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Ammonia (NH3) is among the largest-volume chemicals produced and distributed in the world and is mainly known for its use as a fertilizer in the agricultural sector. In recent years, it has sparked interest in the possibility of working as a high-quality energy carrier and as a carbon-free fuel in internal combustion engines (ICEs). This review aimed to provide an overview of the research on the use of green ammonia as an alternative fuel for ICEs with a look to the future on possible applications and practical solutions to related problems. First of all, the ammonia production process is discussed. Present ammonia production is not a “green” process; the synthesis occurs starting from gaseous hydrogen currently produced from hydrocarbons. Some ways to produce green ammonia are reviewed and discussed. Then, the chemical and physical properties of ammonia as a fuel are described and explained in order to identify the main pros and cons of its use in combustion systems. Then, the most viable solutions for fueling internal combustion engines with ammonia are discussed. When using pure ammonia, high boost pressure and compression ratio are required to compensate for the low ammonia flame speed. In spark-ignition engines, adding hydrogen to ammonia helps in speeding up the flame front propagation and stabilizing the combustion. In compression-ignition engines, ammonia can be successfully used in dual-fuel mode with diesel. On the contrary, an increase in NOx and the unburned NH3 at the exhaust require the installation of apposite aftertreatment systems. Therefore, the use of ammonia seems to be more practicable for marine or stationary engine application where space constraints are not a problem. In conclusion, this review points out that ammonia has excellent potential to play a significant role as a sustainable fuel for the future in both retrofitted and new engines. However, significant further research and development activities are required before being able to consider large-scale industrial production of green ammonia. Moreover, uncertainties remain about ammonia safe and effective use and some technical issues need to be addressed to overcome poor combustion properties for utilization as a direct substitute for standard fuels.
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1 INTRODUCTION
The increase in the overall temperature on and above Earth’s surface represents one of the key issues we need to face in the next future. Our planet’s climate is significantly changing mainly due to human activities, and the transportation sector plays a significant role in this global warming. Therefore, at the moment, actions to mitigate the effects of transport on the Earth’s atmosphere are extensively studied and analyzed. Along with the electrification of the sector, manufacturers and researchers are exploring alternative and advanced fuels that may represent an efficient way to reduce global CO2 emissions when assessed on a well-to-wheels basis.
Moreover, the very unstable equilibrium of the world political situation makes it increasingly necessary to untie the transport sector from fossil fuels.
In this scenario, new carbon-free fuels attainable from renewable sources are of increasing strategic relevance.
Ammonia is a versatile chemical, composed of nitrogen and hydrogen (NH3). It is mainly known for its use as a fertilizer in the agricultural sector, but it is also widely adopted as a base for chemical synthesis or involved as a molecule in many processes in different fields. For example, it is an intermediate in the synthesis of sodium bicarbonate, explosives, nylon and synthetic fibers, plastics, and polymers; a component for paints, hair dyes, and household cleaner; a refrigerant; a solvent; a whitener in the paper industry; a stabilizer in the rubber industry; a reducing agent in metallurgy; and a reagent for the control of nitrogen oxides (NOx) in the exhaust of diesel engines in aqueous solutions. For this reason, ammonia is among the largest-volume chemicals produced in the world (USGS (2021) Nitrogen Statistics and Information).
In recent years, ammonia has attracted interest because of the possibility of working as a hydrogen carrier and a carbon-free fuel. It can be defined as a hydrogen carrier due to its remarkably high hydrogen density. Indeed, it contains 1.5 mol of molecular hydrogen for each mole. It is well known about the importance of hydrogen in the transition toward the decarbonization of the transport sector (Capurso et al., 2022; Zhang et al., 2022). However, hydrogen storage remains a major challenge, limiting its direct application to vehicles: It must be stored at −253°C as a liquid or at pressures of about 700 bar as a gas. Liquid ammonia, on the other side, can be stored at a reasonable temperature of -33°C at standard pressure and +20°C at 9 bar. This makes the storage and transport of this energy carrier much easier. Hydrogen production from ammonia has been widely studied. It can be obtained through thermal decomposition or catalytic cracking of ammonia into nitrogen and hydrogen and electrolysis or electro-oxidation. Ammonia decomposition is a slow reaction with a very high energy requirement, and metal catalysts are often used to speed up hydrogen production. Much research has been devoted to developing suitable catalysts for this purpose. It is widely agreed that low-available ruthenium is the best catalyst for decomposition at 400°C, since it is highly active (Ashik et al., 2018). The widely available less expensive Ni-based catalysts perform comparably at 600°C. Further cost reductions and optimization of the catalyst and reaction processes will be required to ensure that the energy losses from the ammonia decomposition reaction are close to the theoretical minimum value of approximately 7% of the energy stored in the ammonia molecule (Lamb et al., 2018).
In addition, ammonia can be directly used as a fuel in combustion systems and, in particular, in internal combustion engines. This study examines precisely the potential of ammonia as an engine fuel. First of all, the ammonia production process is briefly discussed with more emphasis on new ways to produce green ammonia. The chemical and physical properties of ammonia as a fuel are described and explained in order to identify the main pros and cons of its use in internal combustion engines. Then, the most viable solutions for powering internal combustion engines with ammonia are discussed.
2 AMMONIA PRODUCTION PROCESS
The synthesis of ammonia occurs starting from gaseous hydrogen and nitrogen according to the direct reaction in the gaseous phase:
3H2 + N2 → 2 NH3.
