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Abstract

:

A novel maritime power system that uses methanol solid oxide fuel cells (SOFCs) to power marine vessels in an eco-friendly manner is proposed. The SOFCs, gas turbine (GT), steam Rankine cycle (SRC), proton exchange membrane fuel cells (PEMFCs), and organic Rankine cycle (ORC) were integrated together to generate useful energy and harvest wasted heat. The system supplies the exhaust heat from the SOFCs to the methanol dissociation unit for hydrogen production, whereas the heat exchangers and SRC recover the remaining waste heat to produce useful electricity. Mathematical models were established, and the thermodynamic efficiencies of the system were evaluated. The first and second laws of thermodynamics were used to construct the dynamic behavior of the system. Furthermore, the exergy destruction of all the subsystems was estimated. The thermodynamic performances of the main subsystem and entire system were evaluated to be 77.75% and 44.71% for the energy and exergy efficiencies, respectively. With a hydrogen distribution ratio of β = 0.12, the PEMFCs can generate 432.893 kW for the propulsion plant of the target vessel. This is also important for the rapid adaptation of the vessel’s needs for power generation, especially during start-up and maneuvering. A comprehensive parametric analysis was performed to examine the influence of changing current densities in the SOFCs, as well as the influence of the hydrogen distribution ratio and hydrogen storage ratio on the operational performance of the proposed systems. Increasing the hydrogen storage ratio (φ = 0–0.5) reduces the PEMFCs power output, but the energy efficiency and exergy efficiency of the PEMFC-ORC subsystem increased by 2.29% and 1.39%, respectively.
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1. Introduction


Maritime transport is the most energy-efficient method of shipping goods, accounting for 80% by volume and over 70% by value of international trade [1,2]. Without intervention, the commercial marine shipping industry is likely to increase its emissions, which significantly contribute to global air pollution [3]. To overcome this challenge, the International Maritime Organization (IMO) has initiated numerous guidelines and standards to limit greenhouse gas emissions (GHGs) and manage airborne pollutants. MARPOL Annex VI reduced the maximum permissible content of sulfur for marine fuel from 3.5% to 0.5%, effective from 1 January 2020 [4,5]. The IMO Initial Strategy aimed to cut down carbon dioxide (CO2) emission from maritime transportation by at least 40% by 2030 and the overall annually GHG emissions by at least 50% by 2050 compared to 2008 [6,7]. The guidelines and goals have encouraged the use of innovative technology, sustainable fuel sources, and alternative fuels with permissible carbon emissions for global maritime commerce. Due to its high heating value and renewability, hydrogen has performed as a flexible and environmentally friendly substitute for meeting rising energy demands. Hydrogen can be used extensively in internal combustion engines (ICE), fuel cells, and gas turbines to generate electricity [8]. Hydrogen as a fuel eliminates harmful emissions, including unburned hydrocarbons, aromatic compounds, soot, sulfur oxides, and smoke [9]. However, due to its high volumetric density, its storage and transportation requirements must be carefully considered, especially when hydrogen is used for marine vessels, which requires a large storage volume and a shorter distance for transport [10]. This is the biggest disadvantage of the use of hydrogen in vessels, and there is a need for alternative fuel as a hydrogen carrier. Recently, developments have demonstrated that methanol, as a hydrogen source with high hydrogen content, is a potential and promising ship fuel for reducing SOx and CO2 emissions, resulting in minimal climate change and green shipping targets [11].



Methanol (CH3OH) is a colorless, clear liquid that is flammable, volatile, and has an alcoholic smell. Methanol is known for its toxicity and as a polar organic solvent. However, according to a study by Adamson et al. [12], methanol is still recommended for its high level of safety when compared to other hydrogen carriers and fuels. Methanol is easy to handle in its liquid form and has the following properties: a boiling point of 64.7 °C, high energy density, a high octane rating [13], and is environmentally beneficial [14]. In addition, at normal conditions, methanol is simple to store and recharge and safe to handle [15,16]. Therefore, methanol is a viable fuel candidate for internal combustion engines and other maritime applications, such as fuel cells [17]. Renewable liquid methanol is a potential fuel for fuel cells due to its high volumetric energy density and low cost.



There are several kinds of fuel cells, and each individual kind has its own fuel, cost, application, and efficiency characteristics. Due to having benefits over ICEs, including high efficiency, reduced noise, less air pollution emissions, and greater efficiencies, researchers and manufacturers are currently investigating methanol connected to fuel cells. Depending on the type and operating temperature of the fuel cells, a reformer can either supply methanol to the fuel cells directly or indirectly. The two most common kinds of fuel cells, which could be fitted with methanol systems, are SOFCs and PEMFCs. There are only a few experimental reports for other forms of fuel cells, including those with alkaline and alkaline membranes, that are currently being developed [7]. Due to its molecular characteristics, methanol can be reformed at a lower temperature (around 250 °C) than other fuel sources [18]. PEMFCs require pure hydrogen [19,20,21,22,23] (indirectly using methanol by reforming), whereas SOFCs can use methanol directly [24,25]. Because methanol has great potential to be combined with SOFCs and PEMFCs, there are numerous studies on methanol as a fuel and its application in marine fuel cells.



Laosiripojana et al. [26] experimented with the methanol-reforming process in a SOFC system with a CeO2 surface area. They demonstrated that 100% methanol will be decomposed at an operating temperature of 850 °C, with no evidence of carbon on the surface area. Methanol is strongly recommended as a hydrogen alternative fuel for SOFC, and CeO2 (HAS) is the preferred catalyst for direct methanol SOFCs. Haseltalab et al. [27] conducted an initial study on the energy management issue of SOFC-based propulsion systems for marine vessels. They presented that, compared to classical diesel-electric propulsion, the suggested integrated SOFC system can reduce CO2 emissions by 53% and increase fuel utilization efficiency by 21%. SOFCs demonstrate great application potential for marine vessels, owing to high energy efficiency, environmental friendliness, and adaptability to a broad range of fuels. Xu et al. [28] proposed and evaluated a methanol SOFC system, constructed a two-dimensional model to simulate the methanol decomposition process, and demonstrated that, at operating conditions of 0.55 V, 1703 K, and the same molar flow of the feed stream and methanol, the peak power density was 10,220 Wm−2. The increase in temperature from 898 to 1173 K dramatically improves power output as a result of increased exhaust gas flow rates, increased ion conduction by the electrolyte, and the increased electrochemical reaction kinetics of the electrodes. Zhou et al. [29] optimized the 30 kW SOFC integrated system with methanol as the fuel and concluded that the electrical and thermoelectric efficiencies obtained were 54% and 88.8%, respectively, under the operating conditions. Methanol as fuel is more practical than methane (CH4) due to its improved reforming water recycle (RWR) performance. Zhang et al. [30] investigated Cu–Ce0.8La0.1Sm0.1O2-δ and Cu–Ce0.8Nd0.1Sm0.1O2-δ as a material for the anode of a methanol SOFC and reported that, at 650 °C, 2.1  ×  10−5 cm·s−1 of the exchange coefficient of the oxygen surface, 2.2  ×  10−5 cm2·s−1 for the oxygen chemical coefficient was obtained. The increased oxygen activity in the support encourages the use of Cu-based cermet anodes within the IT range. Duong et al. [31] designed SOFCs for a combined system in a ship and showed that the energy efficiency of the integrating system expanded by 10.59% over the SOFCs electrical efficiency. SOFCs are promising for ship propulsion, but their high operating temperature requires a longer start-up and preparation period. Herdem et al. [32] modeled a high-temperature PEMFC (HT-PEMFC) system with methanol as the fuel and discovered that increasing the molar ratio of CO in reformate gas in a low steam-to-carbon ratio gave a high temperature in the reformer. At a higher hydrogen utilization value, the heat generated from the cell stacks significantly decreased. Additionally, at a 0.8 fuel utilization factor, under 180 °C of cell temperature, and a consumption of 5.2 kg of fuel over 20 h, the PEMFCs can generate 350 kW of power. Wang et al. [33] performed an exergy evaluation of a methanol PEMFC system and showed that the heat exchanger and catalytic reformer are the devices that lose the most exergy, with ratios of 25.03% and 24.95%, respectively. The optimal water to methanol and air to methanol ratios were found to be between 1.5–2.0 and 1.5, respectively.



