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Abstract : Due to global decarbonization movement and tightening of maritime emissions restrictions, the shipping industry is going
to switch to alternative fuels. Among candidates of alternative fuel, methanol is promising for decreasing SOx and CO2 emissions,
resulting in minimum climate change and meeting the goal of green shipping. In this study, a novel combined system of direct methanol
solid oxide fuel cells (SOFC), proton exchange membrane fuel cells (PEMFC), gas turbine (GT), and organic Rankine cycle (ORC)
targeted for marine vessels was proposed. The SOFC is the main power generator of the system, whereas the GT and PEMFC could
recover waste heat from the SOFC to generate useful power and increase waste heat utilizing efficiency of the system. Thermodynamics
model of the combined system and each component were established and analyzed. Energy and exergy efficiencies of subsystems and the
entire system were estimated with participation of the first and second laws of thermodynamics. The energy and exergy efficiencies of
the overall multigeneration system were estimated to be 76.2% and 30.3%, respectively. The combination of GT and PEMFC increased
the energy efficiency by 18.91% compared to the SOFC stand-alone system. By changing the methanol distribution ratio from 0.05 to 0.4,
energy and exergy efficiencies decreased by 15.49% and 5.41%, respectively. During the starting up and maneuvering period of vessels,
a quick response from the power supply system and propulsion plant is necessary. Utilization of PEMFC coupled with SOFC has
remarkable meaning and benefits.
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1. Introduction

Over 80% of international cargos trade is transported

over the sea, making maritime transport the most

energy-efficient route of cargo transportation (Zis et al.,

2020)(R. Li et al., 2022). Maritime transport is essential for

global trade and significantly contributes to sustainable

development worldwide (Wang et al., 2020). The shipping

transportation is necessary for decarbonization, which is at

the top of the domestic and international policy agenda

(Xing et al., 2021). The International Maritime Organization

(IMO) has launched numerous regulations and guidelines to

regulate airborne pollutants and restrict greenhouse gas

emissions (GHGs) such as the IMO Initial Strategy,

MARPOL, etc. The strategy includes a commitment to

minimize CO2 emissions per transport work by over 40% by

2030 and reduce total GHG emissions from maritime

transportation by over 50% from 2008 levels by 2050

(International Maritime Organzation)(Hansson et al., 2020).

To assist reducing GHG emissions from shipping, it is

necessary to switch to alternative low-and/or zero-carbon

fuels because technical and operational efficiency measures

alone will not be able to achieve the desired emissions

reduction (Ashrafi et al., 2022). Several prospective

decarbonization marine fuel alternatives, including liquefied

natural gas (LNG), hydrogen, ammonia, biofuel, and

methanol, are available to the shipping industry to assist in

the reduction of emissions. Among them, methanol is

prospective and promising as a hydrogen fuel source with a

high hydrogen content. It is also a potential and promising

maritime fuel for lowering SOx and CO2 emissions,

resulting in minimal climatic changes and green shipping

strategies (Valera-Medina et al., 2021).

Methanol (CH3OH) is a colorless, clear substance that is

flammable, unstable, and has an alcoholic odor. Methanol is

a polar organic solvent that is well known for being toxic.

According to Adamson et al. (Adamson and Pearson, 2000)

methanol is still advised, nevertheless, because it is

extremely safe compared to other hydrogen transporters

and fuels. The liquid form of methanol is simple to handle
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and has a boiling point of 64.7 oC, high energy density, high

octane rating (Wang et al., 2019), and it is environmentally

friendly(Kulikovsky, 2008). Methanol is also safe to handle

at normal temperatures and pressures, is convenient to

store, and easy to refuel (Atacan et al., 2017)(Calabriso et

al., 2015). As a result, methanol is a suitable fuel option for

fuel cells as well as other nautical applications such as

internal combustion engines, gas turbines (Alias et al.,

2020).

