − 12,479.3 − 2.532 1610.0 527.3 2137.3
A8 6 611.1 1700 − 12,849.0 − 2.423 1207.5 527.3 1734.8
A9 6 800.0 1700 − 12,442.2 − 1.843 1441.5 527.3 1968.8
A10 4.374 310.6 5 − 13,523.2 − 1.379 222.1 527.3 749.4
A11 0.6 724.3 1000 − 12,597.6 − 1.805 1274.7 527.3 1802.1
A11-E 6 724.3 1000 − 12,597.6 − 1.805 1274.7 527.3 1802.1
A11-T 5.4 724.3 1000 − 12,597.6 − 1.805 1274.7 527.3 1802.1
A12 0.54 657.1 600 − 12,733.4 − 1.768 1128.0 527.3 1655.3
A12-E 5.4 657.1 600 − 12,733.4 − 1.768 1128.0 527.3 1655.3
A12-T 4.86 657.1 600 − 12,733.4 − 1.768 1128.0 527.3 1655.3
A13 0.486 574.5 300 − 12,897.3 − 1.717 948.9 527.3 1476.3
A13-E 4.86 574.5 300 − 12,897.3 − 1.717 948.9 527.3 1476.3
A13-T 4.374 574.5 300 − 12,897.3 − 1.717 948.9 527.3 1476.3
A14 0.6 453.1 1000 − 15,271.7 − 7.284 234.2 527.3 761.5
A15 0.6 432.6 600 − 15,271.7 − 7.251 224.3 527.3 751.6
A16 1.14 432.6 600 − 14,069.3 − 4.575 628.8 527.3 1156.1
A17 1.14 432.6 600 − 15,377.1 − 7.485 188.8 527.3 716.1
A18 1.14 408.1 300 − 15,377.1 − 7.446 177.2 527.3 704.5
A19 1.626 408.1 300 − 14,635.9 − 5.705 399.1 527.3 926.5
A20 1.626 408.1 300 − 15,500.6 − 7.737 140.2 527.3 667.5
A21 1.626 310.6 5 − 15,500.6 − 7.434 50.0 527.3 577.4
A22 6 310.6 5 − 14,059.1 − 3.020 175.5 527.3 702.8
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heated by D-HX to 47 ℃ at SW2. Some of 36 kg s−1 will 
be rejected to the sea, while the remaining will be fed to 
the stages with an equal amount of 8 kg s−1, as shown in 
Table 11. The first stage D-D1 has a pressure of 22.7 kPa and 
a temperature of 65 ℃. The following two stages have a pres-
sure of 16.3 kPa and 11.4 kPa for D-D2 and D-D3, respec-
tively. The temperatures of the last two stages are 56.5 ℃ 
(FW6) and 50 ℃ (FW11). The brine exits the first stage 
D-D1 at 1.1 kg s−1 and 65 ℃ (SL1), the second stage D-D2 
at 2.4 kg s−1 and 57.5 ℃ (SL3), and the third stage D-D3 
at 3.7 kg s−1 and 50 ℃ with salinity being 0.229 kg kg−1. 
The freshwater exits the desalination system at FW16 with a 
flow rate of 20.3 kg s−1, 48.2 ℃ and 11.3 kPa with a salinity 
of 7.1E−25, which is negligible. The steam enters the first 
stage at S-IN of 7.4 kg s−1, 110 ℃, and 100 kPa and leaves 
it at 99.6 ℃ to produce heat of 16,758 kW to the first stage.

The component performance for the SRC and GBC is 
displayed in Table 12 and for the DSWR in Table 13. For the 
SRC, the turbine power is 1996.8 kW for HP-ST1, 839.1 kW 

for IP-ST2, and 3840  kW for LP-ST3 combined. The 
required power of the first pump is 4.3 kW and 1578.6 for 
the second pump. All thermal efficiencies of turbomachinery 
components are assumed to be the same 85% isentropic and 
90% mechanical efficiency. The required heat for the boiler 
heat exchanger (HXBL) and reheater (HXRH) is 14,887 kW 
and 2440.8 kW, respectively. The rejected heat by the con-
denser (CN) is 11492 kW. The feedwater heaters have a duty 
of 1604 kW for the CFH1, 1490 kW for the CFH2, and 
1406 kW for CFH3. The desalination unit (DSWR) has a 
required heat of 16,758 kW. All the heat exchangers and con-
densers have 100% thermal efficiency because there are no 
heat loss and no pressure drop in the flow. The boiler burner 
(BRBL) is 7092 kW, with a thermal efficiency of about 59%. 
The sum of exergy destruction rates for turbines and pumps 
is 2245.3 kW, while for the heat exchangers and feedwater 
heaters it is 31596.7, and the maximum rate is recorded for 
HXBL to be 22,271.3 kW.

