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Abstract
To reach the decarbonisation goals, a zero CO2 emissions large ship propulsion system is proposed in this work. The ship selected is a large ferry propelled by an internal combustion engine fuelled by an ammonia-hydrogen blend. The only fuel loaded in the vessel will be ammonia. The hydrogen required for the combustion in the engine will be produced onboard employing ammonia decomposition. The heat required for this decomposition section will be supplied by using the hot flue gases of the combustion engine. To address the issues regarding NOx emissions, a selective catalytic reduction (SCR) reactor was designed. The main operating variables for all the equipment were computed for engine load values of 25%, 50%, 75%, and 100%. Considering the lowest SCR removal rate (91% at an engine load of 100%), the NOx emissions of the vessel were less than 0.5 g/kWh, lower than the IMO requirements. An energy analysis of the system proposed to transform ammonia into energy for shipping was conducted. The global energy and exergy efficiencies were 42.4% and 48.1%. In addition, an economic analysis of the system was performed. The total capital cost (CAPEX) for the system can be estimated at 8.66 M€ (784 €/kW) while the operating cost (OPEX) ranges between 210 €/MWh (engine load 100%) and 243 €/MWh (engine load of 25%). Finally, a sensitivity analysis for the price of ammonia was performed resulting in the feasibility of reducing the operating cost to below 150 €/MWh in the near horizon.
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1. Introduction
Global warming due to greenhouse gases (GHGs) is one of the main problems nowadays. The most important and extended of these GHGs is CO2 (Olivier & Peters, 2017). A remarkable part of these emissions is produced by passengers and goods transportation since shipping is the main mean of world trade. Consequently, about 3% of global GHG emissions come from maritime transport (Buhaug et al., 2009; Smith et al., 2015).  At this point, the International Maritime Organization (IMO) has set to reduce by 50% GHGs emissions by 2050 compared to 2008. The aim would be to eliminate them by 2100 (IMO, 2018; Joung et al., 2020). Nowadays, Internal Combustion Engines (ICE) are responsible for almost all shipping CO2 emissions since these use traditional non-renewable energy sources (being Marine Fuel Oil (MFO) and Marine Diesel Oil (MDO) the most widespread marine fuels today). To introduce renewable energy sources in the shipping sector different strategies have been proposed. Direct electrification using batteries (Kersey et al., 2022), the use of H2 fuel cells (Wu et al., 2022a), or the use of different alternative fuels (Ampah et al., 2021) are among the most promising options. 
[bookmark: _Hlk139006414][bookmark: _Hlk138958850]Several candidates have been proposed among the alternative fuels. Among them, it is possible to stand out hydrogen (H2) and its derivatives, methanol (CH3OH) and ammonia (NH3). The first remarkable feature of these three compounds is their high energy density. In addition, these three chemicals show a high-octane rating, even higher than gasoline in the case of ammonia and hydrogen (Al-Aboosi et al., 2021). The literature is rich in studies focused on the study of ICE fuelled by hydrogen mixed with other compounds (Ryu et al., 2014), but a limited extension is expected for pure hydrogen-fuelled marine ICEs (Atilhan et al., 2021). The main alternative proposed nowadays for hydrogen marine propulsion is the use of fuel cells (Di Micco et al., 2022).  However, the storage of hydrogen onboard is not a straightforward issue for several reasons, for instance, its low volumetric energy density. Consequently, extensive storage systems would be required, especially for long voyages. It may reduce, in a remarkable way, the space available onboard. In addition, hydrogen can be explosive, and due to its small molecular size, it is prompt to leak (Mao et al., 2021). Finally, hydrogen storage systems made of metallic alloys may suffer severe embrittlement processes (Findley et al., 2022). An alternative is the storage of liquid hydrogen. By liquefaction, hydrogen energy density is increased up to 2.8 MWh/m3. However, this process demands temperatures between 13.8 and 33.2 K, and it involves an important economic cost. Furthermore, remarkable losses of gas are expected due to the boil-off effect. The cost of storage of liquefied hydrogen in a large ferry is around 1.71 €/kWh (1.29 €/kWh for bulk carriers and container ships). Another hydrogen storage system is the use of metallic hydrides (Tarasov et al., 2021). However, for an effective deployment of this alternative in portable applications, further research is still needed (Rusman & Dahari, 2016). Despite these hydrogen storage drawbacks, H2 has potential use in future ship transport and has been proposed for certain types of ships, so far with limited operating hours (Di Micco et al., 2022; Atilhan et al., 2021).
To avoid the aforementioned inconveniences for hydrogen storage on board, a promising alternative is the use of different liquid fuels produced from renewable hydrogen. As liquids, these alternatives are easy to store and transport, also increasing the volumetric energy density of the fuel with respect to hydrogen.  Methanol arises as one attractive alternative fuel for shipping propulsion. It has already been considered in some industrial projects. One of the main marine ICE manufacturers, MAN, is going to commercialize this kind of engine by 2024 (MAN, 2019). Maersk, one of the principal shipowners, has started its strategy to switch from the use of conventional fuels to methanol in its ships. Methanol is liquid at ambient temperature and pressure, which represents an important advantage for its onboard storage. In this way, the cost of methanol storage onboard may be estimated at 0.14 €/kWh for a large Ferry and 0.12 €/kWh for bulk carriers and container ships (Korberg et al., 2021). In addition, a methanol spill is considerably less hazardous for marine life than a MFO or MDO spill (Anderson & Marquez Salazar, 2015).  This is an important factor in the case of fuel leakage. However, this compound is extremely toxic for humans. Another handicap for the use of methanol onboard is that it may be explosive (in a smaller range than hydrogen but higher than MFO or ammonia). There are many paths to produce green methanol (Yousaf et al., 2022; Gautam et al., 2020), being the most extended the hydrogenation of CO2 using green hydrogen (Martín, 2016). It is very important to underline that, even when the use of green methanol for marine ICE can achieve a neutral CO2 combustion balance, it is not possible to reach directly zero CO2 emissions by using methanol as fuel. To minimize them, some CO2 capture systems must be employed. The installation of this system on the ship could be technically challenging (or even not possible) and the economic performance could be disadvantageous. 
[bookmark: _Hlk138673463][bookmark: _Hlk138673589]In order to achieve a fleet with zero CO2 emissions and avoid the inconveniences mentioned above of hydrogen as fuel, ammonia also arises as one attractive fuel option for a decarbonized society (Wang et al., 2023b). Similar to the case of methanol, MAN is conducting an important project for the development of marine ammonia-fuelled ICE. This type of marine engine could be developed by 2024 (MAN, 2020b; Juliussen, 2018). Ammonia can be stored in a liquid state at 240 K and atmospheric pressure or at 10 bar at 293 K. For these reasons, the ammonia storage onboard is quite easier than storing hydrogen, even easier than liquefied natural gas (LNG). Thus, the current ammonia storage costs onboard are about 0.29 €/kWh (for large ferries) and 0.23 €/kWh (for bulk carriers and container ships) (Korberg et al., 2021). To produce renewable ammonia different technologies have been assessed. The most extended today is the combination of green hydrogen (from water electrolysis) with nitrogen (from air separation) to synthesize ammonia using the Haber-Bosch process at high temperatures (400-500 °C) and pressures (15-20 MPa) (Palys et al., 2019; Sánchez & Martín, 2018b). Another alternative is to produce green hydrogen from biomass (Sánchez & Martín, 2019). In addition, one of the