Researchers and manufacturers are looking at methanol

coupled with fuel cells because of its advantages over

internal combustion engines, including high efficiency, less

noise, less air pollution, and higher thermodynamic

performance. Methanol can be either directly or indirectly

delivered to fuel cells depending on the kind and operating

temperature of the fuel cells. The SOFC and PEMFC are

the two most popular fuel cells designs that can be used

with methanol systems. The limitation experimental

findings have been published for other types of fuel cells,

such as using alkaline and alkaline membranes (Hansson et

al., 2020). Methanol can be reformed at a lower temperature

(about 250 °C) than other fuel sources because of its

molecular properties (Zhao et al., 2022). PEMFCs indirectly

use methanol by reforming (Sankar et al., 2017)(Chen et al.,

2011), whereas SOFCs directly use methanol (Kim et al.,

2007)(Bicer and Khalid, 2020). There have been several

studies on methanol as a fuel and its use in maritime fuel

cells due to its enormous potential to be paired with SOFC

and PEMFC.

(Laosiripojana and Assabumrungrat, 2007) experimented

with a direct methanol SOFC system over Ni/YSZ anode at

an operating temperature from 900 – 975 oC. The research

shown that methanol can be efficiently supplied to SOFC

without any carbon formation. The methanol reformation

rate was obtained at 100% if the operating temperature of

the SOFC close to 900 oC. (Kim et al., 2007) investigated

the stability and performance of direct methanol SOFC with

Cu-ceria-YSZ and carbon-ceria-YSZ as anode and

demonstrated that methanol is more effectively oxidized in

compared with H2 over tested anodes materials. The

findings shown that, even at very low temperatures, species

within SOFC electrodes can be highly migratory. (Zhang et

al., 2022) experimented with the effects of the catalyst layer

on the operation of a direct methanol SOFC system. The

enhanced electrochemical performance proves that the

integrated catalyst layer is helpful in catalytic the methanol

fuel for Ni-YSZ anode-supported SOFCs. The reforming

ability of the integrated catalyst layer for methanol is

studied by analyzing the microstructural and composition of

the anode and catalyst layer after the stability test. The

integrated catalysts layer shows a 55.2% reduction in

polarization resistance and 42.32% increase in peak power

density at 800 °C after the inclusion of the integrated

catalyst layer. (Y. Li et al., 2022) analyzed the performance

of indirect methanol high temperature proton exchange

membrane fuel cells (HT-PEMFC) and revealed that

methanol is thought to be an ideal fuel for PEMFC due to

its high hydrogen to carbon ratio and lack of

carbon-to-carbon (C-C) bonds. The developed model could

achieve an 8.8% exergy utilization factor, a 47.24%

trigeneration primary energy saving, and a 66.3% energy

efficiency. The conversion of CH3OH and the hydrogen

production are more than 95% in the acceptable temperature

range when the H2O/CH3OH mole ratio is greater than 1.2.

(Özcan and Akın, 2019) optimized the methanol steam

reforming process for the indirect methanol HT-PEMFC

system. The appropriate temperature, pressure, and

H2O/MeOH ratio to produce hydrogen for HT-PEMFC were

determined to be 246 oC, 1 atm, and 5.6, respectively.

Additionally, at these ideal conditions, carbon monoxide

production in all three scenarios is extremely minimal,

between 30 and 1700 ppm, and is therefore acceptable to

the anode catalysts of HT-PEMFC systems. The SOFC

combined system for marine application was studied by

(Duong et al., 2022b). The study showed that the energy

and exergy efficiencies of combined system can be obtained

64.53% and 61.14%, respectively. The waste heat recovery

systems increased 20.73% energy efficiency in comparison

to the SOFC stand-alone system. However, because SOFC

operated at high temperatures (from 700 to 1000 oC), it was

unsuitable for marine vessels that required rapid response

of the propulsion system and electric power during start-up

and maneuvering.

It would be excellent if hydrogen could be extracted from

methanol utilizing waste heat from SOFC and pressure

swing adsorption (PSA) and supply to the PEMFC. This

would boost the fuel cells system's overall energy

efficiency. It denotes the usage of a methanol SOFC as the

system's main power source, with the waste heat from its

exhaust gas being repurposed as a heat source for a

system that transforms and purifies methanol to produce

more hydrogen for a PEMFC. The hydrogen storage and

PEMFC system will instantly produce power for the

propulsion plant thanks to the low working temperature of
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Fig. 1 Configuration of the designated methanol-powered SOFC-GT -PEMFC-ORC

PEMFC, whilst SOFC, which runs at a higher temperature,

will largely be used under stable seagoing circumstances.