Table 10   Stream properties for 
the GBC for the gas mixture, 
air, and fuels

# ṁj Tj Pj hj sj exph,j exch,j ext,j

Units /kg s−1 /K /kPa /kJ kg−1 /kJ kg−1 K−1 /kJ kg−1 /kJ kg−1 /kJ kg−1

B1 0.50 293.2 105.0 − 5.3 0.122 3.1 4.5 7.6
B2 32.35 1273.2 200.0 − 2066.8 1.437 858.3 83.2 941.5
B3 32.35 948.2 200.0 − 2527.0 1.020 522.3 83.2 605.6
B4 32.35 892.7 200.0 − 2602.4 0.938 471.3 83.2 554.5
B5 32.35 489.2 200.0 − 3120.5 0.170 182.4 83.2 265.6
F1 0.20 293.2 200.0 − 3510.4 − 3.991 288.3 67,889.1 68,177.4
F2 1.00 293.2 2000.0 − 3514.5 − 7.283 1265.7 67,889.1 69,154.8
F3 0.25 293.2 800.0 − 3511.8 − 5.967 876.0 67,889.1 68,765.1
FW 60.00 343.2 200.0 − 15,817.6 − 8.468 41.4 527.3 568.7
G1 30.00 298.2 101.3 − 0.2 0.150 0.0 4.5 4.5
G2 30.00 475.3 429.5 180.3 0.208 163.0 4.5 167.5
G3 30.00 375.3 430.0 77.6 − 0.034 132.8 4.5 137.2
G4 30.00 594.6 1823.2 305.1 0.025 342.7 4.5 347.2
G5 6.00 594.6 1823.2 305.1 0.025 342.7 4.5 347.2
G6 24.00 594.6 1823.2 305.1 0.025 342.7 4.5 347.2
G7 31.65 1473.2 1823.0 − 1196.7 1.036 1267.7 275.1 1542.8
G8 31.65 1373.2 1823.0 − 1343.4 0.933 1151.7 275.1 1426.9
G9 31.65 1165.4 750.0 − 1642.0 0.979 839.4 275.1 1114.5
G10 31.65 1268.6 750.0 − 1495.4 1.099 950.1 275.1 1225.3
G11 31.65 1099.4 350.0 − 1734.6 1.138 699.2 275.1 974.4
G12 31.65 1003.9 200.0 − 1866.2 1.190 552.2 275.1 827.4
M1 0.65 286.3 101.3 − 11,232.8 − 6.771 − 4.7 26,276.8 26,272.0
M2 0.65 473.2 1823.0 − 5577.5 0.044 1175.8 28,565.8 29,741.6
M3 0.65 673.2 1823.0 − 5317.8 0.717 1501.5 28,220.8 29,722.3
M4 6.65 923.2 1823.0 − 2225.6 0.388 720.0 491.1 1211.1
S1 0.40 293.2 101.3 − 16,058.4 − 9.127 − 3.0 527.3 524.3
SW 60.00 285.2 200.0 − 16,096.9 − 9.243 − 7.0 527.3 520.3
W1 400.00 288.2 500.0 − 15,907.2 − 9.203 1.2 527.3 528.5
W2 400.00 295.0 500.0 − 15,878.5 -9.104 0.5 527.3 527.8
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For the GBC, as shown in Table 12, the compressor 
power is 6017 kW for LP-C1 and 7584 kW for HP-C2, and 
the turbine power is 8506 kW, 6815.6 kW and 4163.2 kW 
for HP-T1, LP-T2, and P-T3, respectively. The rejected heat 
of the intercooler (IC) is 3079.5 kW, and the required heat 
of the combustion chamber (CC) is 26885.8 kW. The actual 
air-to-fuel ratio is 2.5 kga kgf

−1, while the theoretical air-
to-fuel ratio is 1.98 kga kgf

−1. The required heat of SOFC 
is 13174.4 kW, and the rejected heat of SR and WGS is 
3675.9 kW and 168.8 kW, respectively. The electric effi-
ciency of SOFC is 90.04%, and its thermal and exergetic effi-
ciencies are 29.4% and 43.5%. All the mixers, splitters, and 
expansion valves require no power nor heat with negligible 

exergy destruction rates. This hybrid combined engine's total 
exergy destruction rate is about 146,425 kW.