The reaction is reversible and exothermic with ΔH = −92.4 kJ/mol.
The main process for ammonia production is the Haber–Bosch (H-B) one in which the reaction takes place in the presence of catalysts, at a pressure of 200 atm and a temperature of 400–450°C. Figure 1 shows a simplified scheme of a typical Haber–Bosch process. Suitable catalysts are based on osmium, ruthenium, uranium, or iron, even though the latter is generally used, preparing the catalyst starting from magnetite. The H-B process is a closed-loop process, where the ammonia is separated from the product stream by cooling and further condensation. Next, the unreacted synthesis gas is mixed with the fresh feed and sent back to the ammonia synthesis reactor (Rossetti, 2020).
[image: Figure 1]FIGURE 1 | Scheme of a typical Haber–Bosch process.
The Haber–Bosch process has been optimized over the past century, starting with an energy consumption of about 100 GJ/tNH₃ in the 1930s down to about 26 GJ/tNH₃ today (Rouwenhorst et al., 2021).
There are also alternative processes (Fauser, Casale, Claude, NEC, Mont-Cenis, etc.), which differ in the pressure at which the reaction takes place and therefore in the synthesis apparatus.
For all these processes, nitrogen (large-scale production) is obtained by rectification of liquid air produced with “Linde” or with “Claude” processes (Agrawal and Woodward, 1991). Moreover, technologies such as pressure swing adsorption or membranes can be used for smaller production capacities (Sánchez and Martín, 2018).
Hydrogen used as a reagent is currently mainly produced from natural gas, which can be subjected to steam reforming or alternatively to an autothermal process; the latter is a cheaper method from a plant engineering point of view and involves partial oxidation of the hydrocarbon into carbon monoxide and hydrogen using an appropriate amount of air, in a muffled oven above 1,000°C in the presence of an oxide-supported nickel catalyst of magnesium. A lower percentage of hydrogen is produced through coal gasification, which is significantly more emission-intensive than natural gas-based production. Most of the ammonia production from coal takes place in China. About 85% of the country’s ammonia production occurs through coal gasification. Much smaller amounts of ammonia are produced through coal gasification in the United States, South Africa, and Indonesia. In 2020, of the 185 Mt of ammonia produced, 72% relied on natural gas–based steam reforming, 26% on coal gasification, and about 1% on oil products. These numbers indicate that currently, ammonia is primarily produced from fossil fuels (called “gray ammonia”): This kind of production requires high energy (∼28–33 GJ/tNH3) and produces high CO2 emissions [∼1.6 tCO2/tNH3, about 1.8% of global carbon dioxide emissions (The Royal Society, 2020)] mainly due to the energy- and carbon-intensive reforming process to produce hydrogen (Tock et al., 2015).
Ammonia is defined as “blue” when carbon capture and storage (CCS) systems are included in its production. CCS technologies are expected to increasingly contribute to cleaner energy transitions by significantly reducing CO2 emissions from point sources on a large scale, including power generation plants and industrial plants using fossil fuels or biomass. Globally, this can mitigate the increase in CO2 emissions, but these technologies are at an early stage of research and development, so they are not ready for commercialization and are not cost-effective (Mallouppas et al., 2022).
When ammonia is synthesized only from renewable energy sources, it is named “green” ammonia. It is predicted that the global green ammonia market will rapidly grow, at a compound annual growth rate of 7.8%, from 2021 to 2027 (Han et al., 2022), which could reduce the dependence of ammonia production on fossil fuels.
2.1 Production of Green Ammonia
There are two different routes to produce green ammonia: The first one, of considerable long-term scope, is based on the Haber–Bosch process fed with hydrogen from renewable sources (green hydrogen), and the entire process is powered by fully renewable electricity. The second path is based on the electrochemical ammonia synthesis; in this case, the H-B process is no longer required.
2.1.1 First Route: Renewable Sourced Hydrogen + Haber–Bosch Process
One way to synthetize green ammonia is to use hydrogen produced by renewable sources and nitrogen produced in the air separation unit (ASU). These are then fed into the Haber–Bosch process, all powered by sustainable electricity (Valera-Medina et al., 2018).
The most established technology to produce hydrogen from renewable sources is water electrolysis even if, at present, only 4% of hydrogen can be obtained in this way mainly due to economic issues (Shiva Kumar and Himabindu, 2019). Figure 2 shows a scheme of green ammonia production through electrolysis and H-B process. Electrolysis consists of splitting water molecules to produce hydrogen and oxygen as a by-product using an electric current. A water electrolysis cell consists of two electrodes separated by an electrolyte that is the medium responsible for transporting the generated chemical charges [anions (-) or cations (+)] from one electrode to the other. Water electrolysis can be classified into four types based on the type of electrolyte:
• Alkaline water electrolysis (AWE),
• Proton exchange membrane (PEM) water electrolysis,
• Solid oxide electrolysis (SOE), and
• Microbial electrolysis cells (MEC).
[image: Figure 2]FIGURE 2 | Green ammonia production through electrolysis of water + Haber–Bosch process.
The electrolyzer is composed of the stack (where the actual splitting of water into hydrogen and oxygen takes place) and the rest of the plant, which comprises power supply, water supply and purification, compression, possibly electricity and hydrogen buffers, and hydrogen processing (Yue et al., 2021).
The most common and commercially viable electrolyzers are based on PEM and AWE, classified as low-temperature electrolyzers since they operate between 30°C and 80°C. SOE cells perform a high-temperature electrolysis ranging between 800 and 1,000°C. They are also under development but have yet to be deployed at scale.