emerging options is the use of electrochemical methods based on the electroreduction of nitrogen leaving behind the Haber-Bosch synthesis (MacFarlane et al., 2020). Related to its combustion, ammonia is a relatively unreactive fuel due to several factors such as its relatively low flame speed and its high auto-ignition temperature value. Different techniques approaches have been proposed to address this issue (Elbaz et al., 2022). One of the most studied is the introduction of a co-fuel with better combustion features (Nozari & Karabeyoğlu, 2015; Kurien & Mittal, 2022). Several species have been proposed to promote ammonia combustion, i.e.: methane, diesel, gasoline, dimethyl ether, or hydrogen (Liu et al., 2022; Wu et al., 2022b). Among them, hydrogen emerges as one of the most promising. Hydrogen addition in ammonia combustion increases the ammonia flame speed although an increase in the NOx formation could be expected depending on the selected equivalence ratio (Chai et al., 2021). Another important point for using hydrogen as a co-fuel is its carbon-free nature allowing for completely decarbonizing shipping transport (Valera-Medina et al., 2019). In terms of emissions, the combustion of ammonia does not produce CO2, as a consequence, zero direct CO2 emissions level can be reached by using this fuel. Nevertheless, ammonia combustion could produce NOx. Therefore, special attention should be paid to control this pollutant. The introduction of a selective catalytic reduction (SCR) unit is proposed as an effective technology to mitigate NOx emissions (Ejder & Arslanoğlu, 2022). 
To deploy ammonia as fuel in the shipping sector, intense research is required in different areas. Currently, several investigations are devoted to exploring the possibility of introducing ammonia in the engine from an experimental and theoretical points of view. Most of this research, as mentioned, proposes the use of a co-fuel for ammonia fuel systems. Therefore, the next step is to assess the entire propulsion system from a holistic approach including not only the ammonia engine but also the problems related to the selected co-fuel and, also, those associated with the pollutants in the combustion gases. To the best of the authors’ knowledge, no research about the conceptual design of the entire propulsion system to introduce ammonia in shipping has still been reported. 
Thus, in this work, an integrated analysis of the system to use ammonia as fuel in marine transport is presented. A two-stroke ICE fuelled with an ammonia and hydrogen blend is selected as the core unit of the propulsion system. But the analysis is extended to the entire process. An ammonia decomposition reactor is introduced to produce the necessary hydrogen as co-fuel allowing only ammonia to be loaded as the ship's fuel. Ammonia decomposition will take place by using the heat of ICE exhaust gases. In addition, nitrogen oxides can be produced in the combustion chamber, therefore, to abate this pollutant the introduction of an SCR is proposed in this work. By using the SCR system proposed, the most demanding requirements established by IMO, TIER III (Schneiter, 2015; Wik & Niemi, 2016), will be comfortably reached. Through this global analysis, a significant step is taken to introduce ammonia as a fuel in the maritime transport sector allowing for the decarbonisation of this important activity. 
2. Ship selection
The type of ship selected in this work is a large ferry with a nominal capacity of propulsion of 11 MW, a typical value for this kind of ship. A ferry is the vessel among the large ships with the smallest utilisation rate, between 1260 and 3780 utilization hours per year. These values are quite smaller than the ones corresponding to a container ship (with annual rates between 4320 and 6000 hours) and, also, smaller than a bulk carrier or a general cargo one (with annual rates, for both, between 3600 and 5820 hours). As it was described in detail in the previous point, to achieve the main target of this work (to propose a propulsion system that allows a large ship with zero CO2 emissions) two fuels can be used primarily: ammonia and hydrogen. In addition, the total operating costs for the fuel cells are higher than the ones corresponding to the ICEs. This difference is more remarkable in the case of vessels with the smallest utilisation rates: i.e., large ferries (Korberg et al., 2021). For this reason, using an ICE fuelled by ammonia to propel a large ferry is an excellent option. As it was mentioned above, there is not any remarkable project ongoing for the development of a hydrogen-fuelled marine ICE.
3. System description 
The entire system for using ammonia as fuel can be divided into three main sections: ammonia decomposition, the internal combustion engine, and the selective catalytic reduction (SCR) unit. A schematic representation of the system is presented in Figure 1. 
[image: ]
Figure 1: Global overview of the entire system to fuel a ship using ammonia.
Ammonia is fed to a decomposition stage to produce a blend with an ammonia/hydrogen molar proportion of 70/30 (Wang et al., 2021). The objective is to improve the flammability properties of ammonia as feedstock due to its unstable combustion, with the low burning velocity as the major limitation (Li & Li, 2021). The use of hydrogen is widely accepted as a co-fuel for ammonia combustion. The properties of ammonia and hydrogen as fuels are collected in Table 1. To reach the temperature required for ammonia decomposition, a heat exchanger is placed just before the reactor. To provide the necessary heat, the gas stream leaving the turbine after the combustion engine is used, allowing the heat integration of the entire system. The decomposition reaction is highly endothermic; therefore, significant thermal energy must be provided before the reactor since this unit works adiabatically. In the ammonia decomposition reactor, the inlet ammonia is decomposed to form the required mixture (70% NH3-30%H2). The reaction is performed in a fixed bed reactor and the stream leaving this unit is the fuel that is fed into the combustion engine section. The temperature of this stream could be adjusted before entering the engine according to the combustion system requirements. The stream that leaves the decomposition is formed by ammonia, hydrogen, and nitrogen. This stream is directly introduced into the internal combustion engine including the produced nitrogen. The presence of this component could modify the combustion process since it is inert. However, nitrogen is also introduced with the inlet air, and the nitrogen from the decomposition only represents around 3% of the total inlet nitrogen into the combustion engine. Therefore, we assume that this additional nitrogen would produce no significant changes.
The second section is the internal combustion engine where the transformation of ammonia into mechanical energy takes place. The first step is the turbocharger which consist of a compressor and a gas turbine where the power required to run the compressor is provided by the gas turbine after the combustion engine (Lu et al., 2022). The feed is compressed up to a given pressure (presented in Table 2) depending on the capacity rate before entering the combustion engine. The temperature of the inlet stream may also be adjusted just before the combustion unit. The two-stroke internal combustion engine is based on a Miller-Sabathe cycle; therefore, the gases are compressed inside the cylinder, the combustion takes place, and finally, the gases are expanded and released. The combustion is carried out with an excess of air to control the maximum temperature inside the engine. The gases that leave the cylinder are introduced in a gas turbine which is the second part of the turbocharger. The gases are expanded to produce the necessary power to run the compressor of the inlet stream. Finally, the gases are cooled in two steps. The first one provides the necessary heat to the ammonia which is fed into the ammonia decomposition reactor. The second heat exchanger could be optional, and it is devoted to adjusting the temperature of the gases to the conditions required in the selective catalytic reduction unit. 
Table 1: Properties of ammonia and hydrogen as fuels (Valera-Medina et al., 2018; Wang et al., 2023a; Frigo & Gentili, 2013)
	Properties
	Ammonia
	Hydrogen