The DSWR components are also analyzed in Table 13. 
The input heat from the boiler to DSWR is 16758 kW, 
which is the required heat for D-D1 flash stage. The sec-
ond and third flashes need an input heat of 16,238 kW and 
16,061.9 kW for D-D2 and D-D3, respectively. The heat 
exchanger of D-HX has a duty of 8505.2 kW and a maxi-
mum destruction rate with a minimum exergetic efficiency 
of less than 40%. The total exergy destruction rate of DSWR 
is 1201.3 kW. The GOR is 2.89 since the steam mass flow 
rate is 7.35 kg s−1 entering at 110 ℃ and 100 kPa to release 
its heat to the DSWR and leaving it at the saturated liquid. 
Based on the datasheet of the Aframax ship, the freshwater 

Table 11   Stream properties of 
desalination unit DSWR

# ṁj Tj Pj hj sj exj q yH
2
O yNACL

Units /kg s−1 /K /kPa /kJ kg−1 /kJ kg−1 K−1 kJ kg−1 [−] [−] [−]

FW1 6.9 338.0 22.7 − 13,349.0 − 1.54 275.4 1 1 0
FW2 6.9 335.8 22.7 − 15,708.0 − 8.56 9.1 0 1 0
FW3 6.9 328.6 16.3 − 15,708.0 − 8.56 8.8 0.013 1 0
FW4 2.8 328.6 16.3 − 15,708.0 − 8.56 8.8 0.013 1 0
FW5 4.1 328.6 16.3 − 15,708.0 − 8.56 8.8 0.013 1 0
FW6 6.7 330.5 16.2 − 13,362.8 − 1.43 227.9 1 1 0
FW7 9.5 328.6 16.2 − 14,043.9 − 3.50 164.2 0.715 1 0
FW8 9.5 328.6 16.3 − 15,738.1 − 8.65 6.0 0 1 0
FW9 13.6 328.6 16.3 − 15,729.0 − 8.62 6.9 0.004 1 0
FW10 13.6 321.3 11.4 − 15,729.0 − 8.62 6.3 0.017 1 0
FW11 6.7 323.0 11.3 − 13,376.7 − 1.31 177.3 1 1 0
FW12 9.5 321.3 11.4 − 15,729.0 − 8.62 6.3 0.017 1 0
FW13 4.1 321.3 11.4 − 15,729.0 − 8.62 6.3 0.017 1 0
FW14 16.2 321.2 11.3 − 14,756.1 − 5.60 77.0 0.424 1 0
FW15 16.2 321.2 11.3 − 15,279.6 − 7.22 39.0 0.205 1 0
FW16 20.3 321.2 11.3 − 15,369.9 − 7.51 32.4 0.167 1 0
S-IN 7.4 383.0 100.0 − 13,266.5 − 1.99 492.8 1 1 0
S-OUT 7.4 372.6 100.0 − 15,553.6 − 8.13 33.6 0 1 0
SL1 1.1 338.0 22.7 − 13,266.9 − 6.19 30.4 0 0.749 0.251
SL2 1.1 330.7 16.3 − 13,266.9 − 6.18 28.1 0.008 0.749 0.251
SL3 2.4 330.5 16.2 − 13,451.0 − 6.41 24.3 0 0.766 0.234
SL4 2.4 323.1 11.4 − 13,451.0 − 6.40 22.0 0.009 0.766 0.234
SL5 3.7 323.0 11.3 − 13,529.4 − 6.53 19.6 0 0.771 0.229
SW1 60.0 285.0 105.0 − 15,574.1 − 8.87 0.5 0 0.965 0.035
SW2 60.0 320.0 105.0 − 15,432.3 − 8.41 4.2 0 0.965 0.035
SW3 24.0 320.0 105.0 − 15,432.3 − 8.41 4.2 0 0.965 0.035
SW4 36.0 320.0 105.0 − 15,432.3 − 8.41 4.2 0 0.965 0.035
SW5 8.0 320.0 105.0 − 15,432.3 − 8.41 4.2 0 0.965 0.035
SW6 8.0 320.0 100.0 − 15,432.3 − 8.41 4.1 0 0.965 0.035
SW7 16.0 320.0 105.0 − 15,432.3 − 8.41 4.2 0 0.965 0.035
SW8 8.0 320.0 105.0 − 15,432.3 − 8.41 4.2 0 0.965 0.035
SW9 8.0 320.0 16.3 − 15,432.3 − 8.41 4.0 0 0.965 0.035
SW10 8.0 320.0 105.0 − 15,432.3 − 8.41 4.2 0 0.965 0.035
SW11 8.0 320.0 22.7 − 15,432.3 − 8.41 4.0 0 0.965 0.035