Microbial electrolysis cells (MEC) are an emerging bioelectrochemical technology to produce H2 from organic matter. MEC technology is very suitable and has the potential for effective energy production in waste biorefineries (Mallick et al., 2022).
To take electrolysis from niche to mainstream, from potential to reality, research is focusing on overcoming current challenges. The first goal is to reduce the cost of green hydrogen produced in this way: The European Commission (European Commission, 2021) recently indicated that our target should be €1.8/kg by 2030, while currently (in 2020), the cost of hydrogen produced through water electrolysis powered by renewable electricity is estimated to be €6/kg. This drastic reduction can be achieved through a better understanding of the trade-offs in performance, cost, and durability of electrolyzer systems in predicted future dynamic modes of operation using CO2-free electricity such as the one generated by solar, wind, and hydropower resources. At the same time, the capital cost of the electrolyzers unit (stack) and of the rest of the plant should be reduced. The greatest potential for short-term cost reduction is in the rest of the plant, while in a long-term perspective, it is mandatory to reduce the capital cost of the stack. Furthermore, RD&D is called to show the way to improve energy efficiency for the conversion of electricity to hydrogen in a wide range of operating conditions, to deepen the understanding of the degradation processes of electrolytic cells and the stacks, and to develop mitigation strategies to increase stack operational life (IRENA—International Renewable Energy Agency, 2020).
An alternative way to produce green hydrogen that can be coupled to the H-B process for ammonia production is biomass gasification, a thermochemical process that converts biomass into hydrogen and other products (CO, CO2, CH4, and N2) without combustion. This process is carried out under substoichiometric conditions, by causing a gasification agent to flow into the reactor, which reacts with the biomass. The most commonly used gasification agent is air; however, to increase the H2 content and avoid dilution of N2, other gases can be used, namely O2, steam, or a combination thereof (Piazzi et al., 2022). Today, no plant is operated using this technology due to its high expected costs and low technological maturity. Framework conditions are yet missing for biomass gasification-based hydrogen production to be economically competitive with fossil-based hydrogen production (IEA Bioenergy et al., 2018).
In the first route of green ammonia production, it is necessary to consider that the Haber–Bosch process integrated with water electrolysis and powered by renewable electricity will need a new optimization. To enable electrically operated H-B systems to cope with the geographically isolated and intermittent nature of renewable energy, small-scale processes with low capital costs and simple operation and control, capable of agile and adjustable operation, could be designed. Developing more active H-B catalysts would facilitate operation under milder conditions and reduce energy demand, making the process more amenable to variable and smaller-scale operations (Smith and Torrente-Murciano, 2021). Moreover, ideally the H-B process runs continuously, a feature that contrasts with the intermittent supply of solar or wind electricity: This could be addressed through the creation of an intermediate energy storage solution (MacFarlane et al., 2020).
2.1.2 Second Route: Electrochemical Ammonia Synthesis
The electrochemical ammonia synthesis (EAS) has attracted a lot of attention in the present century as it does not involve carbon emissions and the optimal operating conditions require atmospheric temperature and pressure (Shen et al., 2021). The very unsustainable H-B process is not required, and the EAS can be driven by renewable electrical energy generated by solar, wind, or hydropower. EAS mainly consists of electrochemical N2 reduction reaction (NRR) to produce NH3; H-source is ultimately water.
There are different modes of this process being actively researched:
(1) the electrochemical nitrogen reduction reaction (eNRR) in which an electrocatalyst enables direct electron and proton addition to the N2 molecule,
(2) indirect or mediated NRR mechanisms in which a redox mediator is first reduced and then, via a series of reactions, ammonia is produced and the mediator is regenerated. Recently, lithium-mediated electrochemical NRR has received renewed attention due to its reproducibility. Lithium-mediated NRR begins with electrochemical deposition of lithium, followed by two chemical processes of dinitrogen splitting and protonation to ammonia (Cai et al., 2021).
Significant and encouraging progress has been made in the electrochemical nitrogen reduction reaction (NRR) under ambient conditions over the past 5 years. This process would be ideal for distributed generation and more amenable to intermittent power supplies. However, to date, only low rates of ammonia production have been demonstrated in laboratory studies. This process is currently at TRLs 1–2; key challenges remain that need to be addressed. Although thermodynamically feasible, high overpotentials are generally required to overcome the kinetic barrier of the strong N–N triple bond. Both the yield rate and the Faradaic efficiency (FE) toward NH3 formation are low. The large overpotential and low NH3 selectivity intensify the problem of energy efficiency. Another fundamental issue is the durability of the NRR process: Stability tests reported in the scientific literature are commonly below 20 h, too short a duration for the industrial implementation where thousands of hours of stable operation at high current density are expected. Therefore, future protocols for catalyst durability need to aim for much longer test durations. It is also necessary to work toward understanding catalyst degradation mechanisms. To promote electrochemical synthesis, catalyst and electrolyte should always be considered and optimized together (Shen et al., 2021).
There are several other ongoing studies on the scientific community for green ammonia synthesis such as electrochemical synthesis from nitric oxide (Long et al., 2020), electrochemical production through photoelectrochemically produced hydrogen under concentrated sunlight (Yusuf and Ibrahim, 2017), photo-electrochemical synthesis (Boucher et al., 1995; Martín et al., 2019), ammonia synthesis using nitrogenase organisms and biomimetic catalysts to create a biotechnological route (Chen et al., 2020), and electromagnetic-induced (Ghassan and Ibrahim, 2020) ammonia synthesis (Chehade and Dincer, 2021). All these processes are currently at TRL 1; further research and development would be required before large-scale industrial production could be considered.