	Molecular formula
	NH3
	H2

	Density (20ºC) (kg/m3)
	0.77
	0.089

	Gravimetric H2 density (%w)
	17.8
	100

	Low heating value (MJ/kg)
	18.80
	120

	Flammability limits (%vol)
	15-28
	4.7-75

	Laminar flame velocity (m/s)
	0.015
	3.51

	Auto-ignition temperature (K)
	924
	844

	Adiabatic flame temperature (with air) (K)
	1850
	2483

	Octane number
	>130
	>100



The last section of the system is the abatement of the nitric oxide emissions from the exhaust gases. This section is based on the use of a selective catalytic reduction (SCR) reactor where the nitric oxides are catalytically transformed into nitrogen and water (Liang et al., 2019). The reaction is based on the combination of ammonia, oxygen, and nitric oxide, therefore, the two first components must be introduced before the reaction. The SCR reactor is a fixed-bed monolithic unit that operates under adiabatic conditions. For this operation, the removal efficiency is dependent on the initial temperature and ranges from 80% to 100% (Guerras & Martín, 2019). After the catalytic reactor, the outlet stream is cooled to ambient temperature to be released safely into the environment. 
4. Modelling approach
In this section, a general description of the modelling issues related to the ammonia fuelled ship is presented. For further details, an extended explanation is shown in the Supplementary Information. The flowsheet considered for the representation of the entire system is shown in Figure 2. 
[image: ]
Figure 2: Detailed process diagram of the ammonia fuelled ship including the three main sections: ammonia decomposition, internal combustion engine, and selective catalytic reduction.
4.1. Ammonia decomposition section
The first step in a ship fuelled by ammonia is its decomposition to produce the required mixture of ammonia and hydrogen due to the combustion requirements. The decomposition reactor is based on the following reaction:
                                                                  (1)
The decomposition is performed in a fixed bed adiabatic reactor using Ni/Al2O3 as catalyst due to the excellent performance in the decomposition reaction and the economic advantages with respect to the ruthenium catalyst (Chiuta et al., 2013). The kinetic expression of ammonia decomposition is as follows (Kim et al, 2018):
                                            (2)
In this kinetic expression,  is the kinetic constant of the reaction,  is the equilibrium constant,  is the activity of the different components,  is a kinetic parameter,  is the effectiveness factor and  is the catalytic activity. 
The reactor is modelled based on a set of differential equations including the mass balances of each component, the energy balance, and the momentum balance to be able to describe the entire performance of the system. The full model of this unit is included in the Supplementary Information. The three main input variables of the detailed model are temperature, pressure, and inlet gas velocity. Based on the dimensions and performance of this reactor, the value of these three variables is determined for each of the scenarios analysed in this work (engine load values of 25%, 50%, 75%, and 100%). 
4.2. Ammonia internal combustion engine
Currently, only limited data about marine engines using ammonia as fuel is available. Different research articles have investigated the combustion of ammonia or its use in different combustion devices (Chiong et al., 2021) but a complete analysis of an ammonia maritime engine is not assessed in the literature. For instance, the material selection for these engines is still under development, and further investigation is required to meet the ammonia combustion requirements. From an industrial perspective, MAN adapts the existing engines running on liquid petroleum gas (LPG) or methanol to be used with ammonia as fuel but, due to industrial information restrictions, limited public data is available for this alternative (MAN, 2019). Therefore, to model this unit, a combination of data from the existing maritime engines using different fuels and a process engineering approach are employed in this work.
Two different application technologies have been proposed to use ammonia in engines: spark ignition (SI) and compression ignition (CI). However, due to the large ignition energy required in marine engines, the preferred option in most projects is compression ignition engines, limiting the adoption of spark ignition technology (Liu et al., 2022a). Particularly, a two-stroke compression ignition ICE is employed in this work. In addition, the use of pure ammonia as fuel is limited, as mentioned before, due to its flammability characteristics (Wang et al., 2021). In this work, to avoid carbon components (and, therefore, no carbon dioxide emissions), hydrogen is selected as co-fuel. And, specifically, this hydrogen is produced using ammonia to load only one liquid fuel onboard that is easier to store and transport than hydrogen. Particularly, an ammonia/hydrogen ratio of 70/30 is fixed in this work because a large number of authors have supported this ratio (Mashruk et al., 2022; Wang et al., 2021; Kim et al., 2020). The combustion process could be performed using different amounts of oxygen and, therefore, different equivalence ratios (ER) defined as the relationship between the oxygen that is introduced in the combustion and the stoichiometric one. In this case, to control the temperature of the combustion process inside the cylinder, an ER equal to 0.85 is selected. 
Two reactions are involved in the combustion of the ammonia/hydrogen blend:
                                                                  (3)
                                                       (4)
In addition, one main pollutant is produced in the ammonia combustion reaction: nitrogen oxide. At this point, it is essential to estimate the emissions of this pollutant in the combustion chamber to select the proper abatement technology and to verify whether the limits established by the legislation are complied with. A NOx concentration in the exhaust gases of 2000 ppm is set according to the previous works for an ammonia/hydrogen CI engine using a NH3/H2 ratio of 70/30 (Liu et al., 2022c). It is assumed that only nitric oxide (NO) leaves the combustion chamber since nitric oxide is the main nitrogen pollutant in the exhaust gases from ammonia combustion (Okafor et al., 2020). 
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Figure 3: P-V diagram of ideal Miller-Sabathe cycle
The thermodynamics of the system is based on an ideal Miller-Sabathe cycle that is proposed for low-carbon and zero-carbon fuels in marine engines (Liu et al., 2022b). This cycle is based on the following steps: adiabatic compression, constant volume heat addition, constant pressure heat addition, adiabatic expansion, and heat removal. A schematic representation of the cycle performance is presented in Figure 3 including the main design parameters. 
To capture the real behaviour of a marine engine, some pressure values in the cycle have been set according to the experimental data from an actual device. In particular, the inlet pressure into the cylinder (after the compression in the turbocharger) and the maximum pressure in the cylinder are fixed. In this work, these pressure values have been taken from Lu et al. (2022) and are collected in Table 2 for the different load values analysed in this work. To reach the inlet pressure required in the engine, a compressor (modelled as polytrophic) is introduced (as a part of the turbocharger). The power required for this unit is produced by expanding the gases that leave the cylinders in a turbine (assuming also a polytrophic expansion). In addition, the compression ratio (CR) is set to 14 for this ammonia-based engine (Wang et al., 2021). This value has been set as an average of the proposed CR in the literature for ammonia/hydrogen compression engines from 12 (Liu et al., 2022a) to 20 (Liu et al., 2022b). 
The thermal efficiency of the process can be calculated using the different heat loads and temperatures of the cycle (as presented in the Supplementary Information). However, in this work, the value of the thermal efficiency is set to 50%, the typical value expected for a two-stroke marine engine fuelled by ammonia (Korberg et al., 2021), lower than those calculated using thermodynamics, to consider the real operation of the engine including heat losses or irreversibilities that have been neglected in the thermodynamic calculations. 
Table 2: Pressure values fixed in the engine performance based on the results presented by Lu et al. (2022).
	