The methanol used as a marine fuel in this study is a

proposed and assessed innovative combined

SOFC-GT-PEMFC system. The main contributions of

current research are listed below:

- Use of methanol as green fuel source for marine

vessels;

- Designation and analysis of novel combined system

SOFC-GT-PEMFC-ORC;

- A thorough analysis of the methanol-reforming and

purifying systems;

- Designates an exhaust heat harvesting system for

enhancing the thermodynamic efficiencies of systems;

- Comprehensive analysis of the influence of methanol

distribution ratio on the efficiencies of system.

2. System description

A general cargo vessel with an electric propulsion

system of 3800 kW was targeted to application. The vessel

operates on the Yellow Sea, is 130 m long and has 3800

gross tonnage.

The propulsion plant's main power source is referred to

as the SOFC. The core idea behind the phrase "integrated

system" is the utilization of waste heat from SOFCs to

generate useful work (electricity). A PEMFC is an auxiliary

power source that gives the system surplus power,

especially during maneuvering and loading/unloading. The

high-temperature exhaust heat of SOFC will be reused in

turn by three regenerators and a methanol dissociation unit

(MDU). The HT-PEMFC is selected in this system to

produce extra energy from pure hydrogen. For HT-PEMFC,

triethylene glycol is used as the cooling oil. The organic

Rankine cycle (ORC) transfers heat from the HT-PEMFC's

oil used for cooling to its operating fluid. Their expander

devices provide electricity for these procedures.

The proposed integrated SOFC-GT-PEMFC-ORC

system is shown in Fig 1. The fuel gas supplies system

(FGSS) supply the SOFC combined system with methanol.

Due to different operating temperatures and working

characteristics, methanol is directly supplied to SOFC,

whereas indirect supply to PEMFC via H2 generation

system that includes methanol reforming system (MR) and

pressure swing adsorption (PSA). The main electrochemical

reaction will be taken in the SOFC. After that, the exhaust

gas is delivered to the afterburner to finish the combustion

process. The temperature of the exhaust gas increased

because of the significant amount of heat produced. The

exhaust gas is subsequently used to generate extra energy

in regenerative and gas turbines (GT). As a result, a

number of regenerators use and transport SOFC waste

heat. The fundamental elements and guiding principles of

the cycles are described below:

SOFC: The two heat exchangers pre-heat methanol and

compressed air in sequence using the SOFC's exhaust gas.
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


 
      



 (6)











    





 


 

(7)

By this way, the compressed air and methanol can be

obtained at the SOFCs' needed input temperature. In the

SOFC, reforming and electrochemical reactions take place

after preheating. These reactions produce a significant

amount of heat and electrical energy (resulting from

converting chemical energy to electrical energy). The ship's

propulsion system then receives the AC electricity that was

first converted from DC.

H2 generation system: Using a suitable catalyst in the

reformer, a methanol-water mixture can be transformed

into reformate gas. The CuZn-base, which is highly active

at low temperatures and reasonably priced, is taken into

consideration as a catalyst in this study. The production

gas, which is created by reforming methanol and consists

of water vapor, carbon dioxide, hydrogen, and carbon

monoxide, is then fed to the PSA, where pure hydrogen is

separated from the other produced gases.

PEMFC system: The separated pure hydrogen (stream

24) is provided to the HT-PEMFC after being reduced in

pressure by expander 1 to the working pressure of the

HT-PEMFC. The electrochemical reaction will take place in

cathode of HT-PEMFC. Those reaction produce electricity

and heats. Heat is supplied to the ORC which transfers

heat from the cooling oil of the HT-PEMFC via HEX-7.

Heat from cooling oil in the evaporator vaporizes the

organic working fluid. The expander is powered to produce

energy by the superheated steam that enters it from the

organic working fluid (stream 37). The organic working

fluid's steam condenses in the condenser before going into

the ORC pump (HEX-8). The ORC Pump supplies the

working fluid to obtain the required pressure prior to

starting the cycle.

3. Thermodynamic investigation

3.1 Thermodynamic balance equations

The mass and energy, entropy balance, and exergy

destruction are general thermodynamic balance equations

covered in this section. Thermodynamic modelling and

analysis are addressed in detail using methods for

analyzing energetic and exergetic efficiencies. The factors

for the thermodynamic analysis of a thermal system are

also provided. The model that is being provided is

predicated on the following:

- It is envisaged that the entire system will function in a

steady-state;

- Environment with minimal changes in kinetic and

potential energy;

- It is envisioned that heat is maintained through the

connecting of the pipes;

- The drops in pipeline pressure are not taken into

account.

