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Abstract

:

The International Maritime Organization (IMO) sets ambitious greenhouse gas reduction targets for the maritime industry. From a long-term net zero emission perspective, ammonia fuel is expected to play a significant role in the marine decarbonization journey compared to LNG as a transition fuel. Also, in addition to internal combustion engine applications, solid oxide fuel cells (SOFCs) have gained more attention in marine propulsion applications due to their high efficiency. This study was performed to investigate the technical feasibility of utilizing a closed-loop SOFC thermal energy release for ammonia decomposition, leading to hydrogen fuel generation and subsequently feed back into SOFCs. The result proves that the integrated system of ammonia cracking SOFCs can maintain a self-balanced condition, ensuring adequate SOFC heat supply for the ammonia cracking process to produce hydrogen while supporting normal SOFC operation and generating heat. This paper concludes that an integrated system represents a novel and feasible solution and emphasizes its potential as an adaptable solution for future marine applications.






Keywords:


ammonia cracking; solid oxide fuel cell; integrated model












1. Introduction


In 2018, the IMO initiated a greenhouse gas strategy that aims to reduce GHG emissions from international shipping and phase them out as soon as possible. In 2023, the strategy was revised and adopted with the goal of achieving net-zero emissions by 2050. Liquefied natural gas (LNG) has been determined to be the transitional fuel to aid in the decarbonization journey and decrease the usage of traditional marine fossil fuels [1]. Ammonia and hydrogen are the only viable fuels for achieving zero tank-to-wake emissions. In addition, ammonia has higher volumetric density compared to liquid hydrogen, resulting in reduced storage space requirements. For these reasons, ammonia is a promising marine fuel that will perform an important role as part of the long-term solution to achieve the decarbonization goal in the marine industry [2,3,4].



It is undeniable that the internal combustion engine has continued to be innovated over the past 100 years, and it is expected that the world’s first ammonia dual-fuel engine will be commercially available by as early as 2024 [5]. However, the internal combustion engine has reached its limits of energy efficiency. As a potential alternative option, the fuel cell system is gaining more attention for marine applications due to its vast potential [6,7]. Nonetheless, the poor reactivity of ammonia renders its direct use as a fuel in fuel cells inefficient, constituting a significant challenge that has impeded the advancement of ammonia-fueled fuel cell technology [8]. Ammonia cracking is well known as the best economical method to generate on-the-spot hydrogen gas for industrial applications [9]. Ammonia is decomposed in the ammonia cracker, which dissociates hydrogen and nitrogen. The hydrogen gas perfectly suits most of the fuel cell systems. However, the integrated process has not been explored in any research feasibility study. During the literature review of fuel cell technical feasibility studies, it was observed that the research mainly involved short sea-going vessels and coastal supply vessels [10,11,12,13], yachts [12], general cargo vessels [12], ROPAX vessels [7,12,14], small passenger ships [10,11,12,15], and tug-boats [12,13], and most of these research and projects used hydrogen as the preferable fuel for fuel cell system [16,17]. Due to its low volumetric density [18], it cannot be used for deep-sea operations as it would occupy a large space for bunker tanks [19].



Currently, many various fuel cell propulsion systems have been explored in the marine industry, mainly including Proton Exchange Membrane Fuel Cells (PEMFCs), molten carbonate fuel cells (MCFCs), and solid oxide fuel cells (SOFC) [20,21,22]. PEMFC technology is relatively mature and widely used in marine applications with moderate efficiency (42–50%) [23] and low operating temperatures (65–85 °C) [24]. However, it requires highly pure hydrogen [25], which will face challenges in the fuel supply chain when moving toward mass production [26]. Between SOFCs and MCFCs, SOFCs have an edge over MCFCs in being the more attractive option because of advancements in their technology, which have reduced manufacturing costs and improved reliability [27]. SOFCs have demonstrated exceptional efficiency, availability, noiselessness, less maintenance effort, and dependability, as well as relatively long-term durability, with great potential to be applied to merchant vessels in the future [28,29,30,31,32]. Although both ammonia and hydrogen can be utilized as fuel for SOFCs, hydrogen-fed SOFCs demonstrate higher efficiency than ammonia-fed ones [33].