8337Investigation of a hybridized combined cycle engine with SOFC system for marine applications﻿	

1 3

tanks are approximately 150 m3, which means the freshwa-
ter is reaching its required capacity after 2.1 h to fill 153.7 
m3. Also, the ship demands 600 m3 of technical freshwater 
tanks, which can be achieved after 8.5 h to fill 622 m3. The 
thermal and exergetic efficiency of DSWR unit is 86.3% and 
31.6%, respectively.

Effect of fuel blends on engine subsystems

Five fuel blends are chosen, and hydrogen is the basis of this 
combination. The net power and net required heat are shown 
in Fig. 6. The net power of the SRC is constant at 5094 kW 
for all fuel blends since the working fluid is steam. The net 
power of the GBC is a maximum of 5884 kW using the MF1 
and a minimum of 4933 kW using MF3 and MF4. However, 
the minimum power of the SOFC is given to be 3878 kW 
using MF1, and maximum power is 6667 kW using MF5, 
as shown in Fig. 6a. The required heat of the engine is by 
the BRBL, CC, and net heat of SOFC, including the reform-
ing and water shifting processes, as shown in Fig. 6b. The 
BRBL heat is its highest value of 7486 kW using MF2 and 
minimum value of 2323 kW using MF5 for combustion at 
200 kPa and 1273 K. However, this trend changes in the CC 
since the minimum heat is achieved by MF1 of 26,886 kW 
and maximum heat is fulfilled by MF5 of 36,533 kW. The 
net heat of SOFC is 9330 kW using MF1 increased to its 
maximum of 12,036 kW using MF5. Therefore, the total 
engine power is calculated from 14,856 kW of MF1 to 
16,780 kW of MF5, while the total required heat is obtained 
to be a minimum of 43,308 kW by MF1 and a maximum of 
53,507 kW by MF4.

Table 12   Component performance for the SRC and GBC engines

C# Q̇k Ẇk ĖxD,k �th,k(�e,k) �k

Units /kW /kW /kW [%] [%]

HP-C2 0.0 7584.0 1286.2 76.5 83.0
HP-ST1 0.0 1996.8 417.9 76.5 79.1
HP-T1 0.0 8506.0 1378.8 76.5 83.8
IP-ST2 0.0 839.1 161.6 76.5 80.8
LP-C1 0.0 6017.0 6017.0 76.5 81.3
LP-ST3 0.0 659.9 132.6 76.5 83.3
LP-ST4 0.0 716.7 153.5 76.5 82.4
LP-ST5 0.0 2464.2 714.9 76.5 77.5
LP-T2 0.0 6815.6 1124.8 76.5 85.8
P-T3 0.0 4163.2 490.1 76.5 89.5
P1 0.0 4.3 0.8 76.5 81.2
P2 0.0 1578.6 664.1 76.5 57.9
IC 3079.5 0.0 2056.9 100.0 66.7
CN 11,492.2 0.0 1465.8 100.0 68.7
CFH1 1604.5 0.0 1568.7 100.0 22.6
CFH2 1490.9 0.0 965.5 100.0 45.8
CFH3 1406.0 0.0 800.3 100.0 57.6
DSWR 16,758.3 0.0 1201.3 86.3 35.4
GTHX 4642.2 0.0 7372.4 100.0 86.0
HXBL 14,887.4 0.0 22,271.3 100.0 46.8
HXRH 2440.8 0.0 3323.7 100.0 84.4
BRBL 7092.0 0.0 14,798.8 58.7 67.3
CC 26,885.8 0.0 58,158.5 52.8 45.6
SOFC 13,174.4 3878.0 18,392.3 29.4 (90.04) 43.5
SR 3675.9 0.0 894.4 24.4 60.3
WGS 168.8 0.0 81.5 6.3 86.7
EX1 0.0 0.0 6.0 100.0 98.7
EX2 0.0 0.0 13.2 100.0 98.4
EX3 0.0 0.0 146.6 100.0 86.5
GTMX 0.0 0.0 324.2 100.0 98.1
MX1 0.0 0.0 26.9 100.0 98.0
MX2 0.0 0.0 14.2 100.0 99.1
MX3 0.0 0.0 0.0 100.0 100.0
GTSP 0.0 0.0 0.0 100.0 100.0
SP1 0.0 0.0 0.0 100.0 100.0
SP2 0.0 0.0 0.0 100.0 100.0
SP3 0.0 0.0 0.0 100.0 100.0