Mass balance equation:

Under steady-state, four equilibrium equations are

created and explored for mass, energy, entropy, and exergy.

The rate of mass is unchanged in the control volume (CV)

under the steady-state (Al-Hamed and Dincer, 2021):




  


 (1)




  


  


  (2)

where  stand for mass flow rate (kg/h).

- Energy balance:




 
 

  




  


(3)

    


  
 


 








  
(4)

Based on the first law of thermodynamics (Al-Hamed and

Dincer, 2019)

where  ,  and h represent the heat transfer rate,

mechanical power and specific enthalpy of the fluid,

respectively.

The precise kinetic and potential energy connected to the

entering and exiting mass flow rates in this thermodynamic

investigation were ignored and thought to be insignificant

(Al-Hamed and Dincer, 2021):

 



 



 (5)

- Entropy and exergy balance:

Based on the second law of thermodynamics: The rate of

change entropy in CV is zero under steady-state conditions.
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or











    




(8)

    

ln  

 
 


(23)

where T,    , and s denote the temperature (
oC), specific

entropy and the entropy of the thermal process,

respectively.

- The change of exergy.



 

    




 


   


 

(9)



 

  




 



 



(10)

- Specific exergy and the exergy destruction rate:

The entropy production rate is employed to calculate the

exergy destruction rate.

  
   (11)

Here,  ,
and ex denote the ambient temperature

(oC), exergy destruction rate and the specific exergy of the

fluid, respectively.

The specific exergy values:

  
  

  
  

 (12)

The kinetic and potential exergy were found to be

insignificant in this thermodynamic analysis and were so

disregarded. Using a weighted average method appropriate

for ideal gas combinations, the specific enthalpy and

entropy of SOFC exhaust gases were computed.

  
  

 (13)

The physical exergy:


        (14)

The chemical exergy:


  



 
 ln (15)

where  , R and




 present the mass ratio within the

mixture, gas constant and chemical specific exergy,

respectively.

3.2. Methanol steam reforming

Since hydrogen and oxygen are the main components of

fuel cells, methanol fuel cells require the installation of a

methanol steam reforming system. In this system, hydrogen

will be produced by heating, reforming, and combining the

aqueous and methanol processes. It is possible to

summarize the main chemical process as follows:

Endothermic reaction:

  → ∆    
(16)

Decomposion reaction of methanol (to produce hydrogen):

→∆    
(17)

The water-gas-shift reaction (to produce hydrogen):

 → ∆    
(18)

Catalysts are used to speed up reactions while also

ensuring their direction and processing. CuO/ZrO2 has been

chosen in this scenario (Purnama et al., 2004)(Faungnawakij

et al., 2006).

After reforming, oxygen and hydrogen are sent to the

fuel cell cathode and anode, respectively. Following is a

summary of the chemical reaction between the anode and

cathode:

→
 (19)

 
 → (20)

The overall reaction:

  → (21)

The methanol stream reformer will minimize its overall

Gibbs energy in order to bring methanol into

thermodynamic equilibrium (Ishak et al., 2012):

∆   (22)

Gibbs free energy (Authayanun et al., 2012) can be

estimated by:
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min

 min
  




 

  
















  




(24)

           (35)

 
ρ π   (36)

   

 


 

  

(37)

  ρ (38)

        

  (39)

   


  

  (40)

  


ln







  



  

 




 


ln






  



 




(41)

Due to the conversion of atomic species:


  



    for  ≤ ≤  (25)

The production of hydrogen:

 
 

  
× 


× (26)

3.3. Model of the SOFC

- Fuel and oxidant utilization

Based on the actual supply and consumption of methanol

or its hydrogen counterpart, the usage of methanol can be

approximated (Zhou et al., 2022):

    


    

 (27)

The air utilization as:

     


    

 (28)

The oxygen flow provided to the cathode can be calculated

through power produced by SOFC () divided to the

number of transfer electrons (n), Faraday constant –

96.458 (F) and the SOFC’s voltage:

 
 ∙ ∙

 min
  (29)

  ∙ ∙

 ∙  ∙ 
  (30)

The hydrogen flow provided to the anode can be calculated

through main reaction between hydrogen and oxygen at the

cathode of SOFC:

  
 ∙    min

  (31)

The SOFC system's net power output can be computed

using the component stack as follows: (Song et al., 2021)

(Liu et al., 2019)(Chitgar and Moghimi, 2020):

  η (32)

where i, A,  and  are the current density (A/m
2),

surface area (m2), converter efficiency, and actual voltage of

the stack (V) (Liu et al., 2019).