Among current research papers that explore the application of SOFCs in marine applications, there is a notable gap in the literature regarding the integration of ammonia cracking and SOFC systems. Investigating the possibility of integrating ammonia cracking with SOFC systems in the marine industry could lead to a revolutionary propulsion solution, potentially transforming the field and disrupting the dominance of internal combustion engines in the merchant fleet. Along with the electricity generated by SOFCs, excess heat is also produced through chemical reactions. This surplus heat can be efficiently redirected to the ammonia cracker, where it aids in generating hydrogen fuel for the SOFCs, creating a closed-loop system through the endothermic process [34,35,36]. Therefore, the aim of this paper is to explore an innovative integration of ammonia cracking with SOFCs for marine propulsion, emphasizing its technical feasibility.



In this paper, a novel research gap in the integration of ammonia cracking and SOFC systems is first identified in the introduction. Secondly, the methodology of overall system integration is elaborated. Subsequently, the modeled system is validated by comparing it with available experimental data. Lastly, the result of the simulation is discussed prior to the conclusion.




2. Methodology


Figure 1 presents the overall working principle for an integrated ammonia cracker and SOFC system, where each red line represents a gas stream with input/output relationships; the green line represents an electrical stream, the blue line represents a liquid stream, rectangles symbolize individual components, and arrow pentagons denote specific inputs and outputs from/to components. Firstly, the ammonia gas (input) is supplied to a cracker for decomposition. To initiate the process, external heat, such as from a burner, is required to heat up the cracker. After the decomposition process, nitrogen and hydrogen (varied outputs) are produced through a catalytic reaction. After that, nitrogen is assumed to be filtered through a simplified membrane separator, with hydrogen retained and supplied to the anode inlet of SOFCs. Concurrently, air containing oxygen (input) is supplied to cathode inlet of SOFCs. Subsequently, the electrochemical reaction within the SOFCs generates various streams (varied outputs), including electricity, unreacted hydrogen, unreacted nitrogen, oxygen, and other gases with heat (varied outputs). The burner will cease heating the supply until sufficient heat is generated and equilibrium is reached under a static condition.



Under static conditions, the ammonia cracker and SOFCs can be considered two primary components of the integrated system. Here, the input parameters feeding the cracker include the flow rate of ammonia gas and heat derived from the SOFCs. The outputs, which include generated hydrogen gas from the cracker, unreacted hydrogen gas from the SOFCs, and air containing oxygen, are supplied to the SOFCs to produce both heat and electrical outputs. Details of the input and output of individual components are shown in Table 1.



In this study, ammonia cracking was simulated using the built-in model in gPROMS PROCESS. The ammonia cracking reaction formula is presented as NH3 → 3H2 + N2. The cracking of ammonia gas involves an endothermic process, with 92.44 kJ for each mol reaction. After the ammonia was heated, the ammonia molecules adsorbed on the active catalyst surface underwent gradual dehydrogenation. Subsequently, two adsorbed nitrogen atoms and two adsorbed hydrogen atoms combined to yield N2 and H2. The rate of the ammonia gas decomposition reaction can be expressed through the power law model, presented as follows.



Reaction rate of NH3:


RNH3 = k PNH3a PH2b PN2c



(1)







Kinetics constant calculation:


  k =  k 0  exp (    − E a   R T    )  



(2)







The porous catalytic bed of the ammonia cracker uses CoNi-Mgo as the reaction bed substrate, and the pre-exponential factor K0 is 9 × 107 mol/m3s with a reaction activation energy Ea of 84 kJ/mol [37].



Heat transfer from SOFCs to ammonia cracker:


      q  ˙    F C , C R A   =   λ   F C   W L (     T   F C   − T   C R A   )  



(3)







In addition to the ammonia cracker, a custom mathematical model of the SOFCs was developed using gPROMS Model Builder. This tailored single-cell SOFC model simulates the conversion of hydrogen and oxygen into electricity through a solid oxide electrolyte. The SOFC model depicted was comprised of multiple layers of materials, including anode, cathode, and electrolyte, positioned between two electrodes.



The model incorporated various parameters, such as electrochemical reactions and heat and mass transfer. The electrochemical reaction formula is presented as H2 + O2 → H2O.