In order to increase the efficiency of the fuel cells in a combined system, it would be ideal for the hydrogen to be extracted from methanol using waste heat from the SOFCs, with the pressure swing adsorption producing pure hydrogen to supply to the PEMFCs. This would mean that methanol SOFCs could be used as the main power supply for the system, and the waste heat from its exhaust gas could be reused as the heat source for methanol-reforming and the purification system, which would provide additional hydrogen for the PEMFCs and the hydrogen storage tank. The combination of SOFCs and PEMFCs in an integrated power generation system has particular significance for maritime vessels that require rapid response during start-up and maneuvering regimes and constant power during seagoing regimes. Owing to the low operating temperature of the PEMFCs, the hydrogen storage and PEMFC system could immediately generate power for the propulsion plant, whereas for SOFCs, which operate at a higher temperature, this would utilized primarily in stable seagoing conditions. This study proposed and evaluated a novel combined system using SOFC-PEMFC-GT and waste heat recovery cycles, which utilize methanol as a marine-specific fuel. The specific targets of this research are listed below.



	-

	
To design and analyze the integrated system with multiple generations of various useful outputs;




	-

	
To investigate the thermodynamic aspects of the whole suggested system;




	-

	
To implement parametric studies to estimate the reaction of the power plant and subsystem under a variety of influencing factors.







The following are the novel aspects of this study.



	-

	
The use of methanol as a potential hydrogen carrier for marine applications;




	-

	
The innovation and design of a novel integration system called SOFC-GT-SRC-PEMFC-ORC, which is targeted for use in the existing marine vessel;




	-

	
The comprehensive analysis of a methanol-reforming and purifying system using thermodynamic laws;




	-

	
The designation of an exhaust heat recovery system for improving the system efficiency;




	-

	
The application of the novel combined system in marine vessels to solve current matters surrounding fuel cells for vessels.







The remaining seven sections of this study are structured as follows: Section 2 presents the proposed integrated system and provides background information on methanol SOFCs and energy production systems. Section 3 provides a thermodynamic evaluation of the proposed system and a model for calculating the energy and exergy of each subsystem and the major components. Section 4 describes the assumptions, methodology, and simulation input parameters. Section 5 describes the model verification. Section 6 includes the parametric analysis and effects of the key system parameters on operational performance. Lastly, Section 7 gives the conclusion of the paper.




2. System Description


The proposed integrated system is designed for a 3800 kW cargo vessel that uses methanol as fuel. The configuration of the target vessel is presented in Table 1. The referenced vessel type employs an electric propulsion system with methanol as fuel. Figure 1 presents a schematic diagram of the system. SOFCs are identified as the main power generation of the propulsion plant. The recovery of exhaust heat from the SOFCs to generate beneficial work is the fundamental principle behind the term “integrated system” (electricity). The PEMFCs provide a supplementary power source that provides additional power to the system, particularly during maneuvering and loading/unloading. The SRC recovers exhaust heat from the SOFCs and transfers it into the operating steam cycle via the heat exchanger. The remaining exhaust heat is applied as a hot source for the subsystems of methanol-reforming and hydrogen purification. In this system, the HT-PEMFC is chosen to generate surplus energy from pure hydrogen. The tri-ethylene glycol is utilized as a cooling oil for the HT-PEMFC. The organic Rankine cycle (ORC) absorbs heat from the HT-cooling of the oil from the PEMFCs and transfers it to the ORC working fluid. Their expander devices generate electricity for these processes.



Figure 2 depicts the design specifics of the designed methanol SOFC-GT-SRC-PEMFC-ORC combined system. The methanol is supplied to the SOFC-PEMFC waste heat recovery integrated system through a fuel gas supply system (FGSS). Before providing methanol to the SOFC and PEMFC, a methanol-reforming system first heats and reforms the methanol. After the electrochemical reaction in the SOFCs, the exhaust gas is completely combusted in the afterburner. The heat generated by those processes boosts the temperature of the exhaust gases. The exhaust gas is subsequently used to generate additional energy in the GT and Rankine cycles. Therefore, waste heat from the SOFCs is utilized and transferred by a series of regenerations. Below is a description of the cycles’ essential components and operating principles.



As illustrated in Figure 2, the methanol fuel pump is designed to increase pressure in preparation for the methanol-reforming system. The fuel is then supplied to the heat exchanger, HEX-9, in order to recover the waste heat from the PEMFCs cooling oil and preheat the liquid methanol. An aqueous methanol solution is heated to the superheated temperature in the HEX-5. In parallel, the fresh water from the tank is heated by HEX-4 and pressurized by a water pump before being supplied to the methanol-reformer devices. The vapor mixture enters the reformer, where it undergoes chemical reactions to produce hydrogen. The heat required for the reaction and evaporation is provided by the waste heat from the SOFCs. Following the reformer, the produced gas contains hydrogen as well as incompletely reacted methanol gas, CO, CO2, and water vapor. Using pressure swing adsorption (PSA), the pure hydrogen is extracted from the split gas mixture, whereas the residual CO and CO2 are separated and released. The separated hydrogen is sent to the three-way control valve, which is used to adjust the amount of hydrogen supplied to the SOFCs and PEMFCs. The distribution ratio of hydrogen to the PEMFCs is set to 0.12 in the base case.



SOFC system: first, two heat exchangers use the exhaust heat from the SOFCs to pre-heat the compressed air and hydrogen in series. As a result, the compressed air and hydrogen can obtain the required input temperature for the SOFCs. After preheating, the SOFCs undergo reformation and electrochemical processes. In addition to generating considerable heat, these reactions also produce electricity (by transforming chemical energy into electrical energy). The DC electricity is then converted into AC before being sent to the electrical power system in the vessel.



SRC: The waste heat from the SOFCs can be harvested using heat exchangers, such as HEX-3. The SRC pump initially increases the water pressure in the SRC. The fluid proceeds to the heat exchanger, HEX-3, where its temperature increases. The reversible heat pump is then powered by high-pressured steam (stream 25), which is depressurized in the expander to generate additional electrical energy. The heat exchanger HEX-6 condenses and transfers the heat to the new cooling water from the saturated water mixture (stream 26). This water, with a temperature of 68.06 °C, will be used to accommodate the sailors onboard the ship.



The methanol-reforming and hydrogen purifying system: In the reformer, a methanol–water mixture can be transformed to reformate gas with the participation of catalysts. The two most common catalysts for methanol steam reforming are metal-based and copper-based [34]. In this research, a CuZn base, which is highly active at low temperatures and relatively inexpensive, was considered as the catalyst. After being reformed from methanol, the production gas, which includes of CO, CO2, hydrogen, and water vapor, is supplied to the PSA, where pure hydrogen is separated from the other produced gases.



PEMFC system: The generated pure hydrogen (stream 30-1) is provided to the HT-PEMFC subsystem, whereas the surplus hydrogen (stream 30-2) supplies the hydrogen storage tank. During system startup, the hydrogen tank can be used to supply the system with hydrogen. The pressure regulators between the hydrogen tank and PEMFCs can be altered based on the operational conditions of the fuel cells. Hydrogen is extracted from the reforming and purification system (stream 7) under high pressure and temperature. Thus, the expender is designed to regulate the pressure and temperature of the hydrogen being provided to the HT-PEMFC. The unreacted hydrogen, after PEMFC (stream 33), is also recovered and reused to improve system efficiency. A compressor and heat exchanger heat and pressurize the ambient air to stack the operating temperatures. The heat exchanger receives the generated water and unreacted air, heating the intake gas. The HT-PEMFC stack produces heat and electricity during its operation. The waste heat recovery subsystem of the ORC receives heat transfer oil, which transfers heat from the stack (HEX-7). The organic working fluid is vaporized by absorbing heat from the cooling oil in the evaporator. The superheated stream from the organic working fluid (stream 37) provides the expander and drives it to produce electricity. Before entering the ORC pump, the working fluid is condensed in the condenser, HEX-8. Before entering the cycle, the working fluid is pressurized to the required pressure of the ORC pump.