      (33)

where  is cell ideal reversible voltage and,

        (34)

In which, and are the ohmic losses (V), activation losses

(V) and concentration losses (V), respectively.

Furthermore, the I-V curve can also be used to define the

actual voltage of the stack (Milewski et al., 2021).

Alternatively, the fuel cell's energy efficiency can be

computed as

      

  (42)

(Liu et al., 2019)(Mehrpooya et al., 2016):

 


(43)

where  denotes the mass flow rate of methanol enter

the SOFC system (kg/h) and    is the low

heating value of methanol (kj/kg).

3.4. Model of PEMFC

Due to its high power density, low emissions,

environmental friendliness, low maintenance requirements,

smooth and silent operation, and low emission levels, the

PEMFC is a potential power producing device for marine

applications (Faungnawakij et al., 2006). Based on its
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operating performance, HT-PEMFC can be divided into two

categories: HT-PEMFC and low-temperature PEMFC (Han

et al., 2020)(Chen et al., 2022)(Dimitrovar and Nader, 2022)

(Smith and Novy, 2019). HT-PEMFC, which normally

works between 120 and 200 °C, has better waste heat and

CO tolerance and is more appropriate for energy conversion

devices than LT-PEMFC (Zhang et al., 2016). The current

research focuses on HT-PEMFC, which has its own

characteristics, as water production control and pure

hydrogen quality are main challenges for PEMFC. The

primary justifications for choosing HT-PEMFC include: i)

Compared to LT-PEMFC, HT-PEMFC requires hydrogen

of lower quality, and it can tolerate about 3% CO (Oh et al.,

2014); ii) Water is not concerned because at the high

working temperature of the HT-PEMFC, water is in the

vapor state (Jiao and Li, 2011); iii) The HT-PEMFC shows

better electrochemical kinetics than the LT-PEMFC; iv)

Waste heat recovery is simpler and more efficient (Zhang

et al., 2006)

- The power generated by PEMFC:

  ∙∙∙ (44)

 ∙

   (45)

The required hydrogen and air for PEMFC can be

estimated (Marandi et al., 2021):

- Mass flow rate of hydrogen:

 
 ∙ 

∙

 ∙

 ∙ 
∙

∙∙
(46)

- Mass flow rate of air:

   ∙∙ ∙  

 ∙

 ∙∙ ∙  

 ∙ ∙
(47)

As heat control of the PEMFC, the heat provided to the

evaporator as:

      (48)

The entire efficiency of PEMFC:

η  
 


(49)

Thus,

   ∙  
∙ 

(50)

The electrcal efficiency of PEMFC can also be estimated by

the actual cell voltage:

η  
 (51)

where 1.25 is the maximum OCV at vapor water product, V

represents the actual cell voltage.

3.5. Model of the Gas Turbine system

The hot gaseous mixture expands as it reaches the gas

turbine after leaving the afterburner, creating useful

mechanical power. The exit temperature can be calculated

using these equations:

   


  
(52)

The isentropic efficiency:

 

  – 


  



  – 


 

(53)

The exergy efficiency:

  

  – 


  


(54)

The energy and exergy efficiency of the SOFC-GT:

Energy efficiency:

  

 


(55)

Exergy efficiency:

   

 


(56)

Air compressor

The process for calculating the gas turbine's isentropic

energy and exergy efficiencies can also be used to

determine the air compressor's isentropic efficiency:

 

  – 


 



   – 


 

(57)

The air compressor's exergy efficiency:

  



  – 


  

(58)

Electric generator

The excess power of electric generator:
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Component Parameter Unit Value

Fuel and

air input

conditions

Temperature of methanol ℃ 25

Pressure of methanol bar 4

Air components 79% N2,

Table 2 The designation parameters of SOFC combined

system

Components Exergy destruction rate

SOFC
 

 
   


   

(67)

Afterburner  
 

 (68)