	100%
	75%
	50%
	25%

	Inlet pressure into the cylinder (bar)
	4.0
	3.2
	2.2
	1.3

	Maximum pressure (bar)
	180
	165
	145
	110

	Compression ratio (CR)
	14
	14
	14
	14



4.3. Selective catalytic reduction (SCR) reactor 
The last stage is the selective catalytic reduction (SCR) section. The purpose of this part is to reduce the amount of nitric oxide to release the combustion gases into the atmosphere in a safe and environmentally responsible manner. To abate the nitric oxide concentration, its transformation into nitrogen and water using a catalytic system is used according to the next reaction (Napolitano et al., 2022): 
                                                  (5)
A fixed-bed monolithic reactor is used for this reduction reaction (Nakamura et al., 2021). A commercial Cu-zeolite catalyst is selected in this case due to its high-temperature durability and good performance for a wide range of NOx concentrations (Nova et al., 2011; Pant & Schmieg, 2011). The inlet range of temperatures is set between 545K and 750K, the amount of air that is introduced (to supply the oxygen required for the reaction) is based on an air/ammonia ratio of 20, and the amount of ammonia fed to the system is the stoichiometric one (Guerras & Martín, 2019). The reactor operates adiabatically, and the removal efficiency of the reactor is computed as a function of the inlet temperature according to the following expression proposed by Guerras & Martín (2019):
                               (6)
Where η is the removal efficiency (in %) and T is the inlet temperature (in K). To determine the reactor dimensions, a mechanistic model is used based on the assumption that mass transfer is the limiting step in the reaction system (Rodenhausen, 1999). More details about this model can be found in the Supplementary Information.
4.4. Economic evaluation of the system 
With the modelling approach proposed in the previous sections, it is possible to evaluate the economic performance of the ammonia fuelled ship. In this assessment, the capital (CAPEX) and operating (OPEX) costs are estimated using approximate correlations. For the CAPEX, the three main units are the decomposition reactor, the ammonia internal combustion engine, and the SCR reactor. The capital cost of the decomposition reactor is computed using two contributions: the steel vessel and the catalyst, both calculated using the detailed model proposed in Section 4.1. The price of the catalyst (Ni/Al2O3) is set at 30 €/kg (Jess & Wasserscheid, 2019). The cost of the engine is calculated based on the cost proposed by Kim et al. (2020) for an ammonia-based engine and is equal to 500 $/kW. The detailed design of the engine is out of the scope of this study. Finally, the capital cost of the SCR reactor is calculated following a similar methodology to the one mentioned in the decomposition reactor. The mechanistic model determines the dimensions of the SCR reactor and then, the two contributions (vessel and catalyst) are included. For this reactor, the cost of the catalyst is set to 4000 $/m3 (Sorrels et al., 2016). For the OPEX, three main items have been considered: the cost of raw materials, the amortization of the capital cost, and the maintenance of the units. The cost of ammonia is set, as a baseline, at 0.5 €/kg; however, this value is largely influenced by the ammonia production technology (Cesaro et al., 2021). To address this point, a sensitivity analysis is performed, although the base case scenario is presented with the mentioned cost. The coefficient for the amortization of the capital cost is fixed at 0.1 of the total investment per year. In the end, the maintenance cost of the system is set to 2% of the total CAPEX per year (Kim et al., 2020). To determine the optimal conditions of the ammonia fuelled ship system (but subject to the restrictions set out above), an optimization approach is followed. A nonlinear programming (NLP) problem is formulated and implemented in GAMS collecting all the models proposed in the previous sections. As objective function, the OPEX of the ship is selected aiming at minimizing the operating cost of the ship’s propulsion system. 
5. Results and discussion
5.1 Main Operating Variables
[bookmark: _Hlk132717923]In this section, a brief discussion of the main operating variables of the system is presented. The baseline case has been set to 11 MW of energy produced in the engine and, four different engine load values have been analysed: 100%, 75%, 50%, and 25% of the baseline capacity (as presented in Table 2). The goal is to assess the behaviour of the ship in the different situations where it will be involved and how this affects the main operating conditions of the ammonia combustion system. The first step is the ammonia decomposition section where the necessary hydrogen is produced to prepare the fuel for the engine. The operating conditions of this reactor are highly influenced by the engine load as it is presented in Figure 4. The decomposition reactor is designed for the most stressed scenario, namely, for the maximum load. Therefore, the design variables are fixed (the real reactor dimensions) for all the engine load values and the operating conditions must be changed to be able to produce the required blend of hydrogen and ammonia. Particularly, the inlet temperature of the reactor (controlled in the heat exchanger HX-1) is the main variable that it is possible to modify to be able to produce the desired mixture (70% NH3-30% H2). As the decomposition is an endothermic reaction, for a given reactor unit, when the load is reduced the temperature must be decreased to avoid the over-conversion of the reaction. As the temperature decreases, the kinetic rate is reduced, and the final mixture can meet the given requirement (70% NH3 – 30% H2). For the current propulsion system that produces 11 MW, a reactor length of 5.4 m and a cross-sectional area of 2.6 m2 are required. As shown in Figure 4, the maximum inlet temperature is 750K when the load is equal to 100%. This is one of the most critical points of the system due to the high endothermicity of the ammonia decomposition reaction. For the design of an autonomous process, as intended in this work, the energy to heat up the feed of ammonia is to be provided from the outlet gases of the combustion allowing also for the heat integration of the system. However, the maximum temperature of the combustion gases is limited by the performance of the engine and the turbocharger system. Thus, the maximum temperature of these gases is around 790K, setting for the proposed system 750K as a reasonable value for the maximum temperature in the inlet feed to the decomposition reactor. If the maximum temperature of the combustion gases could be increased, the decomposition reactor size could be reduced minimizing the capital cost of the system. When the load is decreased, it is possible to reduce the inlet temperature since the reactor is oversized for the analysed flow rate.  Another important operating variable affected by the change in the engine load is the inlet gas velocity. Since the area of the reactor is fixed, the inlet gas velocity decreases with decreasing load, affecting the phenomena of mass transfer inside the reactor (as shown in Figure 4).
[image: ]
Figure 4: Main operating conditions in ammonia decomposition and selective catalytic removal reactors (a – inlet decomposition temperature; b -inlet gas velocity in the decomposition reactor; c- inlet SCR temperature; d- SCR removal yield)
[bookmark: _Hlk138862191]The performance of the ammonia engine is determined by the parameters presented in Table 2 and some of the most important results are presented in Table 3. The maximum temperature in the combustion zone is around 2500 K (as presented in Table 3) controlling it through the equivalence ratio (varying the excess of air introduced in the unit). The required amounts of ammonia and air for the engine operation are presented in Table 3 ranging the inlet ammonia from 0.25 kg/s to 1.25 kg/s for the different load ratios. The thermal efficiency of the engine could be calculated from a thermodynamic theoretical calculation using the inlet and outlet heats of the cycle (as presented in the Supporting Information). With this approach, the thermal efficiency reaches values in the range of 60%-70%. However, to be more realistic and consider irreversibilities and losses (that can be not included in the thermodynamic model), the value of thermal efficiency has been set to 50% (the typical value expected for a two-stroke marine engine fuelled by ammonia). The gases from the engine are introduced into the gas turbine (included inside the turbocharger) to produce the necessary power to run the compressor of the engine inlet gases. Table 3 collects the energy involved in the turbocharger operation.  At this point, a trade-off arises between the power that can be produced in this turbine and the outlet temperature of the gases from this unit. If the power production is maximized, the temperature of the outlet gases of the turbine limits the thermal energy available to heat up the inlet gases to the ammonia decomposition reactor. However, if the temperature of the outlet gases is maximized (to reduce the capital cost of the reactor), the power produced is minimized and may not produce enough power to supply the compressor. Therefore, the minimum power required to run the compressor is obtained in the optimization procedure presented in Section 4.4 allowing the maximum feasible temperature for heating the inlet ammonia since this is one of the main critical points of the system. 
[bookmark: _Hlk133229499]Table 3: Results for the proposed propulsion system under different load ratios
	