Figure 2 presents the reaction flow diagram adopted [38], with green arrows indicating inputs and red arrows representing outputs for developing model equations :     m  ˙    is the mass flow rate in kg/s, P is the pressure in Pa, h is the specific enthalpy, x is the vector of the mole fraction of the species in the gas mixture,     q  ˙    is the heat transfer rate within the fuel cell in kJ/s, and     V   c e l l     is the single-cell potential in V. The green arrows indicate inputs or specified variables, while the red arrows indicate outputs or calculated variables. A set of reaction equations are written below.



2.1. Electrochemical Reaction


Nernst’s potential, also referred to as the reversible potential, is the highest voltage that an ideal cell can achieve under specific operational circumstances. However, when an electric load is applied, there are numerous sources of irreversibility that diminish the ideal potential of the actual cell voltage. The voltage production expression includes open circuit term (ocv), ohmic overpotential (ohm), activation overpotential (act), and losses due to mass transport (conc), which can be calculated as follows.


    V   c e l l   =   V   o c v   −   V   o h m   −   V   a c t   −   V   c o n c    



(4)







The Gibbs’ free energy of the reaction determines the reversible cell potential (also known as open circuit voltage—ocv); the open circuit voltage is as follows:


    V   o c v   = −    ∆ G   2 F    −    R   T   E L     2 F    l n        p   A ,  H 2  O       p   A ,  H 2        p   A ,  O 2      0.5         



(5)







The ohmic overpotential occurs as a result of the resistance to the conduction of electrons (via the electrodes) and ions (via the electrolyte). The ohmic overpotential is as follows.


    V   o h m   =    I   W L           t   A E L       σ   A E L      +      t   C E L       σ   C E L      +      t   E L       σ   E L         



(6)







Concentration overpotential occurs as a result of mass transport phenomena impacting the electrode reactions. This happens when the speed of the reaction and the rate of diffusion of reactants and products through the porous reaction site are comparable. The concentration overpotential is as follows.


    V   c o n c   =    R   T   E L     2 F      l n        p   A ,  H 2      p   B ,  H 2  O       p   B ,  H 2      p   A ,  H 2  O        + 0.5 l n        p   C ,  O 2        p   B ,  O 2            



(7)







The current density related to the activation overpotential is represented using the Butler–Volmer equation, as shown below.


  J =   j   0     e x p      β · 2 F   R   T   P E N        V   a c t     −   e x p     −      1 − β   · 2 F   R   T   P E N        V   a c t        



(8)







The exchange current density j_0 is expressed below.


    j   0 , e l e   =      R T   P E N     2 F      k   e l e c   e x p        E   e l e c     R   T   P E N                    e l e c ∈   A E , C E    



(9)








2.2. Mass and Heat Transfer Equation


The conservation equation for the chemical species is written in terms of the mass fraction of each species in the mixture. As for the mass conservation equation, the mass flux of oxygen is considered positive at the anode channel and negative at the cathode channel. A set of mass balance equations can be written as follows.



Mass conservation at anode and cathode:


     d M   d t    =     m  ˙    i n   −     m  ˙    o u t   +   ∑  i        m  ˙    i      



(10)







The flow through the solid electrolyte       m  ˙    i     is non-zero only for oxygen:


      m  ˙     O 2    =      M W    O 2      r   1   W L   2     



(11)







The anode channel experiences a positive mass flux of oxygen, while the cathode channel experiences a negative mass flux of oxygen as a result of the transfer of ions through the solid electrolyte.



Utilizing Faraday’s law, which establishes a connection between the reactant flux and the electric current generated within the fuel cell, allows us to determine the rate of the electrochemical reaction of hydrogen as r1.


    r   1   =    I   W L 2 F     



(12)







In the energy conservation equation, the mass-specific enthalpy of the gas mixtures was employed, considering the enthalpy of formation of each component. The enthalpy of the hydrogen electrochemical oxidation reaction is deducted in the anode channel, as it is deemed to be released within the fuel cell.



At both anode, cathode, and solid electrolyte, the energy conservation equation can be written as follows.