Gas

Turbine
 

 
  

 (69)

HEX-1  
 

 
 

 (70)

HEX-2  
 

 
 

 (71)

HEX-3  
 

 
 

 (72)

HEX-4  
 

 
 

 (73)

HEX-5  
 

 
 

 (74)

PEMFC
 

 
   


 

(75)

Table 1 Exergy destruction of main components

ORC

turbine
 

 


  (76)
  η  

 (59)

Heat exchangers

The heat exchanger's hot and cold sources are

determined by:

Hot source:

 

        (60)

Cold source:

 

        (61)

3.6. Organic Rankine cycle

For the CV and steady state condition, the ORC’s energy

conservation:

   
   (62)

ORC input energy:

       (63)

ORC net electric power:

    
   

 
(64)

Energy efficiency of the ORC:

     ̇  
    (65)

Exergy efficiency of ORC :

   
    

   (66)

The main components' exergy destruction rates are

determined and displayed in Table 1.

The total energy and exergy efficiencies of combined

system (Al-Hamed and Dincer, 2021)(Gholamian and Zare,

2016)(Meng et al., 2022):

Energy efficiency:

η


  

  (77)

where      is the net power production subtract

consumption of the system:

  
  



 Exp  


  
 

 

(78)

is lower heating value of methanol (kJ/kg)

Exergy efficiency:

     

   (79)

4. Simulation materials

Methanol was proposed to be the fuel for the

SOFC-GT-PEMFC-ORC system, and ASPEN-HYSYS

V12.1 (Aspen Tech, USA), which offers reliable

methodology and a sizable database for computing physical

attributes, was used to model the system. The Aspen

Physical Property System REFPROP function was used in

the simulation. The thermodynamic characteristics of the

stream compositions and operating circumstances for the

SOFC-GT-PEMFC-ORC integrated system's components

were estimated by participating in the the Peng-Robinson

(PR) equation of states

The boundary condition is demonstrated in Table 2

(Ezzat and Dincer, 2020)
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21%O2
Heat exchange minimum

approach temperature
℃ 5

SOFC

Operating Pressure bar 3.9

Operating Temperature ℃ 869.5

Ambient pressure bar 1.013

Ambient temperature ℃ 27

Number of single cells 16523

Fuel cell current density A/m2 1490

Active surface area m2 0.21

Hydrogen stoichiometric 1.2

Oxygen stoichiometric 2

Fuel utilization factor in

SOFC
86%

Anode thickness cm 0.0011

Cathode thickness cm 0.0011

Electrolyte thickness cm 0.003

PEMFC

Operating pressure bar 1.2

Operating temperature ℃ 167.7

Number of single cells 7138

Cell active area m2 0.06

Current density A/m2 4350

Hydrogen stoichiometric 1.2

Oxygen stoichiometric 2

Membrane hydration 24

Membrane thickness cm 0.011

Compressor Isentropic efficiency % 87

Expanders Isentropic efficiency % 90

Converter
DC-AC converter

efficiency
% 98

Pumps Isentropic efficiency % 87

5. Modeling verification

Table 3 presents the modelling results of the designed

model with methanol as the fuel, which were calculated

using this study's proposal and results from the literature

(Duong et al., 2022a). The estimated values correspond to

the data from the literature, and the difference between the

current simulation data and the literature data is kept

within a reasonable range.

Parameter Modelling

Reported

(Duong et

al., 2022a)

Different

(%)

SOFC temperature

(°C)
869.5 857.8 1.36

Gas Turbine inlet

temperature (°C)
1137 1192 4.61

Cell voltage (V) 0.75 0.71 5.6

Current Density

(A/m2)
1490 1430 4.1

SOFC efficiency 57.29 56.8 0.49

Table 3 Comparison between the simulation results from the

suggested integrating model and the equivalent

values from the literature

The suggested system has the capacity to concurrently

power the propulsion system and other electrical devices

while also producing hot water for shipboard crew

members. Subsystem is required because the subsystem

generates 33.32% of the total power of the integrated

system.

6. Results and discussions

6.1. Thermodynamic performances of the system

To accommodate the demands of the primary propulsion

system, auxiliary machinery, maneuvering schedule, and

seafarers, the vessels need 3800 kW of electrical power.