Table 13   Component units for desalination unit (DSWR)

C# Q̇k ĖxD,k �th,k �k

Units /kW /kW [%] [%]

D-CN1 16,238.0 222.7 100.0 89.8
D-CN2 16,061.9 4.9 100.0 99.7
D-HX 8505.2 366.3 100.0 37.4
D-D1 16,758.0 85.5 88.2 95.7
D-D2 16,238.0 69.3 76.9 95.7
D-D3 16,061.9 65.6 68.1 94.7
D-EX0 0.0 0.9 100.0 97.2
D-EX1 0.0 4.7 100.0 90.2
D-EX2 0.0 4.7 100.0 90.2
D-EX3 0.0 0.0 100.0 99.9
D-EX4 0.0 1.1 100.0 96.9
D-EX5 0.0 2.1 100.0 96.7
D-EX6 0.0 6.9 100.0 92.5
D-MX1 0.0 0.3 100.0 100.0
D-MX2 0.0 0.0 100.0 100.0
D-MX3 0.0 1.3 100.0 99.9
D-MX4 0.0 0.5 100.0 99.9
D-S1 0.0 0.0 100.0 100.0
D-S2 0.0 0.0 100.0 100.0
D-S3 0.0 0.0 100.0 100.0
D-S4 0.0 0.0 100.0 100.0
D-S5 0.0 0.0 100.0 100.0
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The heat rates of SRC components are displayed in Fig. 7. 
The burner boiler added heat of 7092 kW using MF1 and 
varied with fuel blends, as discussed previously. However, 
the duty of heat exchangers of the boiler, reheater, condens-
ers, feedwater heaters, and desalination remains constant 
despite the fuel change. The primary source of added heat 
to the SRC is HXBL of 14,887 kW and HXRH of 2440 kW. 
The feedwater heaters save this much heat (about 4501 kW) 
from the HXBL. The condenser rejects a heat of 11,492 kW 
from the steam to reach a saturated liquid, and the desali-
nation uses heat of 16,758 kW from the waste energy of 
exhaust gases.

The overall performance of each subsystem is also 
estimated by considering the exergy destruction rates and 
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energetic and exergetic efficiencies, as shown in Fig. 8. 
The desalination DSWR has a constant destruction rate 
of 1201 kW. The GBC has a minimum destruction rate of 
77,885 kW using MF1 and a maximum of 93,610 using MF5. 
On the contrary, the SRC has a minimum destruction rate 
of 39,990 kW using MF5 and a maximum of 494,948 kW 
using MF2. The SOFC has a maximum and a minimum 
exergy destruction rate of 19,692 kW and 16,496 kW of 
MF1 and MF3, respectively. The total destruction rate of 
the whole engine is more than 145 MW with a maximum of 
157,737 kW using MF4, as shown in Fig. 8a. The constant 
net power and heat of SRC result in unchanging thermal 
efficiency of 29.4% and unchanging exergetic efficiency of 
38.9%. In comparison, the GBC achieves higher thermal and 
exergetic efficiency of 21.9% and 27.4%, respectively, using 
MF1 because of its maximum power and minimum heat of 
CC and destruction rate. For the SOFC, the maximum per-
formance is obtained by using MF5 to be 47.2% and 69.6%, 
respectively, as shown in Fig. 8b.

The overall thermal efficiency of the proposed engine 
is more than 55% and close to 70%, while the exergetic 
efficiency of the engine is an average of 43%, as shown in 
Fig. 9. The performance of this new engine is evaluated as 
the ratio of useful energy sources, such as net power and 
energy of freshwater to the required energy as heat of CC, 
net duty of SOFC, heat of BRBL, as shown in Fig. 5b. The 
hybrid combined marine engine has a maximum energetic 
efficiency of 67.7% using MF1 and the maximum exer-
getic efficiency of 45.3%. MF1, MF2, and MF5 positively 
impacted the engine performance by more than 60% ther-
mal efficiency and more than 43% exergetic efficiency. How-
ever, the new engine has minimum performance using MF4 
(dimethyl ether and hydrogen) for 56% thermal efficiency 
and 39% exergetic efficiency.