	25%
	50%
	75%
	100%

	Inlet NH3 (kg/s)
	0.29
	0.58
	0.87
	1.16

	Inlet air (kg/s)
	2.07
	4.13
	6.20
	8.26

	Turbocharger power (kW)
	62.7
	407.2
	952.9
	1566.5

	Maximum engine temperature (K)
	2504.8
	2477.1
	2463.9
	2463.9

	Energy to propulsion (MW)
	2.8
	5.5
	8.3
	11.0

	Exhaust gases temperature after cooling (K)
	758.9
	758.9
	708.4
	677.8



In the combustion of ammonia, a non-negligible amount of nitrogen oxides is produced. To reduce the concentration of this pollutant, a selective catalytic reduction (SCR) unit is installed. The performance of the SCR reactor is also highly influenced by the engine load as it is presented in Figure 4. Analogous to the decomposition reactor, the SCR unit is designed for the wort case scenario that is 100% of the load. Then, the operation for different loads is explored based on the design for the full capacity. For the proposed system, the dimensions of the SCR reactor are 3.9 m in length and 0.5 m2 in cross-sectional area. When the load is reduced, the temperature of the inlet gases to the SCR can be increased due to the lower heat requirements of the heat exchanger before the ammonia decomposition reactor. This temperature increase benefits the performance of the SCR reactor, that together with a lower flowrate of gases to be treated in a unit designed for the maximum load improve the removal yield. Therefore, the removal yield can be increased from around 90%, when the full capacity is analysed, to almost 100% for a load of 25%. This improvement in the NOx abatement is reflected in the exhaust gases concentration as is presented in Figure 5. 
After the combustion, the concentration of NOx in the combustion gases is in the range of 1000-1500 mg/Nm3 in all the cases. This concentration corresponds to values of emissions per energy produced in the range of 3.5-4 g/kWh (as shown in Figure 5). These values are around double the target NOx emissions proposed by the International Maritime Organization in TIER III (Schneiter, 2015; Wik & Niemi, 2016). It sets the goal of reducing emissions to below 2 g/kWh for the engines subject to the highest requirements. For a further improvement related to NOx and aiming to achieve the most demanding emission targets, the SCR unit is included allowing for a reduction in the emissions in the range of 90%-100%. This translates into emission values per energy consumed of less than 0.5 g/kWh. Therefore, when the SCR unit is included in the propulsion system, the introduction of ammonia as fuel in shipping is highly beneficial in terms of CO2 emissions since ammonia is a carbon-free fuel but also in terms of NOx releases meeting the current most demanding requirements. 
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Figure 5: NOx concentration after and before the SCR unit
[bookmark: _Hlk138863391]The proposed results are based on the stationary state for each of the analysed loads. However, the cold start of the system could introduce some difficulties in the operation of the propulsion system. When the engine is stopped, and the feed system is started, there is not enough energy to perform the decomposition process. The energy for this ammonia decomposition is provided by the exhaust stream from the engine, and no gases are available during the cold start. Different solutions can be explored to mitigate this problem. The most promising alternative, at first sight, could be the use of a small hydrogen tank to provide the necessary hydrogen for the initial start of the engine or in the stressed transition for the ammonia decomposition reactor. Then, the produced exhaust gases can be introduced to start hydrogen production in situ by decomposing the stored ammonia. Another alternative is to store a fraction of the mixture of ammonia/hydrogen/nitrogen that is produced during the operation of the engine. This fraction could be produced during the less stressed situation for the decomposition section using it during the cold start process. This option could be more challenging for its actual deployment in the ship. The solution should be adapted to the particular use of the propulsion system allowing for the effective deployment of the ammonia/hydrogen propulsion system in real applications. 
5.2 Energy analysis
In this section, an energy analysis of the system proposed to transform ammonia into energy for shipping is performed. The different energy flows are present in Figure 6 using a Sankey diagram for the full capacity case (100%). For other engine load values, similar results can be obtained. 
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Figure 6: Sankey diagram with the main energy input of the propulsion system. The blue boxes represent the main products of the process and the green ones the total energy involved in the main sections of the system.
There are two raw materials for the process: ammonia and air, and ammonia is clearly the main energy input of the facility. In the first stage, the inlet ammonia is introduced into the decomposition section to produce the blend of ammonia/hydrogen. The gases from the combustion are recycled to use their thermal energy to heat up the feed of ammonia up to the inlet decomposition temperature. However, as it is shown in Figure 6, only a small fraction of the energy of the gases is used and the outlet gases still contain around 90% of the inlet energy. The main limitation in the heat transfer is the temperature gradient since the gases have enough energy but the gradient makes energy transfer impossible. If this energy integration could be improved, the inlet temperature of the decomposition reactor could rise improving the operation of this unit. The raw fuel prepared in the decomposition has an energy content similar to the initial ammonia (only an increase of around 3% is observed). This raw fuel, after some adjustments in pressure and temperature, is fed to the engine. For the adjustment in terms of pressure, a turbocharger is used. Therefore, the power generated by the exhaust gases of the engine is reused for the decomposition section. This power represents a minor contribution versus, for example, the energy content of the fuel blend. Air is also introduced in the engine at this step with a small energy share. As mentioned in the process description, 50% of the inlet energy of the fuel is transformed into mechanical energy to be used in the propulsion of this ship. The rest of the energy is mainly in the exhaust combustion gases. These gases produced power in a gas turbine as a part of the turbocharger and then, reduce their temperature in a first step to provide energy to the decomposition section and, in a second one, to adjust the temperature for the SCR reactor. This final adjustment is only required when the load is 25% or 50% since the operation at higher capacities required more energy in the decomposition section making this final temperature reduction unnecessary. Therefore, the worst-case scenario for the design of this unit is not the full capacity, but 25% of the load (with the associated design considerations). After gas pre-treatment, the final section is the SCR in which the NOx concentration is highly reduced. In this stage, a small amount of energy is also added to the inlet ammonia and air required for the NOx reduction reaction. Finally, the gases are cooled down to release them where a significant amount of energy is lost. To improve the energy efficiency of the entire ship, this energy could be integrated into other auxiliary processes. To summarize, there are two energy inputs in the system, air and, mainly, ammonia, and, three energy outlets, the mechanical energy for propulsion (around 50% of the inlet energy), heat losses (another 50%), and a small amount of energy with the released gases. Thus, the energy efficiency of the propulsion system (based on the generated energy and the energy of the inlet fuel) is equal to 42.4%. 
Table 4: Exergy efficiencies for the different sections of the ammonia system
	Section
	Exergy efficiency (%)