The proposed system's energy efficiency and SOFC fuel

utilization factor were calculated to be 57.29% and 0.83,

respectively. The vessels require 3800 kW of electrical

power to meet the needs of the main propulsion system,

auxiliary equipment, maneuvering schedule, and seafarers’

requirements. Four different power sources, including ORC,

gas turbine, PEMFC and SOFC, are used to contribute of

total output power. The subsystems operate the proposed

system as anticipated because they produce 33.32% to the

total power while the SOFC generates 66.68% of it.

The power produced and consumed by system are

demonstrated in Table 4
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Nod

e

Vapo

r

Fract

ion

Temp.
Pressur

e

Molar

Flow

Liquid

Volum

e

Flow

Mass

Enthalpy

Unit C kPa
kgmol

e/h
m3/h kJ/kg

1 0.00 25.00 403.00 37.07 1.49 -7548.59

2 0.00 25.00 403.00 31.51 1.27 -7548.59

3 0.00 25.00 403.00 5.56 0.22 -7548.59

4 1.00 450.00 396.11 31.51 1.27 -5490.12

5 1.00 147.45 396.11 126.03 4.41 -7559.48

6 1.00 27.00 101.30 450.10 15.01 1.74

7 1.00 189.34 400.00 450.10 15.01 168.59

8 1.00 492.60 396.55 450.10 15.01 495.48

9 1.00 437.71 94.43 605.53 20.40 -376.89

10 1.00 869.55 94.43 587.95 19.52 -376.89

11 1.00 869.55 94.43 558.55 18.54 -376.89

11-1 1.00 869.55 94.43 29.40 0.98 -376.89

12 1.00 1137.13 94.43 547.87 18.01 -376.89

13 1.00 1011.38 58.00 547.87 18.01 -549.93

14 1.00 794.74 51.11 547.87 18.01 -841.42

15 1.00 686.10 16.63 547.87 18.01 -984.12

16 1.00 670.80 9.74 547.87 18.01 -1004.02

17 1.00 495.38 2.84 547.87 18.01 -1228.26

18 0.00 27.00 100.00 63.01 1.14 -15879.19

19 0.00 27.03 420.00 63.01 1.14 -15878.77

20 1.00 250.00 416.55 63.01 1.14 -13002.16

20-1 1.00 250.00 416.55 31.51 0.57 -13002.16

20-2 1.00 250.00 416.55 31.51 0.57 -13002.16

21 1.00 250.00 399.55 5.56 0.22 -5922.04

22 1.00 292.43 399.55 48.19 1.25 -10774.36

23 1.00 292.81 399.55 17.61 0.48 -6334.50

Table 6 The detail properties of each stated node

Component
Power output

(kW)

Power consumption

(kW)

SOFC 3800 -

PEMFC 1152 -

GT 700 -

ORC Turbine 27.41 -

Expander 1 20 -

Air Compressor - 601.8

ORC Pump - 2.796

Water Pump - 0.1338

Table 4 Power generated by main components of system

When considering the full system shown in Tables 3 and

4, the SOFC-GT subsystem can supply the marine

propulsion plant with 4500 kW, or 78.95% of the system's

total power output. The thermodynamic performances of

system are calculated by equations (1) to (79) and

presented in Table 5.

Subsystem Energy efficiency Exergy efficiency

SOFC-GT 68.58 27.89

ORC 13.22 56.87

PEMFC-ORC 46.53 40.89

Total System 76.2 30.3

Table 5 Thermodynamic performances of the systems

It is intriguing to learn that the PEMFC-ORC subsystem

operates with high energy efficiency when part of an

integrated system. PEMFC-ORC is predicted to have an

energy and exergy efficiency of 46.53% and 40.89%,

respectively.

An examination of the exergy degradation rates linked to

the internal thermal processes that take place in the main

system components is shown in Fig 2. The SOFC and gas

turbine have the two largest exergy destruction rates, at

2199 kW and 1631.88 kW, respectively. The gas turbine

may have more room for advancement than other machine

parts, due to the high exergy loss rate. The third

component is the PEMFC, which produces 1189.23 kW of

power. The afterburner follows with a 1125.97 kW power

output. Because of its higher entropy production at lower

temperatures and steady heat transfer rate, the HEX-5

demonstrates the least amount of exergy destructions.