3. Thermodynamic Model


3.1. Equations for Thermodynamic Balance


The equations for thermodynamic balance used in the integrated systems, such as the balance of mass and energy, entropy, and exergy destruction rate, are covered in this section. Using the techniques for examining energetic and exergetic efficiency, comprehensive modeling and analysis of the thermodynamics was conducted. In addition, some considerations for the thermodynamic evaluation are provided. Here are the assumptions underlying the presented model:




	
The entire system is anticipated to perform under steady-state circumstances;



	
The variations in kinetic and potential energy are negligible;



	
It is assumed that no heat is lost to the environment through the pipe connections;



	
The pipeline pressure drops are not taken into consideration.








Mass balance equation:



The four equilibrium equations, including mass, energy, entropy, and exergy, under steady-state conditions, are made and discussed. Consider a thermodynamically modeled component to be a control volume (CV). There is no mass change in the CV under a steady-state [35,36]:


    ∑   i n     m ˙   i n   =   ∑   o u t     m ˙   o u t    



(1)






    ∑   i n     m ˙   i n   −   ∑   o u t     m ˙   o u t   =   d  m  C V     d t   = 0  



(2)




where    m ˙    is the mass flow rate. Total mass flow rates into and out of a control volume are subtracted to determine mass variation in CV.



	-

	
Equations for energy balance:







Energy conservation is built upon the first law of thermodynamics [37]:


    ∑   i n     m ˙   i n    h  i n   +   Q ˙   i n   +   W ˙   i n   =   ∑   o u t     m ˙   o u t    h  o u t   +   Q ˙   o u t   +   W ˙   o u t    



(3)






   Q ˙  −  W ˙  +   ∑   i n     m ˙   i n      h  i n   +    V  i n  2   2  + g  Z  i n     −   ∑   o u t     m ˙   o u t      h  o u t      V  o u t  2   2  + g  Z  o u t     = 0  



(4)




where    Q ˙  ,     W ˙  , and   h   represent the rate of heat transfer, mechanical power, and specific enthalpy, respectively.



The precise kinetic and potential energy connected to the “enter” and “leave” mass flow rates were ignored and thought to be insignificant in this thermodynamic analysis [35]:


    Q ˙   i n   +   ∑   i n     m ˙   i n      h  i n     =   W ˙   o u t   +   ∑   o u t     m ˙   o u t      h  o u t      



(5)







	-

	
Equations for entropy and exergy balance:







The equations for the entropy and energy balances were assessed using the second law of thermodynamics. In a CV, the rate of entropy change is zero under steady-state circumstances.


    ∑   i n     m ˙   i n    S  i n   + ∑ (   Q ˙  T  ) +   S ˙   g e n   =   ∑   o u t     m ˙   o u t    S  o u t    



(6)






    ∑  k      Q ˙  k     T k    +   ∑   i n     m ˙   i n      s  i n     +   S ˙   g e n   −   ∑   o u t     m ˙   o u t      s  o u t     =   d  S  C V     d t   = 0  



(7)




or


    ∑  k      Q ˙  k     T k    +   ∑   i n     m ˙   i n      s  i n     +   S ˙   g e n   =   ∑   o u t     m ˙   o u t      s  o u t      



(8)




where s, T, and     S ˙   g e n     represent specific entropy, temperature ( ℃ ), and entropy of process, respectively.



In the control volume, the exergy rate of change is zero under steady-state conditions.


    ∑  k  ( 1 −    T 0     T k    )   Q ˙  k  −   W ˙   o u t   +   ∑   i n     m ˙   i n     e  x  i n     −   ∑   o u t     m ˙   o u t     e  x  o u t     −     E x  ˙    d e s t   =   d E  x  C V     d t   = 0  



(9)






    ∑  k  ( 1 −    T 0     T k    )   Q ˙  k  +   ∑   i n     m ˙   i n     e  x  i n     =   ∑   o u t     m ˙   o u t     e  x  o u t     +   W ˙   o u t   +     E x  ˙    d e s t    



(10)







	-

	
Exergy destruction rate and specific exergy:







The entropy production rate can be used to compute the exergy destruction rate for each CV or component.


   E ˙   x  d e s t   =  T 0    S ˙   g e n    



(11)







Here,    T 0  ,       E x  ˙    d e s t    , and   e x   denote the ambient temperature ( ℃ ), exergy destruction rate, and specific exergy, respectively. The total of the physical, chemical, kinetic, and potential exergy is used to determine the specific exergy values:


  e  x j  = e  x j  p h   + e  x j  c h   + e  x j  k e   + e  x j  p e    



(12)







The kinetic and potential exergy in this thermodynamic analysis were found to be insignificant and were therefore disregarded. An ideal gas mixture-specific weighted average method was used to determine the specific enthalpy and entropy of the SOFC exhaust gases.


  e  x j  = e  x j  p h   + e  x j  c h    



(13)







The physical exergy in this equation can be calculated as:


  e  x j  p h   =    h j  −  h 0    −  T 0     s j  −  s 0     



(14)







The chemical exergy will be predicted by:


  e  x j  c h   =   ∑  k   x  k     ( e  x j  c h   − R  T 0   x k  ln    x k    )  



(15)




where    x k  ,   R  , and   e  x j  c h     present the mass ratio, gas constant, and specific exergy, respectively.




3.2. Methanol Steam Reforming


As fuel cells work primarily with hydrogen and oxygen, it is necessary to install a methanol steam-reforming system for methanol PEMFCs. Hydrogen will be produced in this system by heating, reforming, and reacting the aqueous and methanol methods together. The principal chemical reaction can be summed up as follows:




	-

	
Endothermic reaction:











    CH  3  OH +      H   2   O    →   CO  2  + 3  H 2    Δ  H  298.15   = + 49.4    kJ  / mol  



(16)







	-

	
Decomposing reaction of methanol (to produce hydrogen):








     CH  3  OH → CO + 2  H 2    Δ  H  298.15   = + 90.5    kJ  / mol   



(17)





	-

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








   CO +      H   2  O →   CO  2  +  H 2    Δ  H  298.15   = − 41.1    kJ  / mol   



(18)





The catalyst is employed to speed up the reactions and ensure the direction and processing of the reaction as well. In this case, CuO/ZrO2 is selected [38,39].



Environmental indices are primarily influenced by CO and CO2. The environmental assessment indicator, which is the system’s carbon mass specific emission, is the sum of CO and CO2 released during the system’s generation in addition to its electric output (MSE) [40,41]:


  M S E =   3600       m ˙   C O   +   m ˙   C O 2        W  n e t      



(19)







After reforming, hydrogen is provided to the anode of the fuel cells and oxygen to the cathode. The anode and cathode chemical reaction can be summarized:


   H 2  → 2  H +  + 2  e −   



(20)






   O 2  + 4  H +  + 4  e −  → 2  H 2  O  



(21)







The overall reaction in the fuel cells is:


  2  H 2  +  O 2    → 2  H 2  O  



(22)







In order to obtain thermodynamic equilibrium, the governing process, Gibbs energy, will be minimized in the methanol stream reformer [42,43,44]:


    ( Δ  G  s y s t e m   )   T , P   = 0  



(23)







In this case, the system’s Gibbs energy is equal to the total of chemical species’ moles,  i , for the appropriate specific Gibbs energy:


   G  s y s t e m   = ∑  n i    g ¯  i   



(24)







The activity of a species is the ratio of its fugacity in the system to its fugacity at the standard temperature and pressure (STP) for actual gases:


    g ¯  i  =   g ¯   f i  0  + R T   l n    f i     f i 0     



(25)







Gibbs free energy [45] can be estimated by:


   G  s y s t e m   =   ( ∑  n i  [   g ¯   f i  0  + R T ln    y i  P   ] )   g a s   +   ( ∑  n i    g ¯   f i  0  )   c o n d e n s e d    



(26)






  m i  n  n j     (  G  M S R   )   T , p   = m i  n  n j       ∑   j = 1  k   n j    G ¯  j      ∑   j = 1  k   n j  (   G j 0  + R T l n     f ¯  j     f j 0     )  



(27)







Due to the conversion of atomic species:


    ∑   j = 1  k   n j   a  j , d   =  b d    f o r   1 ≤ d ≤ D .  