Effect of fuel blends on the fuel cell

The marine fuel blends significantly impact SOFC since the 
fuel cell counts on the Gibbs energy of reactants and prod-
ucts of the fuels and the amount of hydrogen produced in 
the reforming and water shifting reactors. The SR heat var-
ies from a minimum of 968 kW of MF4 to a maximum of 
3676 kW of MF2, while the minimum heat WGS is obtained 
by MF1 at 169 kW, and its maximum heat is given by 397 by 
MF3 and MF4, because they have a similar amount of water 
and produced carbon monoxide and produced hydrogen, as 
shown in Fig. 10. The heat of the electrochemical reaction 
of hydrogen and oxygen in the anode and cathode electrodes 
is produced within a range between 11,902 kW (MF3 and 
MF4) and 14,137 kW (MF5). This rejected massive heat 
will subtract the exothermic reactions of SR and WGS to 
produce the overall heat rejection of SOFC. The net power 
of SOFC varies from a minimum value of 3878 kW (MF1) 
to a maximum value of 6667 kW (MF5).

The reason for this power is given in Fig. 11a. The elec-
trochemical reaction produces a small cell voltage of an 
average of 0.4 V, because of the high operating pressure of 
1823 kPa. Also, MF1 makes the fuel cell generate a cell volt-
age of 0.30 V compared to 0.44 V of MF5. The loss voltage 
that comes from activation losses, ohmic losses, and con-
centration losses altogether is 0.03 V for all the fuel blends 
with a still change of ± 0.001. This represents the high elec-
tric efficiency of SOFC to be an average of 92.5%, as pre-
sented in Fig. 11a. The SOFC power can only be obtained 
using 34 stacks for MF1 and MF2, 31 stacks for MF3 and 
MF4, and 36 stacks for MF5, as shown in Fig. 11b. Also, 
the amount of required hydrogen in SOFC has an average 
of 72.3 mol s−1, which is about 72% of resultant hydrogen 
from the inlet fuel blend of F3 and reforming and water gas 
shifting processes. The SOFC system was able to increase 
the power of GBC from an average of 5165–10,452 kW and 
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increase the efficiency from an average of 16% to 25%. The 
hybridization of GBC was performed by taking a small frac-
tion of the intake air after the HP-C2 (a constant splitting 
ratio of 0.2) and a small amount of fuel about 25%, which is 
a great benefit of enhancing engine performance with less 
mechanical moving parts and less maintenance.

Fuel consumption and carbon emissions

Other parameters should be considered in analyzing the 
engine performance: fuel consumption and carbon emis-
sions. The SRC burner uses the exhaust of GBC by G12 
stream combusting with a fuel blend of F1 stream and air of 
B1 stream. However, in this analysis, the G12 is cancelled, 
and the SRC must count fully on the fuel blend of F1 and air 
of B1 only. Therefore, the air mass flow rate of B1 increases 
30 kg s−1 to produce the same power of 5093.7 kW. Hence, 
each system was operating alone and compared with the 
hybrid combined engine using the same fuel, as shown in 
Fig. 12. The fuel mass flow rates of SRC vary from 1.3 
to 1.5 kg s−1 with a minimum record for MF1. The GBC 

uses 1 kg s−1 for MF1 and 1.1 kg s−1 for MF3 to MF5 and 
1.5 kg s−1 for MF2. The SOFC consumes 0.4 kg s−1 and less 
with a minimum of MF1 (0.25 kg s−1) and a maximum of 
MF2 (0.4 kg s−1). The total fuel flow rate for the proposed 
engine reaches its maximum value of 2.30 kg s−1 using MF2 
and a minimum value of 1.45 kg s−1 using MF1, while the 
remaining MF3 to MF5 has an average of 1.62 kg s−1, as 
shown in Fig. 12a. The specific fuel consumption (SFC) is 
estimated for the individual subsystem and overall engine as 
shown in Fig. 12b. The average of SFC is 996.5 g kWh−1 for 
the SRC, 815 g kWh−1 for the GBC, and 215.1 g kWh−1 for 
the SOFC, while the average of SFC for the whole engine 
is 400 g kWh−1 with a minimum of 337 g kWh−1 by the 
MF5 and a maximum value of 540 g kWh−1 by MF2. The 
designed engine's carbon emissions are slightly higher, with 
an average of 2.2 kg s−1 compared to 2.1 kg s−1 for SRC, 
1.7 kg s−1 for the GBC, and 0.2 kg s−1 for the SOFC. How-
ever, high emissions can be produced by fuel MF1 and MF2, 
as shown in Fig. 12c.