Energy conservation at the anode:


        d   E   A     d t    =     m  ˙    A , i n     h   A , i n   −     m  ˙    A , o u t     h   A , o u t   +   ∑  i        m  ˙    i     h   E L , i     − V I − ∆   h   1   W L r 1     +   λ   A   W L     T   E L   −   T   A     +   λ   A   W L     T   P L A   −   T   A         



(13)







Energy conservation at the cathode:


        d   E   C     d t    =     m  ˙    C , i n     h   C , i n   −     m  ˙    C , o u t     h   C , o u t   −   ∑  i        m  ˙    i     h   C , i     +   λ   C   W L     T   E L   −   T   C         +   λ   C   W L     T   P L C   −   T   C         



(14)







Energy conservation at the solid electrolyte:


       c   p , E L     M   E L      d   T   E L     d t      =    ∑  i         m  ˙    i     h   C , i   −    ∑  i         m  ˙    i     h   E L , i            −     λ   C   W L     T   E L   −   T   C     +   λ   A   W L     T   E L   −   T   A            − (    k W L     T   E L   −   T   P L C       H    + ε σ W L       T   E L     4   −     T   P L C     4          +    k W L     T   E L   −   T   P L A       H    + ε σ W L       T   E L     4   −     T   P L A     4     )     



(15)







Energy conservation at the fuel cell interconnecting plate:


       c   p , P L A     M   P L A      d   T   P L A     d t      =    k W L     T   E L   −   T   P L A       H    + ε σ W L       T   E L     4   −     T   P L A     4          −   λ   A   W L     T   P L A   −   T   A     −    k W L     T   P L A   −   T   P L C       H        



(16)






       c   p , P L C     M   P L C      d   T   P L C     d t      =    k W L     T   E L   −   T   P L C       H    + ε σ W L       T   E L     4   −     T   P L C     4          −   λ   C   W L     T   P L C   −   T   C     +    k W L     T   P L A   −   T   P L C       H        



(17)








2.3. Evaluation Metric


The performance of the system is evaluated in terms of fuel utilization, cell efficiency, air excess ratio, and electric power production, which are given as follows.



Fuel utilization:


  F U =    I   M W   A     2 F     m  ˙    A , i n       n   A ,  H 2          



(18)







Cell efficiency:


    η   c e l l   =      P   c e l l         m  ˙    A , i n     120     ×   10   6     x   A ,  H 2          



(19)







Air excess ratio:


    λ   A I R   =    4 F   n   C i n ,  O 2        m  ˙    C , i n       M W   C , i n   I     



(20)







Electric power production:


    P   c e l l   = I   V   c e l l    



(21)







In the above-integrated system, the following assumptions are adopted:




	
The 0D model is applied to ammonia cracking and SOFC systems.



	
Only the static condition is evaluated and discussed.



	
Assuming that all cells behave the same in the stack, a single-cell modular SOFC is used to represent the stack by considering the number of cells either in series and/or parallel arrangement. This would help simplify the assessment of the SOFC’s performance and capacity.



	
The temperature difference within the electrolyte structure (anode and cathode electrolyte) is negligible.



	
The transfer of heat between the electrolyte structure, the external surroundings, and between the SOFCs and ammonia crackers is not considered.










3. Validation


The ammonia cracking rate is determined by using experimental data from Han et al. with activation energy from Hassina et al. [38]. The fitted kinetics are then validated with various reaction conditions, as shown in Figure 3 below. The experimental test data are marked with blue dots, and the orange curve is the result of the numerical simulation. The data fitting accuracy is evaluated under the assumption that the root mean squared error (RMSE) is set at 0.049 and is found satisfactory.



The SOFC model is validated by using real experimental data from Xu et al. [39]. The key input parameters of the SOFC model are presented in Table 2. By comparing the single-cell polarization curve depicted in Figure 4, it is observed that the RMSE is 0.03 and found to be accurate.