(28)







The production of hydrogen can be estimated as:


   y   H 2    =     F ˙    H 2  , o u t       F ˙   M e t h a n o l ,   o u t     ×  1 3  × 100 %  



(29)







As the reformer and the needed heat for the reforming process are recovered by the exhaust gas from the SOFCs, which is higher than 200 °C, the hydrogen yield of the methanol stream reformate is larger than 95% for the overall process [39].




3.3. Model of the SOFC


There are two kinds of SOFC systems: oxygen-ion-conducting electrolytes (SOFC-O) and proton-conducting electrolytes (SOFC-H) [46]. For the SOFC-H, a proton-conducting ceramic electrolyte, such as barium cerate, is preferable, whereas for the SOFC-O, oxygen ion-conducting electrolytes, such as YSZ or SDC, are needed.



Fuel and air utilization ratio



The utilization of methanol can be estimated based on the absolute supply and reaction of the methanol, or the amount of counterpart hydrogen [29]:


   U  f − f   =     ( F u e l )   r e a c t e d         ( F u e l )   p r o v i d e     =     (  H 2  )   r e a c t e d       (  H 2  )   p r o v i d e      



(30)







The air utilization:


   U  f − a i r   =     ( A i r )   r e a c t e d         ( A i r )   p r o v i d e     =     (  O 2  )   r e a c t e d       (  O 2  )   p r o v i d e      



(31)







The amount of oxygen flow supplied to the cathode can be estimated via the power generated by the SOFCs, (   P  S O F C   ) ,   divided by the number of transfer electrons, (  n )  , and SOFC voltage and Faraday constant 96.458 (  F )  , given by:


   f  S O F C ,  O 2    =    P  S O F C      U  S O F C     · n   · F         mol   min      



(32)






   q  f u e l   =   i   ·    N  C e l l     ·  A  C e l l        U  f     · n   · F         mol  s     



(33)







The hydrogen flow provided to the anode is estimated via the main reaction of hydrogen and oxygen in the SOFC:


   f  S O F C ,    H 2    = 2 ·    f  S O F C ,    O 2          mol   min      



(34)







The SOFC system’s net power output is also computed using the component stack [47,48,49]:


   W  s t a c k   = i · A ·  V c   η  D A    



(35)




where   i ,  η  D A   ,  V c    ,    and    A   are the current density (A/m2), converter efficiency, actual voltage (V), and the surface area (m2), respectively [48,50].


   V c  =  V R  −  V  l o s s    



(36)




where    V R    is cell ideal reversible voltage, therefore:


   V  l o s s   =  V  o h m   +  V  a c t   +  V  c o n    



(37)







In this expression,    V  o h m   ,    V  c o n   ,   and    V  a c t     are the losses of ohmic (V), concentration (V), and activation (V), respectively.


   V  o h m   =  V  o h m , a   +  V  o h m , c   +  V  o h m , e   +  V  o h m , i n t    



(38)






   V  o h m , a   =   i  ρ a    ( A · π ·  D  m )     8 ·    t a     



(39)






   V  o h m , c   =   i  ρ c      ( A · π ·  D m  )  2    8 ·    t c      A ·     A + 2   1 − A − B      



(40)






   V  o h m , e   = i  ρ a   t e   



(41)






   V  o h m , i n t   = i ·    ρ  i n t   · π ·    D m     t  i n t      w  i n t      



(42)






   V  a c t   =   2 R T   F ·    n e      A r c s i n h      i  2  i  0 , k        



(43)






   V  c o n   =   R T   2 F     l n     1 −  i   i  L ,  H 2        1 +  i   i  L ,  O 2          +   R T   2 F     l n    1  1 −  i   i  L ,  O 2           



(44)







Moreover, the I–V curve is also employed to define the actual voltage of the SOFC [35,51,52,53,54,55].



Alternatively, the fuel cell’s energy efficiency can be computed as:


   η  e n ,   S O F C   =     W ˙   e l e c t , S O F C       m ˙  6   h 6  +   m ˙   a i r    h  a i r   −   m ˙   12    h  12      



(45)







Or [48,56]:


   η  e n , S O F C   =     W ˙   S O F C       m ˙  6  L H  V  f u e l _ 6      



(46)




where     m ˙  6    denotes the mass flow rate of hydrogen when entering the SOFC system (kg/h), and   L H  V  f u e l _ 6     represents the low heating value of hydrogen (KJ/kg).




3.4. Model of PEMFC


The PEMFC represents a promising power generation device for maritime application owing to its high power density, low emissions, environmental friendliness, low maintenance, and smooth and silent operation [39]. According to overall working performance, PEMFCs can be divided into two primary types: high-temperature PEMFCs (HT-PEMFCs) and low-temperature PEMFCs (LT-PEMFCs) [57,58,59,60]. Compared to LT-PEMFCs, HT-PEMFCs, which typically operate between 120–200 °C, exhibit superior waste heat and CO tolerance [61,62] and are more suitable for energy conversion devices [63]. As water management and pure hydrogen quality are the most important issues for PEMFCs, the current research focuses on HT-PEMFCs own characteristics. The reasons for selecting HT-PEMFCs [32] mainly include: (i) HT-PEMFCs require a lower quality of hydrogen than LT-PEMFCs; approximately 3% CO gas can be tolerated in HT-PEMFCs [64]; (ii) water is in the vapor phase at the high working temperature in HT-PEMFCs, thus, it is not an issue [65]; (iii) compared to LT-PEMFCs, HT-PEMFCs have faster electrochemical kinetics; iv) HT-PEMFCs are easier and more effective at recovering waste heat [66].



The power generated by PEMFC can be estimated via variable output cell voltage, current density and number of cells:


   W  s t a c k ,   P E M F C   =  N  c e l l     ·    V  c e l l     · i   ·    A  c e l l    



(47)






   Q  s t a c k ,   P E M F C   =  W  s t a c k ,   P E M F C     ·        V  r e v   −  V  a v e        V  a v e      



(48)







The supplied hydrogen and air for PEMFCs can be calculated [67] as:




	-

	
Mass flow rate of hydrogen:











    m ˙    H 2  ,   P E M F C   =  λ  a n o d e     ·    M   H 2      ·      N  c e l l     · i   2 F   =  λ  a n o d e     ·    M   H 2      ·      N  c e l l     ·  A  c e l l     · i   2 F    



(49)







	-

	
Mass flow rate of air:








     m ˙   a i r ,   P E M F C   =  λ  c a t h o d e     ·    M  a i r     ·      N  c e l l     · i   4 F   ·    g   O 2      =  λ  c a t h o d e     ·    M  a i r     ·      N  c e l l     ·  A  c e l l     · i   4 F   ·    g   O 2        



(50)





As for management of heat in PEMFCs, the heat supplied to the evaporator is:


   Q  e v a p o r a t o r   =  Q  s t a c k   −  Q  r e a c t i o n   −  Q  s u p e r c r i t i c a l    



(51)







The overall efficiency of PEMFCs can be calculated by:


   η  P E M F C   =     W ˙   P E M F C       m ˙    H 2      L H  V   H 2       



(52)







Thus,


    W ˙   P E M F C   =  η  P E M F C     ·       m  ˙     H 2      ·   L H  V   H 2     



(53)







The actual energy produced can also be used to calculate the electrical efficiency of PEMFCs:


   η  c e l l   =  V  1.25    



(54)




where 1.25 stands for the maximum open circuit voltage for the vapor-water product, and V is the actual cell voltage.