Fig. 2 Exergy desptructions of main components

The thermodynamics properties of each node of the

system are depicted in Table 6.
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24 1.00 155.81 120.00 17.61 0.48 -7269.58

25 1.00 28.00 140.00 152.90 5.10 2.65

26 1.00 47.60 120.00 179.41 5.87 -122.13

27 1.00 167.74 120.00 169.19 5.51 -122.13

28 1.00 34.41 113.11 169.19 5.51 -271.55

31 1.00 115.00 3010.53 30.00 2.99 -6567.87

32 0.96 34.92 480.00 30.00 2.99 -6591.97

33 0.00 32.00 445.53 30.00 2.99 -6734.13

34 0.00 34.25 3045.00 30.00 2.99 -6731.67

35 0.00 22.00 100.00 800.00 14.44 -15900.76

36 0.00 31.36 93.11 800.00 14.44 -15860.38

6.2. Effect of -parameter

Fig. 3 Influence of -parameter to the power generation

The -parameter is defined as the ratio of methanol

supplied to the H2 generation and PEMFC systems to the

total amount of methanol provided to entire system

  


. The -parameter was set to 0.14 in the

simulation's basic scenario, which is adequate to drive the

PEMFC system and produce 1152 kW of output power for

the entire system. The entire energy and exergy efficiency

of the system reduces as the ratio rises from 0 to 0.4. Fig 3

shows how the system's primary power generation

components, including the PEMFC, change their power

output in response to various values of the parameter.

According to Fig 3, when the ratio increased from 0 to

0.4, the SOFC power reduced from 4256.07 to 2688.74 kW

while the PEMFC output power grew from 950.78 to

1604.85 kW. As a result, the total output power generated

by the system decreased from 6018.25 to 4991.98 kW. It can

be explained by the fact that the mass flow rates of

hydrogen to PEMFC and SOFC are diverging, respectively.

Additionally, it has led to the alteration of waste heat

recovery systems and parts in compliance with SOFC and

PEMFC. The output of GT decreases as SOFC exhaust gas

reduction increases, and vice versa. As demonstrated in

equations (77) and (78), the energy efficiency of system is

effected by power generation and power consumption of

system. So,  parameter increased from 0.05 to 0.4 resulted

to decrease energy efficiency of SOFC-GT and

PEMFC-ORC subsystem from 70.23 to 68.58% and 46.62 to

46.38%, respectively.

Figs 4 illustrate influences of  parameter to the exergy

performances of entire system and subsystems.

Fig. 4 Influence of  parameter to exergy efficiency of the

system

As the  parameter grows, it becomes slightly less

exerrgetic. This is a result of the devices' reduced power

output, especially for SOFC and GT, as depicted in Fig 3.

However, as seen in Fig 4, some component exergy rose as

the parameters increased. The exergy of SOFC-GT is

reduced from 31.71% to 26.30% with an increase of from 0

to 0.4, whereas the exergy efficiency of PEMFC is

marginally enhanced from 42.87% to 42.65%.

7. Conclusions

Methanol is used as the primary fuel in a system that

incorporates SOFC-GT-PEMFC-ORC to provide electricity

for the ship’s primary propulsion system and harvest

high-temperature exhaust heat from SOFCs to generate

surplus electricity for start-up, maneuvering, and

accommodating seafarers. The designated multigenerational

energy system intends to provide marine vessels with

alternative, environmentally sound options by utilizing
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renewable, sulfur-free, and low-carbon fuels in power

plants. Energy and exergy assessments as well as thorough

parametric research were carried out to evaluate the

proposed system's performance and energy harvesting. The

following are some of the study's most crucial conclusions:

- This study suggested a brand-new integrated system

for use in marine vessels that will get through the main

obstacle to SOFC application during start-up and

maneuvering. In comparison to SOFC stand-alone systems,

the integrated system increases 18.91% of efficiency, the

total energy and exergy performance was calculated to be

76.02% and 30.3%, respectively. The system received 1880.3

kW from the GT-PEMFC-ORC, or accounted for 33.1% of

the system's total power supply.

- The SOFC power was reduced from 4256.07 to 2688.74

kW when the mathanol distribution ratio () was ranged

from 0.05 to 0.4, and the PEMFC output power grew from

950.78 to 1604.85 kW. The system's energy efficiency has

marginally decreased from 31.71% to 26.3%.
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