4. Result Evaluation and Discussion


In the ammonia decomposition model, a tube-type cracker measuring 50 mm in length and 10 mm in diameter is designed. To evaluate how temperature affects ammonia cracking under various supply conditions, simulations are conducted at different flow rates, and the temperature versus cracking rate is plotted as shown in Figure 5. The decomposition process reveals that the temperature needed for optimal cracking rates changes with varying ammonia flow rates. A noticeable proportional trend can be observed between cracking temperature and cracking rate at different flow rates. For example, when supplying an ammonia flow rate of 0.36, 3.6, and 18 g/h at temperatures of 735, 880, and 1030 K, respectively, the cracking system demonstrates an impressive 99% decomposition rate. In principle, an increase in cracking temperature is accompanied by a progressive rise in the cracking rate, as the ammonia decomposition is an endothermic process. This correlation indicates that higher cracking temperatures positively influence the efficiency of the ammonia cracking process. The observed relationship between cracking temperature and cracking rate underscores the sensitivity of ammonia decomposition, providing crucial information for optimizing conditions in integration with fuel cell systems, where the efficiency of hydrogen production from ammonia is a pivotal consideration.



Also, to assess whether the temperature produced by the SOFCs is adequate for ammonia cracking, a comparison is made between the temperatures from the SOFCs and those required for ammonia cracking under an integrated system. It is observed that the temperature produced by SOFCs with varying hydrogen flow rates is adequate for achieving ammonia cracking at the maximum cracking rate of 99%, as indicated in Figure 6. This robust hydrogen output at a high level of cracking efficiency signifies the system’s ability to maximize the conversion of ammonia into hydrogen, minimizing waste and maximizing the yield of usable fuel.



In the simulation of SOFCs, it is observed that with an increase in the flow rate of H2, there is a corresponding increase in both maximum power output and current density with a fixed inlet flow temperature at 700 K. Remarkably, the maximum power output and current density reach their peaks at 230 W and 2.0 A/cm2 when a flow rate supply of H2 to SOFCs is set at 18 g/h as shown in Figure 7.



Fuel efficiency is another critical parameter for evaluating the system’s efficiency post-integration. It is observed that the fuel efficiency can achieve 51%, corresponding to the H2 flow rate at 0.36 g/h, as shown in Figure 8. However, as the flow rate increases, the fuel efficiency decreases, reaching approximately 38% at the highest tested flow rate. This inverse relationship suggests that while higher hydrogen flow rates enhance power output and current density, they may also lead to reduced fuel efficiency.



These above observations highlight the need to balance hydrogen flow rate to optimize both power output and fuel efficiency in SOFC systems. Effective system design must consider the trade-offs between achieving higher power outputs and maintaining fuel efficiency to ensure overall system performance and sustainability.



Based on the result of various simulations performed, when achieving equilibrium with a specific rate of cracked hydrogen flow from the cracker supplied to the SOFCs, corresponding sufficient heat is generated for ammonia decomposition, resulting in diverse power output with corresponding efficiency. This is achieved through the integrated ammonia cracking-SOFC system, which proves the technical feasibility of utilizing a SOFC thermal energy release for ammonia cracking, facilitating hydrogen fuel production and backfeeding to SOFC for power generation.




5. Conclusions


The IMO greenhouse gas reduction targets have prompted the exploration of alternative fuels in the marine industry. Ammonia has emerged as a promising carbon-free marine fuel with its unique set of advantages [40]. To meet the decarbonization goals, fuel cells, particularly SOFCs, have gained attention for their high efficiency and potential compatibility with marine applications.



This paper explores the viability of the integration of ammonia cracking with SOFCs, which presents a novel solution for marine propulsion. This study emphasizes the technical feasibility of using a closed-loop SOFC system with up to 2 A/cm2 current density and 51% fuel efficiency to generate thermal energy release, resulting in a nearly 100% ammonia cracking rate to produce hydrogen fuel. The proposed system demonstrates impressive decomposition rates and power performance, highlighting its potential as an efficient and adaptable solution for marine applications. Given that the present simulation operates as a constant closed-loop model, the following research can extend to a dynamic simulation process from a cold start to a stabilization condition, thermal loss between SOFC sand ammonia crackers, and the study on improving the fuel efficiency without compromising the system performance.