3 CHEMICAL AND PHYSICAL PROPERTIES OF AMMONIA AS A FUEL
3.1 NH3 Chemical and Physical Properties
Ammonia has been identified as a high-density and safely transportable hydrogen carrier to use in energy production and transportation systems, which may promptly respond to environmental policies conceived to decarbonize energy production chains. In contrast to hydrogen, the main advantage consists of available storage/transportation infrastructures, developed over the time to deliver ammonia as a chemical. Albeit with these advantages, some crucial drawbacks exist, for the combustion-based system, due to NH3 chemical/physical properties.
Ammonia oxidation properties, along with the comparison of common fuels for ICEs, congruently reported to highlight its problematic issues, are reported in Table 1 (readapted from https://www.iea-amf.org/content/fuel_information/ammonia).
TABLE 1 | Combustion properties of NH3 and other hydrocarbon fuels.
[image: Table 1]Table 1 reports parameters relevant to ICEs, in terms of fuel energy content as lower heating value (LHV), in both the gravimetric and the volumetric form (MJ/Kg and MJ/L, respectively), fuel density (Kg/m3), octane number (RON), flame velocity (m/s), flammability limits (vol%), and minimum ignition energy (MIE, mJ). NH3 is considered in the liquified form, cooled at atmospheric pressure and T = −33°C, or pressurized at typical vessel conditions (300 bar) and at 25°C, to easily compare with liquefied or compressed hydrogen, at the same reference pressure. For comparison, diesel, such as n-dodecane, and gasoline, such as iso- or n-octane, are considered as conventional fuels in ICEs. The analysis is then extended to alcohols, such as methanol and ethanol, as relevant low-carbon fuels in ICEs, producible from renewable resources.
Among the considered fuels, NH3 has the lowest LHV in terms of MJ/Kg, comparable only with alcohols, as partially oxidized species, while H2, on a weight basis, has an energy content of 120 KJ/Kg, almost three times greater than gasoline and diesel (∼44 MJ/Kg). If the energy content is then expressed in terms of volume (MJ/L), H2 has the lowest energy density, both in pressurized (2.46 MJ/L) or in liquefied (8.5 MJ/L) forms, highlighting main concerns related to H2 storage and transportation. Apart from safety reasons, the compression work of H2 is extremely high, about 1.05 kWh/kg H2 from 20 to 300 atm, while H2 cryogenic liquefaction at −253°C requires 2.88 kWh/Kg (Gardiner and Satyapal, 2009). In turn, NH3 has an energy content equal to 12.69 MJ/L in the cooled liquified form, and 11.65 MJ/L if liquefied by compression. The conversion from gravimetric to volumetric energy contents passes through the fuel density, thus highlighting the very low hydrogen density, while conferring to NH3 the property of a high H2-density vector.
The main practical issues related to NH3 as a fuel in combustion systems are related to its poor ignition quality (RON>130), with a high autoignition temperature (924 K), low flame speed (∼7 cm/s for a stoichiometric NH3/air mixture, P = 1 atm, T = 298 K), about one order of magnitude lower with respect to conventional fuels and alcohols, and 3 with respect to H2. Then, its narrow flammability limits (15%–28% by volume in air) and a very exceptional high minimum ignition energy (MIE = 680 mJ), with respect to the other considered fuels (see Table.1), complete the picture of NH3 combustion properties.
In addition, it is worth mentioning NH3 has a high latent heat of vaporization (1370 KJ/Kg). For instance, ethanol, liquid H2, and gasoline have a latent heat of vaporization equal to 840, 445.6, and 305 KJ/Kg, respectively. This implies that if NH3 is injected into engines, combustion temperature may drastically decrease, causing incomplete combustion and loss of engine efficiency (Okafor et al., 2021).
The high NH3 RON value may be conceived as an advantage for SI engines, as its high anti-knocking tendency can result in higher compression ratios (CR) and thus in an engine efficiency increase (Cornelius et al., 1966).
Regarding NOx emissions, the high tendency to fuel NOx formation from NH3 oxidation has to be properly chamfered, through the implementation of primary (air-fuel staging, flue gas recirculation, and humidification) or post-combustion techniques [selective non-catalytic reduction (SNCR) and selective catalytic reduction (SCR)] (Skalska et al., 2010).
From a chemical point of view, many of these characteristics derive from its molecular structure. NH3 has a trigonal pyramidal shape, similar to methane, with a central nitrogen covalently bonded with three hydrogen atoms and an unshared pair of electrons. The covalent N-H bond nature implies a high dissociation energy, which reflects in NH3 lower reactivity with respect to the standard fuels in combustion systems.
The structure with the lone pair, which easily accepts a proton, gives an alkaline characteristic to ammonia. On the contrary, the trigonal pyramidal asymmetrical shape, with nitrogen much more electronegative than the three H atoms, makes ammonia a molecule with a strong polarity, even higher than water. This yields to a highly hygroscopic characteristic that causes the formation of moistures, possibly very corrosive on metals, especially on copper and brass, commonly used in ICEs as gaskets.
The strong polarity of ammonia also significantly affects its oxidation kinetics, as it will be discussed in the following. In addition, NH3 under oxidative conditions may lead to conspicuous emissions of fuel NOx; thus, the comprehension of NH3 ammonia chemistry and NOx formation routes is of paramount relevance to opportunely tune system operating conditions to ensure ammonia full conversion while reducing the risk of NOx emissions.