3.5. Model of Gas Turbine System


After being completely reacted in the afterburner, the exhaust gas supplies the gas turbine, where it expands and produces useful mechanical power. The following equations are employed to calculate the exit temperature:


   T  o u t   =  T  i n       ( P R )       k − 1    k     



(55)




in which,   P R =    P  i n      P  o u t       and   k =     ∑  i   y i        C ¯  ˙    p , i       ∑  i   y i    C ¯   v , i      



Isentropic efficiency:


   η  s , T   =     ∑  i    (   n ˙  i    h ¯  i  )   i n     –     ∑  i    (   n ˙  i    h ¯  i  )   o u t         ∑  i    (   n ˙  i    h ¯  i  )   i n     –     ∑  i    (   n ˙  i    h ¯  i  )   s ,   o u t        



(56)







Exergy efficiency:


  ψ    T  =     W ˙  T      ∑  i    (   n ˙  i      e x  ¯   i  )   i n     –     ∑  i    (   n ˙  i      e x  ¯   i  )     o u t        



(57)







The energy and exergy efficiencies of the SOFC-GT subsystem:




	-

	
Energy efficiency:











   η  e n , S O F C , G T   =     W ˙   S O F C   +   W ˙   G T       m ˙  6    L H  V  f u e l _ 6      



(58)







	-

	
Exergy efficiency:








    η  e x , S O F C , G T   =     W ˙   S O F C   +   W ˙   G T       m ˙  6    e  x  f u e l _ 6       



(59)





Air compressor



The process for determining the gas turbine’s isentropic energy and exergy efficiencies is employed for determining air compressor’s isentropic efficiency:


   η  e n , C o m p r e s s o r   =     ∑  i  (   n ˙  i    h ¯  i  ) s  ,  o u t     –     ∑  i    (   n ˙  i    h ¯  i  )   i n         ∑  i    (   n ˙  i    h ¯  i  )   o u t     –     ∑  i    (   n ˙  i    h ¯  i  )   i n      



(60)







The air compressor’s exergy efficiency:


   η  e x , C o m p r e s s o r   =     ∑  i    (   n ˙  i      e x  ¯   i  )   i n     –     ∑  i    (   n ˙  i      e x  ¯   i  )     o u t         W ˙   C      



(61)







Electric generator



The excess power of electric generator:


    W ˙  G  =  η G        W ˙  T  −   W ˙  C     



(62)







Heat exchangers



The heat exchanger’s hot and cold streams are determined by:




	-

	
Hot stream (exhaust gas):











     Q ˙  =   ∑  i    (   n ˙  i    c ¯   p , i   )  h       T  h , i n   −  T  h , o u t      



(63)







	-

	
Cold stream (fuel or air supply):








    Q ˙  =   ∑  i    (   n ˙  i    c ¯   p , i   )  h       T  c , i n   −  T  c , o u t       



(64)






3.6. Organic Rankine Cycle


For the control volume and steady state condition, the energy conservation of the ORC is


   Q ˙  + ∑   m ˙   i n    h  i n   =  W ˙  + ∑   m ˙   o u t    h  o u t    



(65)







	-

	
ORC input energy:








    Q ˙      i n ,   O R C   =   m ˙   O R C      h  32   −  h  34       



(66)





	-

	
ORC net electric power:








     W ˙   n e t ,   O R C   =   W ˙     O R C ,   T u r b i n e   −   W ˙   O R C ,   P u m p     



(67)





	-

	
Energy efficiency of the ORC:








    η  e n ,   O R C   =     W ˙   n e t ,   O R C        Q ˙    i n , O R C       



(68)





	-

	
Exergy efficiency of ORC:








    η  e x ,   O R C   =     W ˙   n e t , O R C           E x  ˙    i n , O R C       



(69)






3.7. Steam Rankine Cycle (SRC)


	-

	
The energy balance:








     m ˙   w f , S R C    h  16   =   W ˙   S R C , T   +   m ˙   w f , S R C    h  17     



(70)





	-

	
The SRC’s net power output:








     W ˙   n e t ,   S R C   =   W ˙   S R C , E x p a n d e r   −   W ˙     S R C   P u m p     



(71)





Its energy and exergy efficiencies are:


   η  e n ,   S R C   =     W ˙   n e t , S R C       m ˙   16        h  16   −  h  17        



(72)






   η  e x ,   S R C   =     W ˙   n e t , S R C       m ˙   16       e  x  16   − e  x  17        



(73)







The main components’ exergy destruction rates are determined and displayed in Table 2.



The following are the general energy and exergy efficiencies of the whole combined system [35,68,69]:



Energy efficiency:


   η  e n ,   o v e r a l l   =     W ˙   e l e c , o v e r a l l         m ˙   M e t h a n o l     L H  V  M e t h a n o l      



(87)







In these expressions,     W ˙   e l e c , o v e r a l l     represents the net power production, subtracting the net power consumption:


    W ˙   e l e c , o v e r a l l   =   W ˙   e l e c , S O F C   +   W ˙   G a s t u r b i n e   +   W ˙   S R C ,   t u r b i n e   +   W ˙   i n d e p e n d e n c e   T u r b i n e   +   W ˙   P E M F C   +   W ˙   O R C , t u r b i n e   −   W ˙   A i r   c o m p   −   W ˙   S R C ,   p u m p   −   W ˙   O R C ,   p u m p    



(88)







  L H  V  M e t h a n o l     is the methanol’s lower heating value (kJ/kg).



Exergy efficiency:


   η  e x ,   o v e r a l l   =     W ˙   e l e c , o v e r a l l       m ˙   M e t h a n o l     e  x  M e t h a n o l      



(89)









4. Simulation and Assumptions


The constructed system, SOFC-GT-SRC-PEMFC-ORC, using methanol as a fuel, was simulated utilizing ASPEN-HYSYS V12.1, which provides robust methodologies and a large database for computing physical properties [70,71]. The simulation utilized the Aspen Physical Property System REFPROP function [39,72]. The employed Peng–Robinson (PR) equation of states, the thermodynamic parameters of stream compositions, and the operating conditions were the determining components of the SOFC-PEMFC waste-heat recovery integrated system.



To make the thermodynamic analysis of the system more straightforward, the following assumptions were made:




	①

	
The methanol assessing the FGSS was 22.2 °C and 101 kPa [73];




	②

	
The air consisted of 21% O2, 79% N2 at 25 °C, and 101 kPa;




	③

	
The heat exchanger’s minimum temperature approach was 5 °C.









The boundary conditions of this simulation are demonstrated in Table 3 [35,50].




5. Modeling Verification


Table 4 displays the results of the proposed model with methanol as the fuel, which was calculated using our research proposal and results from the literature [48]. The estimated values correspond to results from the literature, and the differential is kept within a reasonable range.



The proposed system can simultaneously generate hot water for the sailors on board the ships and power the propulsion plant and other electrical equipment. It is essential to verify the subsystem because it generates 32.75% of the total generated power.



The operating performance of the PEMFCs and the methanol-reforming and purification subsystems is based on an experiment by Sousa et al. [74] in Figure 3. The results reveal that the model and experimental data are in agreement. One explanation for the minor inaccuracy is that the actual voltage loss (of the fuel cells) was ignored.