Currently, the primary challenges hindering the widespread commercial and operational adoption of integrated ammonia cracking–SOFCs, notably issues such as heat transfer between SOFCs and ammonia crackers, miniaturization of integrated systems, volumetric power density, and lifespan for SOFCs, represent significant technological bottlenecks in the ammonia fuel cell technology sector to be resolved. Consequently, additional, comprehensive research is imperative to address these challenges, with a particular focus on energy efficiency optimization lifespan extension of SOFCs as a crucial aspect for industry advancement.
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Nomenclature








	     c   p , E L     
	Specific heat capacity for electrolyte, kJ/kg-K



	     c   p , P L A     
	Specific heat capacity for the anode, kJ/kg-K



	     c   p , P L C     
	Specific heat capacity for the cathode, kJ/kg-K



	     E   a     
	Activation energy of the reaction



	     E   e l e c     
	Energy of activation



	     E   A     
	Total energy in the anode, kJ



	     E   C     
	Total energy in the cathode, kJ



	F
	Faraday constant, kJ/mol



	   ∆ G   
	Gibbs free energy, J/mol



	H
	Height of channel, mm



	     h   A , i n     
	Enthalpy of       m  ˙    A , i n    , kJ/kg



	     h   A , o u t     
	Enthalpy of       m  ˙    A , o u t    , kJ/kg



	     h   C , i n     
	Enthalpy of       m  ˙    C , i n    , kJ/kg



	     h   C , o u t     
	Enthalpy of       m  ˙    C , o u t    , kJ/kg



	     h   C , i     
	Enthalpy of O2−



	     h   E L , i     
	Enthalpy of the O2− species crossing electrolyte, kJ/kg



	I
	Current generated from the fuel cell through the electrochemical reaction from electrons



	   i   
	Component, e.g., H+, O2−



	J
	Electrode current density, A/cm2



	   j   
	Number of reactions



	     j   0     
	Exchange current density, A/cm2



	k
	Thermal conductivity coefficient of the material, W/mK



	Ko
	Pre-exponential factor



	     k   e l e c     
	Pre-exponential factor of the activation losses



	L
	Length of single FC anode, m



	     M   E L     
	Mass of electrolyte, kg



	     M   P L A     
	Mass of anode, kg



	     M   P L C     
	Mass of cathode, kg



	       m  ˙    i n     
	Mass flow rate in, kg/s



	       m  ˙    o u t     
	Mass flow rate out, kg/s



	       m  ˙    A , i n     
	Mass flow rate in, kg/s



	       m  ˙    A , o u t     
	Mass flow rate out, kg/s



	       m  ˙    C , i n     
	Mass flow rate in, kg/s



	       m  ˙    C , o u t     
	Mass flow rate out, kg/s



	       m  ˙    i     
	Mass flow rate of component i, kg/s



	       m  ˙     O 2      
	Mass flow rate of component O2, kg/s



	     M W   C , i n     
	Molecular weight of in-stream (including O2 and N2) entering the cathode side, kg/kmol



	     M W   i     
	Molecular weight of component i, kg/kmol



	     M W    O 2      
	Molecular weight of component O2, kg/kmol



	     n   C i n ,  O 2      
	No. of mol of O2 entering the cathode side



	     n   A ,  H 2      
	No. of mass fraction of hydrogen in the anode



	     P   c e l l     
	The power produced by the fuel cell, W



	     P    H 2      
	Pressure of H2, bar



	     P    N 2      
	Pressure of N2, bar



	     P     N H  3      
	Pressure of NH3, bar



	     p   A ,  H 2  O     
	Partial pressure generated by the water in the anode, Pa



	     p   A ,  H 2      
	Partial pressure generated by H2 in the anode, Pa



	     p   A ,  O 2      
	Partial pressure generated by O2 in the anode, Pa



	     p   B ,  H 2  O     
	Partial pressure generated by the water in triple phase boundary, Pa



	     p   B ,  H 2      
	Partial pressure generated by H2 in triple phase boundary, Pa



	     p   B ,  O 2      
	Partial pressure generated by O2 in triple phase boundary, Pa



	     p   C ,  O 2      
	Partial pressure generated by O2 in the cathode, Pa



	       q  ˙    F C , C R A     
	Heat transfer rate from SOFC to ammonia cracker, kJ/s



	R
	Universal gas constant, kJ/mol/K



	RNH3
	Reaction rate in %



	     r   1     
	Rate of the electrochemical reaction of hydrogen



	     T   A     
	Temperature for anode, K



	     T   C     
	Temperature for the cathode, K



	     T   C R A     
	Overall temperature for ammonia cracker, K



	     T   E L     
	Temperature for electrolytes, K



	     T   F C     
	Overall temperature for SOFC, K



	     T   P E N     
	Temperature for electrode, K



	     T   P L A     
	Temperature at anode, K



	     T   P L C     
	Temperature at cathode, K



	   t   
	Time, s



	     t   A E L     
	Tortuosity of membrane between anode and electrolyte



	     t   C E L     
	Tortuosity of membrane between cathode and electrolyte



	     t   E L     
	Tortuosity of membrane cross electrolyte



	V
	Voltage generated from the fuel cell through the electrochemical reaction from electrons