	NH3 decomposition
	97.2

	Fuel conditioning
	97.3

	Engine
	35.5

	Gas treatment
	87.7

	SCR
	53.2



In addition, an exergy analysis is presented for the proposed ammonia propulsion system. The details about the calculation of exergy can be found in the Supplementary Information. In Table 4, the exergy efficiency (calculated as the total exergy leaving the section versus the total exergy entering it) is presented. The main exergy destruction of the entire system is found in the engine at the combustion of the fuel. The chemical reaction and the heat losses in this unit are primarily responsible for exergy losses. Other authors have analysed different combustion processes to produce energy also highlighting the combustion chamber as the unit with higher exergy destruction (Ameri et al., 2008). Caton (2012) mentioned the equivalence ratio, exhaust gas recirculation, and inlet oxygen concentration as the three main factors affecting the engine in terms of exergy losses. Another unit with high exergy destruction is the SCR, with an exergy efficiency of around 50%. In this section, a chemical reaction is also involved, and, in addition, the flue gases are cooled to be released at ambient temperature. These conditions are translated into low exergy efficiency. Finally, the remaining three sections, NH3 decomposition, fuel conditioning, and gas treatment have higher exergy efficiencies of around 90%. With these data, the global exergy efficiency (computed as the total exergy leaving the system versus the total exergy entering the system) is 61.5% and, if only the energy produced in the system (and devoted to the ship propulsion) is considered as output, the exergy efficiency of the overall process is reduced down to 48.1%. 
5.3 Economic Assessment 
In this section, the economic performance of a ship propulsion system based on ammonia as fuel is analysed. First, the total investment required to install the propulsion system based on ammonia is estimated. The total capital cost (CAPEX) required is about 8.66 M€ for a system with a maximum energy production of 11 MW. The total investment is distributed according to the breakdown presented in Figure 7. The major contributor to the total cost is the engine with around 65% of the entire investment. This unit is the core of the propulsion system with the higher technical complexity and, as expected, represents the largest cost. The cost of the engine is estimated based on preliminary results from the literature for an ammonia-based engine, however, a moderate uncertainty is expected in this value because marine ammonia internal combustion engines are currently under development and no commercial units are currently available. In addition, future improvements may result in reducing the capital cost of the unit. This reduction would have a significant impact on the total capital cost of the ammonia system. The cost of the decomposition reactor is also an important item of the investment with around 5% and represents a higher share versus the other reactor in the system, the SCR one. This last unit only accounts for around 0.2% of the total capital cost. The smaller size of the unit and the different catalyst type (and its associated cost) determines the different capital cost of the two reaction units. The reduced cost of the SCR unit compared to the other sections involved will favour its implementation within maritime systems to improve the level of NOx emissions. In the proposed system, if the SCR is not included, the level of NOx is above the limit proposed by the International Maritime Organization. However, with a small increase in the investment for the capital cost, a significant improvement in terms of NOx emissions can be obtained. Furthermore, heat exchangers and compressors used across the process also represent an important fraction of the total capital cost with around 30% of the total share. A comparison with respect to other propulsion systems based on different fuels can be made to put into perspective the proposed propulsion system with a specific investment of 784 €/kW. Horvath et al. (2018) assessed four different fuels for the decarbonization of the shipping sector: marine gas oil, liquefied natural gas, methanol, and hydrogen. Using an internal combustion engine, the capital cost is estimated around 530 €/kW for marine gas oil, 780 €/kW for liquefied natural gas, 550 €/kW for methanol, and 780 €/kW for hydrogen. In the case of methanol, this fuel is fed as such without a co-fuel to overcome the combustion problems as has been proposed in some studies (Gong et al., 2020). The use of a co-fuel (as proposed in this work) can increase the capital cost of the system but it is necessary for the proper operation of the engine. Wang & Wright (2021) also evaluated the capital cost using simplified calculations for different marine fuels. For an internal combustion engine, when biodiesel is used as fuel a capital cost of 460 US$/kW is presented, 505 US$/kW for methanol, or 850 US$/kW for hydrogen. Some studies have provided an investment cost for ammonia systems based on rough approximations; therefore, limited accuracy is expected for these data. Ejder & Arslanoğlu (2022) calculated a capital cost for an ammonia ship of 630 US$/kW or Wang & Wright (2021) around 600 US$/kW. However, these analyses are mainly focused on the engine performance leaving behind the design and operation of other essential parts of the system. Thus, if the detailed design of the entire system including the ammonia decomposition reactor, the engine with turbocharger, and the SCR unit is included a slight increase in the capital cost is expected to the values obtained in this work. Therefore, the results obtained are in line with the previous results from the literature showing a promising scenario for the deployment of ammonia as a green fuel in the shipping sector. 