As previously mentioned, the Aframax ship demands 
a total power of 10,400 kW. If the SRC is operated only 
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using the MGO-DMA, the steam mass flow rate will be 
13.5 kg s−1, the fuel mass flow rate will be 1.26 kg s−1, and 
the air mass flow rate will be 18.5 kg s−1. This operation will 
generate a net power of 11,141.8 kW and a thermal and exer-
getic efficiency of 29.1% and 38.6%, respectively, as shown 
in Table 14. Also, the carbon emissions will be 3.98 kg s−1, 
which doubles the emissions of the proposed system. On the 
contrary, this new marine engine emits less carbon dioxide 
by 25% using MF1 and up to 53% using MF5. In addition, 
the SFC of this SRC operated by the MGO-DMA will be 
about 405.5 g kWh−1. The proposed hybrid combined engine 
has increased the total power by between 30 and 50%, with 
an increase in fuel mass by 25%, except for MF2, which 
is increased by 83%. The SFC is decreased between 5 and 
17% for all fuel blends except for MF2. Fortunately, carbon 
emissions have reduced significantly to about an average of 
50%. In addition, the thermal performance has increased to 
more than double the traditional system with an increase in 
exergetic performance of 11%, as shown in Table 14.

The Aframax ship (WSD42 11 K) is operated using a 
diesel engine of Wärtsilä 6X62, which delivers an output 
power of 10,400 kW with a mass of 377,000 kg [25]. Sup-
pose the existing engine is replaced by only a steam Rankine 
cycle engine. In that case, there are two major components 
that weigh significantly compared to others: a boiler model 
of Aalborg D for a capacity of 38,800 kW of steam weighs 
55,000 kg [38] and a steam turbine model of MST050 for 
5-30 MW weighs 36,540 kg [39]. Therefore, the total mass 
of SRC is 91540 kg, as shown in Table 14 in the first row. 
Nevertheless, the proposed engine uses the half capac-
ity of the SRC only and is combined with SOFC units and 
GBC. Therefore, the SRC that delivers a total turbine power 
of 5094 kW can be operated by MST020 with a capac-
ity of 1–5 MW weighing 15,420 kg and uses a required 
heat of 17,328 kW run by Aalborg D with a capacity of 
17,600 kW weighing 25,000 kg. Hence, the total mass of 
SRC is 40420 kg, which is almost half the mass of only 
an SRC engine. The GBC can be operated by Taurus 60, 
which delivers 5740 kW weighing 15,420 kg [33]. Also, a 
one SOFC stack of 100 cells weighs 64 kg [36], so the total 
weight of 34 stacks is 2176 kg for MF1 and MF2. Therefore, 
the total mass of the proposed engine is 58016 kg for MF1 

and MF2, and so on. This proposed engine weighed less 
than the traditional SRC only by 36% and less than the tra-
ditional diesel engine of 377,000 kg by 85%. In conclusion, 
the proposed engine is more efficient, has less environmental 
impact, less mass, and is more reliable.

Parametric studies

The parametric studies are performed on the SRC and GBC. 
The mass fraction of bleeding and the inlet air to GBC is 
considered. Changing the bleeding splitting ratio from 0.01 
to 0.3 individually has decreased the net power of SRC 
from 6970 to 11,030 kW and required heat of the HXBL 
and HXRH from 20,110 to 11,030 kW, as shown in Fig. 13a 
and b. The splitting ratio of the first splitter (SP1) decreases 
the required heat and net power more than that of the second 
one and the third one. The thermal efficiency of SRC varies 
from 35 to 6% for SP1, 9% for SP2, and 12% for SP3, as 
shown in Fig. 13c.

The three splitters should receive the same amount from 
the turbine, not one more than another, to ensure an increase 
in SRC performance. The bleeding ratio of the three splitters 
varies simultaneously from 0.01 to 0.2, as shown in Fig. 14. 
The net power decreases from 7626 to 153 kW at the ratio 
of 0.185; after that, there is no produced power. However, 
the required heat declined from 22,840 to 7450 kW. The 
thermal efficiency slightly increases from 33.4 to 35% at a 
splitting ratio of 0.08 then drops to 1.5% at a splitting ratio 
of 0.185. That means increasing the splitting ratio decreases 
the required heat and net power, yielding in decreasing the 
cycle efficiency.