From an organoleptic point of view, ammonia is a colorless gas, with a sharp smell. This is an advantage with respect to its toxicity. Indeed, a possible leakage is easily perceived (at about 5 ppm), well before reaching the safety levels, fixed at 25 and 35 ppm, respectively, as short-term and time-weighted average exposure limits (New Jersey Department of Health, 2016).
Laminar burning speed (SL) and ignition delay times are target parameters for ICEs. Restricting the analysis to SL, as a comprehensive parameter representative of characteristic chemical timescales, some consideration on the NH3 ammonia utilization can be drawn up. As a relevant parameter to combustion application, ICE and gas turbines, the laminar flame speed (SL) of NH3 has been experimentally characterized over the years with respect to mixture equivalence ratio (φ) (Figure 3) (Zakaznov et al., 1978; Ronney and Wachman, 1985; Pfahl et al., 2000; Jabbour and Clodic, 2004; Takizawa et al., 2008; Li et al., 2014; Hayakawa et al., 2015; Han et al., 2019; Mei et al., 2019; Lhuillier et al., 2020a; Lubrano Lavadera et al., 2020).
[image: Figure 3]FIGURE 3 | NH3/air laminar burning velocities vs. mixture equivalence ratio (φ) at 298 K and 1 atm.
The NH3/air laminar flame speed versus φ at 298 K and 1 atm are in-between 1.4 and 8.23 cm/s for φ in the range 0.7–1.3. SL increases with φ from fuel-lean to fuel-rich conditions and peaks at around φ = 1.1, where the maximum values vary from 6.3 to 8.2 cm/s. As expected, it decreases with a further increase in φ. Small differences are identifiable for fuel-lean mixtures, while the discrepancy among experimental data increases for fuel-rich conditions, with a maximum difference of about 2 cm/s.
Hayakawa et al. (2015) demonstrated that for NH3/air mixture, an increase in the pressure from 1 to 5 atm decreases the laminar flame speed, almost linearly with P. For instance, for φ = 1, it decreases from 7 cm/s down to about 5 cm/s.
Such a low laminar flame speed may hinder the direct use of NH3 in ICEs; thus, several strategies have been proposed to increase this crucial parameter. First, the SL has been experimentally characterized for preheated NH3/air mixture. Han et al. (2019) and Lhuillier et al. (2020b) reported data with preheating the mixture up to 448 and 473 K, respectively. Restricting the analysis to the stoichiometric NH3/air mixture, SL increases almost linearly with T, up to 14 cm/s for T = 448 K.
Common strategies to improve NH3 oxidation properties rely on the use of fuel “enhancers,” such as H2, CH4, syngas, and other conventional or e-fuels (Pfahl et al., 2000; Okafor et al., 2018; Han et al., 2019; Lubrano Lavadera et al., 2020; Wang et al., 2020; Wang et al., 2021; Ariemma et al., 2022), in compliance with energy production decarbonization strategies, or modifying the environmental atmosphere toward O2-enriched conditions. H2 can also be produced directly through NH3 partial catalysis (Li et al., 2014) techniques, prior to the injection in combustion systems. Further options to improve NH3 oxidation features could come through the implementation of plasma-assisted systems (Choe et al., 2021).
Limiting the analysis to H2, CH4, and alcohols as fuel enhancers from recent studies, in Figure 4 the ammonia laminar flame speed is reported as a function of the “fuel enhancer” concentration (reported as %) or for O2-enriched environments for a stoichiometric NH3/O2 flame. For the O2-enriched environment, the O2 concentration has to be read as a surplus with respect to the “air” condition.
[image: Figure 4]FIGURE 4 | SL as a function of the fuel “enhancer” addition (reported as %) or of the O2 content.
The case of H2 as a “fuel enhancer” is reported on both the primary axis, up to a H2 concentration of 45%, to highlight some peculiar features, and the secondary axis, as the pure H2 laminar flame speed is 1 order of magnitude greater than the other pure “fuel” enhancers.
It is possible to note that the addition of H2 or CH4 (Han et al., 2019), and CH3OH or C2H5OH (Wang et al., 2021) notably increases the NH3 laminar burning velocity. For instance, H2 (rhombus), CH4 (dot), and alcohols (squares) increase the ammonia SL almost equally up to a relative concentration of 20%. For higher concentrations, CH4 and alcohols increase the NH3 laminar flame speed linearly with their concentration, while H2 increases that with an exponential law. A particular efficient way to increase the NH3 laminar flame speed is as follows: Under O2-enriched environments, SL is promptly increased with O2 concentration (Mei et al., 2019), starting from the “air” condition (triangles).
3.2 NH3 Oxidation Chemical Kinetic Issues
As mentioned before, the understanding of NH3 oxidation chemistry and the identification of the fuel NOx route are crucial to define the a priori system operating conditions. With this aim, over the years, many advancements in the comprehension of NH3 oxidation chemistry have been reached based on experimental and theoretical studies, albeit the development of reliable and robust kinetic schemes, especially in engine-relevant conditions, still needs some efforts. This is mainly due to the reduced availability of experimental data under high-pressure/high-temperature conditions. Recently, several experimental pieces of evidence has been proposed by different research groups, while sustaining the development of numerical studies toward more comprehensive schemes.
All the mechanisms are explained in the general description of the NH3 oxidation chemistry: In Figure 5 a general scheme of NH3 oxidation chemistry is provided.