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Figure 7: Breakdown of the investment cost for the ammonia propulsion system
The operating cost (OPEX) of the ammonia system is also analysed in this work. This cost is based on three main items: the cost of the fuel (ammonia for this system), the amortization cost (directly related to the total capital cost of the system), and the maintenance cost (calculated as a fraction of the investment). The operating cost of the ammonia propulsion system is equal to 210 €/MWh for the full load, 214 €/MWh for 75%, 221 €/MWh for 50%, and, finally, 243 €/MWh for 25%. The distribution of the operating cost of each of the analysed loads is shown in Figure 8. The cost of the fuel is clearly the major contributor to the total operating cost of the system with around 80% of the total cost at 25% of the load but with more than 90% if the full capacity is evaluated. The cost associated with the amortization and maintenance is constant for the different loads since the system is built for the maximum capacity (11 MW). Therefore, as the cost of ammonia is reduced as the load decreases, the percentage associated with other costs increases. Consequently, the cost of ammonia is a crucial factor in the profitability of the ammonia ship propulsion. 
These values of operating cost can be compared with other fuels analysed in the literature. Cheliotis et al. (2021) estimated the cost of using current diesel engines around 120 €/MWh with a stable cost over time. Zincir et al. (2019) analysed the performance of two different marine fuels: low sulphur marine gas oil (LSMGO) and methanol. The operating cost of LSMGO is in the range of 150-190 US$/MWh and, in the case of methanol, around 140-180 US$/MWh. In that study, the results are obtained by analysing only the engine unit with no regard for pre-treatment or combustion gas-related operations. Therefore, these values can increase if the entire system is considered. Korberg et al. (2021) evaluated different alternative marine fuels using a simplified performance-based procedure without going into the operation of the system. For marine gas oil (MGO), the established non-renewable technology, the reduced cost is obtained at about 58 €/MWh. Different renewable fuels produced from biomass have been evaluated such as DME, methanol, or biodiesel with a range of cost between 137 €/MWh and 188 €/MWh. Alternatively, different e-fuels have been also assessed yielding a range of cost of 233-312 €/MWh (Korberg et al., 2021). Therefore, the current production costs of electrochemical fuels are higher than biofuels leading to higher propulsion costs. An alternative to using ammonia or other fuels in marine systems is the introduction of fuel cells to produce the electricity required. This is a novel approach and, therefore, more limited technical and economic data are available. For example, Korberg et al. (2021) estimated the operating cost of a fuel cell system using e-methanol and e-ammonia resulting in a cost of 248 €/MWh and 255 €/MWh respectively. In all cases, the use of fuel cell technology increases the operating cost of the propulsion systems, therefore, further research is required to improve the efficiency of these devices to be able to deploy them at an industrial scale. In sum, in the light of the presented results, the costs of using ammonia as fuel are higher than the current non-sustainable fuels such as marine gas oil. This is a logical situation due to the disruption between a scenario dominated by carbon sources and the new sustainability paradigm. However, the results obtained are similar to other studies reported by different authors. Therefore, it is emerging a promising scenario for the implementation of ammonia as fuel, and the expected improvement in this technology (in terms of yield conversion and capital cost) will allow for a reduction in the operating cost making it possible to bridge the gap between new technologies and established ones. Additional restrictions to the emission of CO2 in the shipping transport will favour the implementation of this ammonia-based systems. As Figure 8 shows, the cost of fuel has a paramount impact on the operating cost and, its influence will be addressed in the next section. But the calculated costs are in line with the estimations presented in the literature. However, the main differences between the results presented in this study and the results from the literature are the base data to develop the economic assessment and the extension of the process analysis. Previous works use a very simplified process design approach focusing essentially on the engine for the cost calculation (Korberg et al., 2021; Kim et al., 2020). In contrast, the operating costs presented are based on a conceptual design of the propulsion system as explained in the previous sections. And an integrated and global assessment of the system is performed including not only the engine but also the feedstock preparation and the gas treatment, both essential in the operation of a ship based on ammonia. Therefore, more accurate results are expected from the approach presented. 
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Figure 8: Division of the operating cost (OPEX) for the different load