6. Results and Discussions


6.1. Thermodynamic Performance of the System


The target ship uses 3800 kW of electrical power to cover the needs of the main propulsion plant, auxiliary machinery, maneuvering regime, and the seafarers’ demands. The SOFC fuel utilization factor and energy efficiency of the proposed system were computed to be 0.86 and 52%. After applying the aforementioned thermodynamic model to evaluate the system, it was determined that the integrated system’s output power is 5650.86 kW. This amount of power is satisfactory to operate the ship and supply electricity for other applications. The energy and exergy efficiencies of the entire system were measured to be 77.51% and 44.71%, respectively. This is generated by seven different power sources, including four bottoming cycle turbines, gas turbines, and SOFC fuel cells. A total of 67.24% of the entire power output is generated by the SOFCs, whereas 32.67% is produced by the GT, PEMFCs, SRC, and the ORC subsystems, demonstrating that the waste heat recovery cycles operate the proposed system as expected.



The power generated by the major components is demonstrated in Figure 4.



Taking into account the entire system depicted in Figure 4 and Table 5, the SOFC-GT subsystem provided 4976 kW to the marine propulsion plant, accounting for 88% of the total power production.



It is interesting to recognize that the PEMFC-ORC system is more energetically efficient than the SRC. The energy and exergy efficiencies of PEMFC-ORC are estimated at 47.11% and 27.87%, respectively, whereas that of SRC was calculated to be 30.55% and 44.84%, respectively.



Figure 5 depicts an analysis of the exergy destruction connected to the internal thermal procedures that occur in the major system components. The largest exergy destruction belongs to SOFC, with 2721.34 kW, followed by GT, with 2405.68 kW. The large exergy loss suggests that the gas turbine has greater potential for improvement than the other machinery components. The third is the afterburner, which has an exergy destruction of 927.63 kW. Next are the PEMFCs, with an exergy destruction of 418.89 kW. The HEX-7 exhibits the lowest exergy destruction due to its greater entropy production at a constant heat transfer rate and low temperatures.



The thermodynamics properties of each node are depicted on Table 6.




6.2. Parametric Study


The first and second laws of thermodynamics were used for parametric investigations to assess the integrated system’s overall performance. The parametric study examined how the varying current density of the SOFCs would affect the efficiency of the overall system. The effect of the hydrogen distribution ratios was implemented.



6.2.1. Effect of  β -parameter


The  β -parameter is the ratio of the hydrogen (separated by the PSA unit) to the total amount of hydrogen entering the PEMFCs. In the base case for the simulation, the  β  was set at 0.12, which is sufficient to support the PEMFCs system and provide 423.893 kW of power output for the entire system. As the  β  ratio increases from 0 to 0.4, the total efficiency of the systems decreased accordingly. The change in the power output from the PEMFCs and other main power generation components of the system, according to different values of  β -parameter, are presented in Figure 6.



From Figure 6, the SOFC power decreased from 4319.36 to 2591.61 kW, whereas the PEMFC output power increased from 0 to 1415.382 kW when the  β -parameter varied from 0 to 0.4. This can be explained by the increasing hydrogen flow rate to the PEMFCs and decreasing hydrogen flow rate to the SOFCs. This also resulted in the modification of the components and systems for waste heat usage in accordance with the SOFCs and PEMFCs. The larger the reduction in SOFC exhaust gases, the lower the power output of the GT and SRC, and vice versa. These modifications altered the energy and exergy efficiency of the components and systems, as shown in Figure 7 and Figure 8.



Energetically, the energy efficiency of the system decreases slightly as  β -parameter increases. This is due to the effect of decreasing the device output power, particularly that of the SOFCs and the GT, as presented in Figure 6. However, the exergy of some components increased with an increasing  β -parameter, as presented in Figure 8. With an increase in  β  from 0 to 0.4, the exergy of SRC increased from 43.6% to 47.47%, whereas the exergy efficiency of the PEMFCs slightly reduced from 28.15% to 25.53%.




6.2.2. Influence of Current Density on SOFC


The performance of the fuel cell and the system are largely influenced by the current density. Figure 9 depicts how current density influences the essential components and the system’s efficiency. This graph displays current densities, ranging from 900 to 1800 A/m2. The SOFCs voltage reduces with rising current density, and SOFC efficiency also decreases. At 900 A/m2, the net electrical cycle efficiency was 86.01%, whereas it was 56.01% at 1800 A/m2. As current density increased, the SOFC-energy GTs efficiency decreased from 66.87% to 60.82%. This is primarily the result of raising the mass flow rate from 193.1 to 320.5 kg·h−1 in order to keep a predetermined output power for the SOFCs. In contrast, the heating cogeneration efficiency of SRC ranged from 29.87% (at 900 A/m2 of current density) to 30.02% (at 1800 A/m2 of current density). The lowest efficiency gain of the trigeneration cycle was also substantial at 32.21%, when measured against net electrical efficiency. The energy efficiency of the PEMFC-ORC varied from 39.38% to 44.18% as the current density increased. It is also intriguing that variations in the current density appear to have a minor effect on subsystem’s energy efficiency.



Figure 10 depicts the exergy efficiency response of the system to a variety of current densities. Due to the effect of a reduction in cell voltage (Vc) during an increase in current density, it was discovered that the efficiency of the combined system decreased, whereas the total power output increased. The exergy efficiency reduced from 49.47% to 32.21% for the measured range of current densities.




6.2.3. Effect of the  φ -Parameter


The  φ -parameter is defined as the rate of hydrogen to the storage tank (stream 30-2) and the total amount of hydrogen supplied to the PEMFC system (stream 30). As the ratio ranged from 0–0.5, the efficiency of the PEMFC-ORC subsystem and the entire system is illustrated in Figure 11 below. The efficiency of the PEMFC-ORC increased in line with the amount of hydrogen supplied to the H2 tank (stream 30-2). However, the higher  φ  value indicates a hydrogen reduction in the PEMFC. If the  φ -parameter increases from 0–0.5, the power output of the PEMFCs will decrease from 423.89 to 211.95 kW. This reduces the total energy efficiency of the system by 3.34%, from 77.61% to 74.27%. It is important to note that, during the maneuvering and starting up phases of a vessel, a rapid power response is required. Thus, the PEMFCs and their hydrogen storage system is an excellent solution for systems with immediate power demands.



As a result, a crucial component of the PEMFC-ORC system, which is designed to handle the operational behavior of the combined systems, is the ability to enhance the energy efficiency of the PEMFCs. The exergy efficiency is 18.77% greater than the energy efficiency, and the growth patterns of both subsystems are linear. This demonstrates that this component can generate electric power, the primary output required to drive the propulsion plant of the vessel in question.




6.2.4. Working Fluid for ORC


When harvesting waste energy from the cooling oil of the HT-PEMFCs, the expander device (of the ORC) is designed to transfer heat into useful energy. The output power and ORC efficiency are greatly affected by the quality of the organic fluid. The ORC cycle’s effectiveness was improved by the selection of the organic fluid. In this study, the working fluid candidates, R134a, R124, R152a, R600, and R601, were evaluated. The characteristics of the potential organic fluids are demonstrated in Table 7.



As shown in Table 7, the R124 properties are ideally suited for the target system, with an output temperature of 165.8 °C and a mass flow rate of 4441 kg/h. In addition, as this system is intended for marine vessels, the working fluid was carefully considered according to classification societies (for shipping references), such as the American Society of Heating, Refrigerating and Air-Conditioning Engineers (ASHARE 34) [75] and the Korea Register of Shipping (KR) [76].



Using R124 as the desired fluid, a case study was performed to determine how the net power output, energy, and exergy efficiencies of an ORC would respond to a variety of superheated temperatures (in the organic fluids). Stream 32 is the hot source stream, with a pressure and temperature of 165.8 °C and 120 kPa. Thus, the range of the superheated fluid temperatures was between 100 and 140 °C. Figure 12 depicts the response of system performance to the superheated temperature.



The output power of the system increased from 8.871 to 31.15 kW, and its energy efficiency increased from 10.84% to 15.38% as the superheated temperature increased from 100–140 °C. However, the increasing trend decreases with an increase in the superheated temperature. This is because the PEMFCs cooling system’s hot source has been fixed. Consequently, the influence of log means that the influence of the temperature on the operational effectiveness of HEX-7 is distinct. Otherwise, according to the properties of an organic fluid, lowering the superheated temperature may result in the formation of liquid at the turbine’s input, which may cause damage to the system.