[image: Figure 5]FIGURE 5 | Generic scheme for NH3 oxidation chemistry, NOx formation routes, DeNOx, NxHy, and N2O chemistry, and the NO-NO2 loop.
NH3 may undergo dehydrogenation reactions to NH2 through OH, H, and O radicals or thermal decomposition (dark gray pathway). NH2 radicals may recombine to N2Hx species (red pathway), especially for fuel-rich/pyrolytic conditions and under high-pressure conditions. Konnov and de Ruyck, 2000, have introduced the N2Hx route, from N2H4 decomposition experiments in shock tubes, relevant to fuel-rich conditions, defining later also a new NOx formation route through N2H3 radicals (Konnov and de Ruyck, 2001). The importance of this pathway for the prediction of NH3 laminar flame velocities, especially for fuel-rich conditions, has been highlighted by many authors (Nakamura and Hasegawa, 2017; Okafor et al., 2018; Otomo et al., 2018; Shrestha et al., 2018; Stagni et al., 2020).
Alternatively, NH2 radicals can react with HO2 radicals at low temperatures or high pressures, forming H2NO (light-gray pathway). Song et al. (2016) and Stagni et al. (2020) have recently updated the rate constants of H2NO + O2 = HNO + HO2, for high-pressure conditions (up to 300 bar) and low–intermediate temperatures (450–925 K). Then, HNO radicals form NO, outlining an important fuel NO formation route.
Alternatively, NH2 can also react with NO (DeNOx chemistry) through a termination and a branching reaction, respectively, NH2+ NO = N2+H2O and NH2+NO = NNH + OH (blue pathway), active between 1,100 and 1400 K (Glarborg et al., 1986; Miller and Bowman, 1989; Miller and Glarborg, 1999). Laminar flame speed and ignition delay time strongly depend on the ratio between rate constants of the DeNOx chemistry.
In the following step, NNH decomposes via reaction NNH = N2+H. This reaction is very important as it releases H radicals to sustain H2/O2 radical branching mechanisms, while its tunneling nature and the NNH short lifetime make modeling activities very complex (Klippenstein et al., 2011). The concurrent reaction NNH + O=NO + NH has then received a lot of attention as a further important NO formation route (Konnov and de Ruyck, 2001).
For higher temperatures (>1400 K), the NH2 radicals are quickly dehydrogenated to NH ones (black pathway), which can consume NO, while forming N2O (via reaction NH + NO = N2O + H, recently revised by Klippenstein et al., 2011), or release N radicals, available for the classical Zeldovich mechanism (orange pathway) (O + N2 = N + NO, N + O2 = O + NO, N + OH = H + NO) (Drake and Blint, 1991) at high temperatures (>1600 K). Under high pressures/high temperatures, it has to be remarked that the NOx formation tends to reduce as third-body reactions (H + OH + M = H2O, H + O2+M = HO2+M) decrease radical concentration, necessary to sustain the Zeldovich mechanism (Kobayashi et al., 2019; Valera-Medina et al., 2019).
N2O (green pathway) acts as a reservoir of O radicals as it can decompose via reaction N2O + M = N2+O + M under low pressures, enhancing the reaction rate of H2+O=H + OH, while for high-pressure or fuel-ultra-lean conditions, this reaction reverts defining an important N2O formation route. Alternatively, N2O is consumed through N2O + H=N2+OH, releasing OH radicals for temperatures above 1650 K, while decreasing characteristic fuel ignition delay times (Mathieu et al., 2012).
The NO-NO2 loop (purple pathway) boosts the conversion of unreactive HO2 radicals into reactive OH radicals through the reaction NO + HO2 = NO2+OH, thus enhancing the mixture reactivity, while recycling back NO via NO2+H=NO + OH, together with a further release of OH radicals.
The N2O and NO-NO2 effects on fuel characteristic chemical times should be carefully evaluated for EGR engines (Mathieu et al., 2012; Ahmed et al., 2016), where flue gases are recirculated back to the engine to limit the adiabatic flame temperature, while constraining NOx emissions to threshold values.
Mathieu and Petersen (2015) measured NH3 ignition delay time for high pressures (30 bar) and high temperatures in a shock tube and highlighted the importance of N2O and NO2 routes. Ahmed et al. (2016) and Zhang et al. (2017) clarified the NO-NO2 interconversion comes through a more complex pathway, involving intermediate species such as HONO, HNO2, HONO2, and HNO3.
Beyond the relatively simple description of NH3 oxidation chemistry, any routes here described have been and are actually constantly discussed and updated on the basis of new experimental evidence and theoretical studies.
Given the large number of kinetic schemes developed in the last decade (Glarborg, et al., 1986; Konnov and de Ruyck, 2000; Skreiberg et al., 2004; Dagaut et al., 2008; Mével et al., 2009; Tian et al., 2009; Duynslaegher et al., 2012; Mathieu and Petersen, 2015; Song et al., 2016; Nakamura and Hasegawa, 2017; Zhang et al., 2017; Otomo et al., 2018; Shrestha et al., 2018; Stagni et al., 2020), Rocha et al. (2021) performed a numerical study to compare available detailed models against ignition delay times from Mathieu and Petersen (2015) and laminar flame data from Hayakawa et al. (2015), Pfahl et al. (2000), and Duynslaegher et al. (2012) (up to 5 atm). The claimed main differences among mechanisms are related to NOx formation routes, recognizing the reaction HNO + O2 = HO2+NO and the ammonia pyrolysis for fuel-rich conditions (such as 2NH2 = NH3+NH) as fundamental steps to predict NO emissions. Nakamura and Hasegawa (2017) and Zhang et al. (2017) have also demonstrated the importance of thermochemical properties to predict NH3 weak flames and ignition delay times at high pressures. Kovács et al. (2020) compared 8 detailed kinetic mechanisms for NH3 pyrolysis and oxidation with respect to experimental data. The authors noticed a large discrepancy among model predictions, while warning about the necessity to extent the validation procedure against a larger NH3 database.