5.4 Sensitivity analysis
As it is presented in the previous section, the cost of the fuel has a high influence on the operating cost of the ammonia-based ship propulsion system with a share of more than 80% in all cases. Therefore, in this section, an evaluation of the performance of the system proposed for different ammonia prices is presented. The cost of green ammonia is mainly affected by the production method. Three different alternatives have been proposed for sustainable ammonia. The first one is the combination of water electrolysis with air separation units and, finally, produces ammonia using the Haber-Bosch synthesis. For this alternative, Cesaro et al. (2021) calculated the cost of ammonia yielding values of around 800 US$/t, however, this value is significantly affected by the cost of renewable electricity (Sánchez & Martín., 2018). The electrochemical production of ammonia is the second production alternative with the goal of leaving behind the traditional Haber-Bosch process. The cost of this alternative is currently higher than the previous one at around 1800 US$/t (Gomez et al., 2020). Finally, ammonia can be produced using biomass as feedstock. This technology can reduce the cost of green ammonia to values around 400 €/t, however, there are CO2-associated emissions with the process (Sánchez et al., 2019). In the future, current predictions forecast an average cost for green ammonia between 370-450 €/t by 2030 and, in 2050, 285-350 €/t (Fasihi et al., 2021). 
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Figure 9: Operating cost of the propulsion system as a function of the ammonia price for the full analysed capacity (the black line represents the OPEX and the columns the share of the total cost)
In this work, a wide range of ammonia prices has been considered to cover all the possible production alternatives mentioned before. For the different ammonia prices, the ship is designed, and the economic evaluation is performed as presented in Section 4.4 and in the Supporting Information. The same procedure is applied for all cases allowing for a fair comparison. In Figure 9, the OPEX and its distribution (raw material, maintenance, and amortization) are presented for different ammonia prices between 0.2 €/kg and 1.4 €/kg.  All the information is for the full capacity of the propulsion system. Similar results can be obtained for other capacity cases. With the current renewable ammonia prices, the cost of the fuel system is around 200-300 €/MWh. If current predictions come true, the cost could drop significantly by up to 150 €/MWh. In the operating cost of the propulsion system, the cost of fuel represents the highest share. Therefore, to be able to introduce ammonia as fuel in the marine sector, a major effort should be made to reduce the cost of the fuel since the cost related to the capital cost only accounts for around 10% of the total operating cost in the scenario with the reduced ammonia prices. Future improvements in terms of electrolyzer performance and the reduction in the cost of renewable electricity can potentially reduce the ammonia price allowing for the effective integration of ammonia as fuel in the shipping sector. This step is essential due to the future decarbonization objectives since ammonia is a carbon-free fuel with no direct CO2 emissions. 
6. Conclusions
The conceptual design of a propulsion system to fuel a ship (particularly a large ferry) using ammonia is proposed aiming for a complete decarbonisation of the shipping sector. This ferry will be propelled by an ICE fuelled by an ammonia-hydrogen blend. The hydrogen required for the combustion reactions will be produced onboard by means of the ammonia decomposition reactor. In this way, the important inconveniences that involve the hydrogen storage onboard are avoided. For ammonia decomposition, a fixed bed adiabatic reactor was designed. The energy required to heat up the inlet ammonia to this equipment can be supplied by using the outlet gases of the combustion engine. This allows the heat integration of the system for all the proposed engine loads. In order to reduce the NOx emissions, a selective catalytic reduction unit was designed. The highest vessel emission value, around 0.5 g/kWh, is lower than the one required by the IMO rules.
On the basis of the energy analysis carried out, it is possible to conclude that the global exergy efficiency for the system proposed for this type of ship can be established at 61.5% (if this efficiency is defined as the total exergy leaving the system in relationship with the total exergy entering the system). This value is reduced down to reach 48.1% if only the energy produced in the system (and devoted to the ship propulsion) is considered as output. 
Regarding the economic assessment, the total capital cost (CAPEX) for the system can be established at 8.66 M€ (784 €/kW). 63.8% of the total investment corresponds to the engine. It is important to highlight that the capital cost associated with the SCR represents only 0.2%. For this reason, including this equipment in the system is highly advisable. It produces a remarkable environmental benefit with a moderate increase in cost. The operating cost (OPEX) for the system proposed for this kind of ship oscillates between 210 €/MWh (engine load of 100%) and 243 €/MWh (engine load of 25%). From the sensitivity analysis performed, it is possible to expect a reduction in the cost of fuelling a ship with ammonia due to the predicted decrease in the green ammonia cost in the coming years. Conclusively, the economic results show ammonia-based ships as a competitive alternative to be used in the next future to decarbonise maritime transportation. 
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