Another parameter preferred for this study is the intake 
air mass flow rate G1, as shown in Fig. 15. The variation in 
G1 mass flow rate from 20 to 40 kg s−1 raises the net power 
of GBC from 4780 to 6640 kW, but it spikes up the net 
required heat of the CC and IC from 23,280 to 27,340 kW 
and drops gradually to 7290 kW. This significant decrease 
in required heat exponentially increases the thermal effi-
ciency of the GBC from 20 to 90%, theoretically, as shown 
in Fig. 15a. However, practically, more excess air than 50% 
in the combustion chamber can shut off the operation and 
delay the ignition of fuel. This variation can affect the hybrid 

Table 14   Comparison of traditional marine engines and sustainable fuels hybrid marine engines

Fuels Ẇo /kW ṁf  \kg s−1 SFCt /g kWh−1 CO2,t /kg s−1 �t [%] �t [%] Mass /kg

MGO 11,141.8 1.26 405.5 3.98 29.1 38.6 91,540
MF1 14,855.5 (↑33.3) 1.45 (↑15.5) 351.4 (↓13.4) 2.98 (↓25.0) 67.7 (↑133) 44.7 (↑15.8) 58,016 (↓36.6)
MF2 15,322.3 (↑37.5) 2.30 (↑83.3) 540.4 (↑33.3) 2.37 (↓40.5) 61.7 (↑112) 42.5 (↑10.1) 58,016 (↓36.6)
MF3 15,389.3 (↑38.1) 1.65 (↑31.5) 386.0 (↓4.8) 1.89 (↓52.5) 57.9 (↑98.9) 41.2 (↑6.9) 57,824 (↓36.8)
MF4 16,382.8 (↑38.1) 1.65 (↑31.5) 386.1 (↓4.8) 1.89 (↓52.3) 55.8 (↑91.7) 39.9 (↑3.5) 57,824 (↓36.8)
MF5 16,779.7 (↑50.6) 1.57 (↑25.1) 336.8 (↓16.9) 1.87 (↓53.0) 61.4 (↑111) 46.1 (↑19.5) 58,144 (↓36.5)
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and combined engine by slightly increasing the total power 
from 13,750 to 15,620 kW. However, the total required heat 
of the BRBL and CC, and SOFC can gradually increase 
from 26,140 to 40,060 kW at 28 kg s−1 and then decrease to 

23,660 kW, as shown in Fig. 15b. This heat trend is reversed 
in the overall thermal efficiency of the engine. The engine 
thermal efficiency changes from 53% to its lowest value of 
36% and then rises to 66%.

Conclusions

This study presented and investigated a new design of a 
marine engine comprising of a steam Rankine cycle, gas 
Brayton cycle, and fuel cell systems. The engine is analyzed 
thermodynamically using Aspen Plus to assess its energy 
performance by utilizing five sustainable fuel blends. The 
following conclusions can be drawn from the study:

•	 The SRC can deliver a power of 5094 kW with a thermal 
efficiency of 29.4% and exergetic efficiency of 39%.

•	 The GBC can generate an average net power of 5165 kW 
with average thermal and exergetic efficiencies of 16% 
and 20.5%, respectively.
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•	 The SOFC can produce 5288 kW with average thermal, 
electric, and exergetic efficiencies of 41%, 60%, and 93%, 
respectively.

•	 The hybrid combined engine can generate a total power 
of 15,546 kW with average thermal and exergetic effi-
ciencies of 61% and 43%, respectively.

•	 The maximum power is achieved using a mixture of 
methane, methanol, ethanol, dimethyl ether, and hydro-
gen (known as MF5), which can produce 16,780 kW 
electric power.

•	 A desalination unit uses the waste energy to produce 
154 m3 of freshwater within 2 h from the seawater with 
a thermal efficiency of 86%, exergetic efficiency of 32%, 
and a GOR of 2.9.

•	 The specific fuel consumption is decreased from 
405  g  kWh−1 using MGO-DMA to 337  g  kWh−1 
using MF5, which is a 16.8% improvement in fuel 
economy.

•	 Using sustainable fuels reduces carbon emissions by 53% 
and boosts thermal performance by about 110% and exer-
getic performance by around 11%, respectively.

This research promotes sustainable and green marine 
transportation because of the utilization of eco-friendly fuels 
and new powering systems, which enhances engine perfor-
mance. However, this research focuses on thermodynamic 
analysis of the system under certain operating conditions, 
which might not be optimal. Some recommendations for 
future studies include conducting exergoeconomic analysis 
and exergoenvironmental analysis, multi-objective optimi-
zation of fuel substituents, and optimal system design to 
provide a comprehensive analysis of the new system.
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