7. Conclusions


A system that integrates SOFC-SRC-PEMFC-ORC, using methanol as the main fuel to generate electricity for the marine primary propulsion system and harvest high-temperature exhaust heat from SOFCs to produce additional electric power for the start-up and maneuvering regime of a ship, as well as the accommodation of seafarers, was proposed and investigated. By utilizing renewable, sulfur-free, and low-carbon fuels in the power plant, the goal of the planned multigenerational system was to supply a marine vessel with an alternative sustainability solution. Energy and exergy assessments, as well as an extensive parametric analysis, were carried out to evaluate the proposed system’s functionality and energy harvesting. Among the most important findings of this study are the following.



	①

	
This study proposed a novel integrated system for marine vessel application to overcome the primary barrier of SOFC application during start-up and maneuvering. The total efficiency of the energy and exergy of the integrated system was calculated to be 77.75% and 44.71%, respectively, which is significantly higher than that of SOFC stand-alone systems. The SRC-PEMFC-ORC produced and supplied 1850.86 kW to the system, representing 32.75% of the system’s total power supply. This system also produced hot water for the sailors onboard the ship;




	②

	
The parametric studies showed that the energy and exergy efficiencies of the entire system decreased by 30% and 17.26%, respectively, with an increase in current density from 900 to 1800 A/m2. However, the overall power output of the cogeneration system increased by 2258.5 kW in the tested range of the current density;




	③

	
By varying the distribution ratio (β) from 0 to 0.4, the SOFC power decreased from 4319.36 to 2591.61 kW, whereas the PEMFCs output power increased from 0 to 1415.382 kW. The exergy efficiency of the PEMFCs slightly reduced from 28.15% to 25.53%;




	④

	
When the  φ -parameter was expanded from 0 to 0.5, the output power of the PEMFCs decreased from 423.89 to 211.95 kW. This reduction makes the total energy efficiency of the system decrease by 3.34%, from 77.61% to 74.27%.







These findings indicate that the innovation of high-efficiency SOFC-GT-SRC-PEMFC-ORC maritime propulsion systems using methanol as a fuel is promising. In order to thoroughly comprehend the applicability of the aforementioned combination system, future research on the evaluation of the system’s economic and sustainability aspects has been planned. Future research should also investigate the system’s dynamic behavior, given that this combined system is suggested for further applications involving marine vessels.
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Nomenclature




	
  A  

	
Active surface area, m2

	
LHV

	
Lower heating value, kJ/kg




	
AC

	
Alternative current

	
M

	
Relative molecular mass (kg/mol)




	
CV

	
Control volume

	
MSE

	
Carbon mass specific emission




	
DC

	
Direct current

	
     m ˙   C O     

	
Mass flow rate of CO (kg/h)




	
       E x  ˙    d e s t     

	
Exergy destruction rate, kW

	
𝒎

	
Mass flow rate, kg/h




	
   e x   

	
Specific exergy, kJ/kg

	
P

	
Pressure, bar




	
F

	
Faraday constant, 96.458 C/mole

	
PR

	
Peng–Robinson




	
G

	
Gibbs free energy, kJ/kg

	
   Q ˙   

	
Heat transfer rate, kW




	
   G ˙   

	
Molar Gibbs free energy (kJ/kmol)

	
T

	
Temperature,  ℃  or K




	
  g  

	
The mass fraction

	
    V c    

	
Actual voltage of stack, V




	
HEX

	
Heat exchanger

	
    V  o h m     

	
Ohmic voltage losses, V




	
  h  

	
Specific enthalpy, kJ/kg

	
    V R    

	
Cell ideal reversible voltage, V




	
  I  

	
Current (A)

	
    V  a c t     

	
Activation voltage loss, V




	
  i  

	
Current density, A/m2

	
   W ˙   

	
Net electric power, kW




	
Greek letters




	
  β  

	
Distribution ratio of hydrogen

	
  γ  

	
Adiabatic coefficient




	
    η  D A     

	
Efficiency of the inverter, %

	
  φ  

	
Ratio of hydrogen to storage tank




	
  λ  

	
Stoichiometry

	

	




	
Acronyms




	
GT

	
Gas Turbine

	
PEMFC

	
Proton-exchange membrane fuel cells




	
HT-PEMFC

	
High temperature Proton-exchange membrane fuel cells

	
PSA

	
Pressure Swing Adsorption




	
LT-PEMFC

	
Low temperature Proton-exchange membrane fuel cells

	
ORC

	
Organic Rankine Cycle




	
MRS

	
Methanol Reforming system

	
SOFC

	
Solid oxide fuel cells




	

	

	
SRC

	
Steam Rankine Cycle
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Figure 1. Overall system configuration block diagram. 
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Figure 2. Diagram of the SOFC-GT-SRC-PEMFC-ORC system, using methanol as fuel. 
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Figure 3. Validation of the HT-PEMFC voltage model with Sousa’s model. 
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Figure 4. Power generated by the main components of the system. 
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Figure 5. Exergy destruction presentation. 
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Figure 6. Influence of  β -parameter on the power output of the system. 
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Figure 7. Influence of  β -parameter on the energy efficiency of the system. 
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Figure 8. Influence of  β -parameter on the system’s exergy efficiency. 
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Figure 9. Energy efficiency response to variations in current density. 
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Figure 10. Responses of system’s exergy efficiency to variations in current density. 
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Figure 11. Influence of  φ -Parameter on the system efficiency. 
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Figure 12. Influence of ORC system performance from the superheated temperature of R124. 
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Table 1. Characteristics of the desired vessel.






Table 1. Characteristics of the desired vessel.





	Items
	Values





	Vessel classification
	General Cargo (Electric propulsion)



	Deadweight
	3000 DWT



	Main power required
	3800 kW



	Beam
	120 m



	Length Overall
	13 m
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Table 2. Formulae for the destruction of exergy in the major components.
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	Components
	Exergy Destruction Rate
	Equation





	SOFC
	       E x  ˙    22   +     E x  ˙   6  +     E x  ˙    12 − 1   −     E x  ˙    12   −   W ˙  s  =     E x  ˙    d e s     
	(74)



	Afterburner
	       E x  ˙    12   −     E x  ˙    13   =     E x  ˙    d e s     
	(75)



	Gas Turbine
	       E x  ˙    13   −     E x  ˙    14   −   W ˙   G a s   t u r b i n e   =     E x  ˙    d e s     
	(76)



	HEX-1
	       E x  ˙    22   +     E x  ˙    14   −     E x  ˙    23   −   E ˙   15   =     E x  ˙    d e s     
	(77)



	HEX-2
	       E x  ˙   6  +     E x  ˙    15   −     E x  ˙    16   −     E x  ˙   8  =     E x  ˙    d e s     
	(78)



	HEX-3
	       E x  ˙    16   +     E x  ˙    24   −     E x  ˙    17   −     E x  ˙    25   =     E x  ˙    d e s     
	(79)



	SRC turbine
	       E x  ˙    25   −     E x  ˙    26   −   W ˙   S _ T u r b i n e   =     E x  ˙    d e s     
	(80)



	PEMFC
	       E x  ˙    30   +     E x  ˙    a i r   i n   −     E x  ˙    32   −   E ˙   o u t   =     E x  ˙    d e s     
	(81)



	HEX-7
	       E x  ˙    32   +     E x  ˙    36   −     E x  ˙    34   −     E x  ˙    37   =     E x  ˙    d e s     
	(82)



	ORC turbine
	       E x  ˙    37   −     E x  ˙    38   −   W ˙   O _ T u r b i n e   =     E x  ˙    d e s     
	(83)



	HEX-4
	       E x  ˙    17   +     E x  ˙    20   −     E x  ˙    18   −     E x  ˙    21   =     E x  ˙    d e s     
	(84)



	HEX-5
	       E x  ˙   2  +     E x  ˙    18   −     E x  ˙   3  −     E x  ˙    19   =     E x  ˙    d e s     
	(85)



	HEX-6
	       E x  ˙    28   +     E x  ˙    26   −     E x  ˙    27   −     E x  ˙    29   =     E x  ˙    d e s     
	(86)
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Table 3. System design and operational parameters.
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Component

	
Parameter

	
Unit

	
Value






	
SOFC

	
Ambient pressure

	
bar

	
1.013




	
Ambient temperature

	
°C

	
25




	
Operating Pressure

	
bar

	
3.8




	
Operating Temperature

	
°C

	
878.1




	
Quantitively of cell

	

	
15 176




	
Current density

	
A/m2

	
1400




	
Active surface area

	
m2

	
0.25




	
Anode thickness

	
cm

	
0.0018




	
Cathode thickness

	
cm

	
0.0018




	
Electrolyte thickness

	
cm

	
0.0040




	
Hydrogen stoichiometric

	

	
1.2




	
Oxygen stoichiometric

	

	
2




	
Gas turbine cycle compression ratio

	

	
13




	
Fuel utilization factor.