From this brief overview of kinetic scheme development over the recent years, it is clear that NH3 oxidation chemistry along with NO formation routes still presents many open issues: Large rate constant uncertainties, different thermochemical parameters, the significant non-Arrhenius behavior of NH3 dehydrogenation reactions, rate pressure dependence description, especially relevant to high-pressure conditions, the NH3 pyrolysis chemistry along with the NxHy route, the tunneling nature of NNH reactions, the strong sensitivity of NO to the DeNOx chemistry, and the kinetics related to the NO-NO2 loop, to N2O, and to H2NO/HONO species still have to be properly addressed.
Recently, experimental investigations relevant to engines have been realized also for NH3/H2 (He et al., 2019; Chen et al., 2021), NH3/CH4 (Dai et al., 2020; Xiao et al., 2020; Arunthanayothin et al., 2021; Shu et al., 2021), NH3/diesel (Feng et al., 2020), NH3/n-heptane (Yu et al., 2020), NH3/DEE (Issayev et al., 2021), and NH3/CH3OH and C2H5OH (Wang et al., 2021) blends as strategies to improve the laminar flame speed/ignition delay times of NH3.
The oxidation chemistry of NH3 and fuel “enhancer” has to be carefully addressed, since many authors reported a strong chemical interaction. In addition, for complex molecules, detailed kinetic mechanisms had to be constructed ad hoc by simply merging kinetic models; thus, NH3–fuel interaction may suffer in the absence of chemistry subsets.
For instance, Chen et al. (2021) have characterized H2-NH3 ignition delay times up to 10 atm, demonstrating that the reaction NH3+H=NH2+H2 reconverts back NH2 radicals to NH3, releasing H radicals to sustain the high-temperature branching reaction H + O2 = OH + O, thus accelerating ignition delay times. Sabia et al. (2020) and Manna et al. (2022) have performed experiments in a JSFR for NH3/H2 mixtures, providing for evidence of a mutual inhibiting interaction among H2 and NH3, with a plausible role of NH3 as a strong collider in third-body reactions, due to NH3 strong polarity, like water (Michael et al., 2002). This aspect should be carefully addressed for high-pressure systems, where reaction rate pressure dependence, involving also the NxHy species formation route with many third-body reactions, covers an important role (Glarborg et al., 2021).
Rasmussen et al. (2008) and then Dai et al. (2020) demonstrated that fuel NO can have a strong sensitizing effect on CH4 ammonia chemistry through the interaction with NO-NO2 species via NO2+CH3 = NO + CH3O and NO + CH3OO = NO2+CH3O, as well as through the NO-NO2 loop, while CH4+NH2 = CH3+NH3 contributes substantially to the decomposition of CH4 under fuel-rich conditions.
4 AMMONIA AS FUEL IN INTERNAL COMBUSTION ENGINES
Nowadays, ammonia is considered the most promising solution for abating GHG emission in large-bore internal combustion engines for marine transportation and power generation sector (Kurien and Mittal, 2022), where the low energy density characteristic of the current battery technologies makes electric propulsion unfeasible. Some modifications are necessary to allow internal combustion engines running with NH3. First, when working with port fuel injection, an 8-bar fuel tank and a supply system similar to LPG have to be introduced, generally equipped with a heated vaporizer before the injector (Frigo and Gentili, 2013). Due to the growing interest in ammonia, methanol, and other low-viscosity fuels, more recent solutions have been developed allowing high-pressure common rail direct injection (Willmann et al., 2021). In case of spark-ignition engines, an increase in compression ratio is provided to exploit the high octane number of ammonia and compensate for the low laminar flame speed (Garabedian and Johnson, 1966). In order to accelerate the ammonia burning rate, few percentages of H2 are generally added and a dissociation catalyst is often employed to generate H2 onboard by ammonia cracking (Ryu et al., 2014a). In this case, in spark-ignition engines the spark plug material is changed to avoid hydrogen backfiring phenomena (Dimitriou and Javaid, 2020).
Even though great attention is paid by the scientific community and industry, practical applications on internal combustion engines fueled with ammonia are still limited. This section aims at giving an insight into ammonia combustion in both spark- and compression-ignition engines, highlighting the strengths and weaknesses of each investigated solution.