	     V   a c t     
	Activation voltage losses, V



	     V   c e l l     
	Total cell voltage produced, V



	     V   o c v     
	Open circuit voltage, V



	     V   o h m     
	Ohmic voltage losses, V



	     V   c o n c     
	Voltage losses due to mass transport, V



	W
	Width of single FC anode, m



	     x   A ,  H 2      
	Mass fraction for hydrogen at the anode



	Greek letters
	



	   β   
	  T y p e e q u a t i o n h e r e .   transfer coefficient



	   ε   
	Emissivity



	   σ   
	Stefan–Boltzmann constant, 5.67 × 10−8 J/(s × m2)/K4



	     σ   A E L     
	Conductivity of the anode electrolyte layer



	     σ   C E L     
	Conductivity of the cathode electrolyte layer



	     σ   E L     
	Conductivity of the electrolyte layer



	     λ   C     
	Heat transfer coefficient for the cathode, kJ/(s × m2 × K)



	     λ   A     
	Heat transfer coefficient for the anode, kJ/(s × m2 × K)



	     λ   A i r     
	Air excess ratio



	     λ   F C     
	Heat transfer coefficient for SOFC, kJ/(s × m2 × K)



	   ∆   h   1     
	Enthalpy of reaction 1 process, e.g., energy consumed from O2− to form H2O, J/mol



	     η   c e l l     
	Cell efficiency
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Figure 1. Integrated system between ammonia cracking and fuel cell. 
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Figure 2. Single-cell process diagram. 
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Figure 3. NH3 decomposition curve of experimental data and modeling (CoNi-MgO @ 450 °C). 
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Figure 4. Validation of SOFC model. 
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Figure 5. Cracking temperature versus cracking rate. 
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Figure 6. Ninety-nine percent cracking required temp. versus fuel cell temp. 
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Figure 7. SOFCs performance—H2 flow rate versus power and current density. 
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Figure 8. SOFCs performance—H2 flow rate versus fuel efficiency. 
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Table 1. Input and out of individual components.
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Component

	
Input Parameter

	
Reaction/Process

	
Output Parameter






	
Ammonia Cracker

	

	
Ammonia flow; flow temperature.






	

	
Ammonia decomposition with endothermic process.






	

	
Hydrogen flow and flow temperature;



	
Nitrogen flow and flow temperature.









	

	
Unreacted cathode gas flow (e.g., N2 and O2) and flow temperature from SOFCs.






	

	
Exothermic process.






	

	
Unreacted cathode gas flow (e.g., N2 and O2) and flow temperature from SOFCs.









	
Gas Separator

	

	
Mixed nitrogen flow and hydrogen flow.






	

	
Filtration process.






	

	
Separated nitrogen flow and hydrogen flow.









	
SOFCs

	

	
Unreacted hydrogen flow and flow temperature from SOFCs;



	
Separated hydrogen flow and flow temperature from gas separator;



	
Airflow (including oxygen and nitrogen) and flow temperature.






	

	
Electrochemical reaction.






	

	
Unreacted hydrogen flow and flow temperature from anode exhaust;



	
Unreacted nitrogen flow, oxygen flow, etc., and flow temperature from cathode exhaust;



	
SOFC thermal release from external casing;



	
Electricity;



	
Water.
















 





Table 2. Main parameters of SOFC model.
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	Parameter
	Value
	Unit





	Cell Area
	0.15 × 0.15
	m2



	Inlet Fuel (H2) Flow Rate
	1 × 10−3
	g/s



	Gas Inlet Pressure
	1
	Bar



	Gas Inlet Temperature
	600
	K
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