	

	
85%




	
PEMFC

	
Operating pressure

	
bar

	
1.2




	
Operating temperature

	
°C

	
165.8




	
Quantitatively of cell

	

	
3100




	
Active surface area

	
m2

	
0.06




	
Membrane hydration

	

	
23




	
Membrane thickness

	
cm

	
0.016




	
Current density

	
A/m2

	
4300




	
Hydrogen stoichiometric

	

	
1.2




	
Oxygen stoichiometric

	

	
2




	
Compressor

	
Isentropic efficiency

	
%

	
85




	
Pumps

	
Isentropic efficiency

	
%

	
85




	
Expanders

	
Isentropic efficiency

	
%

	
88




	
Heat exchangers

	
Minimum temperature approach

	
  ℃  

	
5




	
Converter

	
DC-AC converter efficiency

	
%

	
98
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Table 4. Resemblance of the simulation results to those from the literature.
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	Parameter
	Modelling
	Reported [48]
	Different (%)





	Temperature of SOFC (°C)
	882.7
	870
	1.37



	Gas Turbine inlet temperature (°C)
	1140
	1201
	5.07



	Cell voltage (V)
	0.73
	0.747
	2.27



	Current Density (A/m2)
	1400
	1429
	2.02



	SOFC efficiency
	52
	50.96
	1.04
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Table 5. System’s energy and exergy efficiencies.
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	Subsystem
	Energy Efficiency
	Exergy Efficiency





	SOFC-GT
	67.89
	40.16



	SRC
	30.55
	44.84



	ORC
	13.21
	56.24



	PEMFC-ORC
	47.11
	27.87



	Total System
	77.75
	44.71
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Table 6. The thermodynamics properties of stated points.
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	Vapor Fraction
	Temperature
	Pressure
	Molar Flow
	Liquid Volume Flow
	Mass Enthalpy





	Unit
	
	  ℃  
	kPa
	kgmole/h
	m3/h
	kJ/kg



	Air in
	1.00
	25.00
	101.30
	424.71
	14.16
	−0.28



	Water
	0.00
	25.00
	100.00
	64.70
	1.17
	−15,887.82



	Methanol
	0.00
	22.20
	101.32
	36.50
	1.47
	−7558.71



	1
	0.00
	22.23
	400.00
	36.50
	1.47
	−7558.27



	2
	0.00
	30.00
	393.11
	36.50
	1.47
	−7531.06



	3
	1.00
	250.00
	389.66
	36.50
	1.47
	−5921.80



	4
	1.00
	249.52
	389.66
	174.20
	5.62
	−8535.20



	5
	1.00
	249.85
	389.66
	101.37
	2.89
	−96.00



	5-1
	1.00
	249.85
	389.66
	72.83
	2.72
	−9544.67



	6
	1.00
	249.85
	389.66
	89.21
	2.55
	−96.00



	7
	1.00
	249.85
	389.66
	12.16
	0.35
	−96.00



	8
	1.00
	462.00
	382.76
	89.19
	2.55
	2470.70



	9
	1.00
	28.00
	140.00
	152.90
	5.10
	2.65



	10
	1.00
	507.65
	382.76
	540.25
	17.56
	530.20



	11
	1.00
	882.68
	382.76
	526.99
	16.90
	530.20



	12
	1.00
	882.68
	382.76
	500.64
	16.05
	530.20



	12-1
	1.00
	882.68
	382.76
	26.35
	0.84
	530.20



	13
	1.00
	1140.41
	382.76
	491.76
	15.61
	530.21



	14
	1.00
	893.65
	146.00
	491.76
	15.61
	190.78



	15
	1.00
	650.10
	139.11
	491.76
	15.61
	−133.44



	16
	1.00
	615.75
	104.63
	491.76
	15.61
	−178.23



	17
	1.00
	467.63
	97.74
	491.76
	15.61
	−368.40



	18
	1.00
	250.59
	90.84
	491.76
	15.61
	−638.04



	19
	1.00
	125.08
	83.95
	491.76
	15.61
	−788.94



	20
	0.00
	25.03
	420.00
	64.70
	1.17
	−15,887.40



	21
	1.00
	250.00
	416.55
	64.70
	1.17
	−13,002.16



	22
	1.00
	186.36
	400.00
	424.71
	14.16
	165.47



	23
	1.00
	492.60
	396.55
	424.71
	14.16
	495.48



	24
	0.00
	71.41
	19,000.00
	56.62
	1.02
	−15,670.43



	25
	1.00
	360.90
	18,996.55
	56.62
	1.02
	−13,345.07



	26
	0.69
	74.69
	38.00
	56.62
	1.02
	−14,064.79



	27
	0.00
	70.00
	31.11
	56.62
	1.02
	−15,693.37



	28
	0.00
	20.00
	100.00
	444.07
	8.02
	−15,909.39



	29
	0.00
	68.06
	96.55
	444.07
	8.02
	−15,701.75



	30
	1.00
	122.39
	120.00
	12.16
	0.35
	−1598.22



	31
	1.00
	165.77
	120.00
	172.37
	5.66
	−8.14



	32
	1.00
	165.77
	120.00
	163.75
	5.38
	−8.14



	33
	1.00
	165.77
	120.00
	8.62
	0.28
	−8.14



	34
	1.00
	37.00
	113.11
	163.75
	5.38
	−149.08



	35
	1.00
	30.27
	78.63
	163.75
	5.38
	−156.25



	36
	0.00
	34.25
	3045.00
	28.00
	2.79
	−6731.67



	37
	1.00
	115.00
	3010.53
	28.00
	2.79
	−6567.87



	38
	0.96
	34.92
	480.00
	28.00
	2.79
	−6591.97



	39
	0.00
	32.00
	445.53
	28.00
	2.79
	−6734.13



	40
	0.00
	22.00
	100.00
	800.00
	14.44
	−15,900.76



	41
	0.00
	30.74
	93.11
	800.00
	14.44
	−15,863.07
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Table 7. Characteristics of the working fluids.
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Working Fluid

	
ODP

	
GWP

	
Molecular Mass (g/mol)

	
Safety Class

(ASHRAE 34)

	
Boiling Temperature [°C]

	
Critical Temp.

	
Critical Pressure




	
[°C]

	
[kPa]






	
R124

	
0.02

	
609

	
136.48

	
A1

	
−11

	
122.4

	
3624




	
R134a

	
0

	
1320

	
102.03

	
A1

	
−26.1

	
101.1

	
4059




	
R600

	
0

	
20

	
58.13

	
A3

	
−0.55

	
151.98

	
3796




	
R152a

	
0

	
124

	
66.04

	
A2

	
−14.0

	
113.0

	
4517




	
R601

	
0

	
20

	
72.15

	
A3

	
36.0

	
187.55

	
3390
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