4.1 Ammonia as Fuel in Spark-Ignition Engines
First attempts of fueling spark-ignition engines with NH3 date back to the end of the 60s for military application with the aim of making vehicles independent of hydrocarbon fuels (Cornelius et al., 1966). In the previous study (Garabedian and Johnson, 1966), the authors experimentally investigated the effect of anhydrous ammonia on the performance of a 48 kW maximum rated power, 4,000 rpm maximum engine speed, and 4-cylinder spark-ignition engine. First tests without any modification except an LPG carburetor for ammonia supply highlighted a reduction in maximum rated power and engine speed to 7 kW and 2000 rpm, respectively. By adding a few quantities of hydrogen (between 2% and 4%), an increase in power output of up to about 20 kW was found, while the speed range was extended up to 3,200 rpm. Further improvements were achieved by increasing the compression ratio thanks to the high octane number of NH3, allowing 40 kW power output at 4,000 rpm. More recent applications on spark-ignition engines mainly concern the use of ammonia in a blend with a secondary fuel to increase the burning rate, generally H2, CH4 (Chai et al., 2021), or H2/CH4 (Mashruk et al., 2022). In Lhuillier et al.’s (2019a) study, the authors tested the performance of a GDI single-cylinder engine fueled with gaseous ammonia/air mixture at a fixed engine speed of 1,500 rpm by varying the intake pressure. They demonstrated the feasibility of pure ammonia combustion at wide-open throttle conditions. Further improvements in stability were achieved with boosted pressure, while at partial load, the addition of hydrogen was needed to keep the cycle-to-cycle variability under acceptable values. At full load, the engine performance with pure ammonia was comparable with the one obtained with methane used as a reference, with an indicated efficiency of about 36%. Based on the literature, the need for a combustion enhancer in blend with the ammonia is apparent to operate the engine over the whole load range. With this aim, hydrogen is the best solution when thinking about the engine performance; on the contrary, the issues related to its storage and transportation make this solution unreliable in a dual-fuel configuration. As argued by first studies on the NH3 combustion (Garabedian and Johnson, 1966; Starkman et al., 1967), an NH3 dissociation catalyst can provide the necessary amount of hydrogen, avoiding to stocking it in a separate tank. Interestingly, the heat required by ammonia cracking endothermic reactions can be recovered by engine gas exhaust (Comotti and Frigo, 2015). In Lhuillier et al.’s (2019b) study, the authors investigated the influence of hydrogen addition on the performance and emissions of an ammonia-fueled SI engine. The H2 volume content varied from 5% to 15% at different equivalent ratios and intake pressures. The use of hydrogen as a combustion enhancer allowed acceptable combustion stability over the whole engine map. 10% H2 concentration was found as the optimum to increase combustion efficiency without compromising exhaust emissions. The best efficiency results were achieved at lean near stoichiometric conditions. Further charge dilution results in a significant increase in NOx and NH3 at the exhaust without combustion efficiency improvements. Similar findings were highlighted in Frigo and Gentili (2013).
Lhuillier et al. (2020a) performed an extensive investigation on the use of NH3/H2 blends with different equivalence ratios and H2 volume concentrations up to 60% in a single-cylinder spark-ignition engine. Figure 6 shows the indicated efficiency as a function of equivalence ratio, ϕ, for different H2 volume fractions. In agreement with aforementioned works, the optimal indicated efficiency was reached with low concentrations of hydrogen, between 5% and 20%, and lean near stochiometric condition. A maximum of about 39% was achieved with H2 20%v at ϕ 0.9. Too high hydrogen concentrations result in efficiency detriment due to an increase in wall heat losses, as a consequence of higher flame temperatures.
[image: Figure 6]FIGURE 6 | Indicated efficiency as a function of equivalence ratio ϕ under different hydrogen concentrations (Lhuillier et al., 2020b).
Alternative or in combination with hydrogen, natural gas is considered a viable way to sustain the NH3 combustion as it was widely used in the recent past as a primary fuel in the large-bore engine. Therefore, using a blend of natural gas and ammonia represents a step toward the decarbonization path. Oh et al. (2021) tested the influence of ammonia–natural gas blends on the performance and exhaust emissions of a heavy-duty, 6-cylinder spark-ignition engine designed for compressed natural gas (CNG) fueling. Experiments were focused on partial load, low-speed conditions: The engine was fueled with 50% NH3-50% CNG. The substitution of CNG with ammonia resulted in a CO2 reduction of about 28%, while the charge dilution was limited by the detriment in combustion stability involved with low NH3 burning velocity allowing a maximum equivalence ratio of 1.5. Controversial results were obtained by Lhuillier et al. (2021), concerning the effect of methane on the combustion duration of ammonia-fueled spark-ignition engines. CH4 volume concentration was varied between 5 and 15% at different equivalence ratios, to investigate the potential of CH4 as a combustion promoter. Methane slightly sped up the combustion at the rich mixture condition (ϕ = 1.1), which did not significantly influence the combustion duration at the stoichiometric condition, while it reduced burning velocity at the lean condition (ϕ = 0.9). With the aim of reducing CO2 emissions, ammonia was also used as secondary fuel in binary/ternary blends with gasoline and alcohol fuels. Due to its high octane number, ammonia allows advancing spark timing and boosting intake pressure; in this way, it is possible to compensate for the loss in power output linked to the low energy density and burning velocity. In Ryu et al.’s (2014b) study, the potential of NH3 direct injection was explored in a dual-fuel gasoline port fuel–injected spark-ignition engine. When working in a dual-fuel mode, the power output ascribable to gasoline was kept constant, while the total power was increased by adjusting the ammonia injection. Results were compared with pure gasoline operation at the same load, highlighting similar overall brake-specific energy consumption. On the contrary, NOx emissions were strongly penalized. Haputhanthri et al. (2014) explored the potential of ethanol and methanol to increase the ammonia solubility in gasoline and hence improve its content in ternary blends. They found an increase in ammonia content from 3.7%v in the case of binary NH3/gasoline blends to 30%v in ternary blends with 30%v of methanol. Independent of percentage composition, at high engine speed, introducing ammonia in alcohol/gasoline blends resulted in a torque increase.
4.2 Ammonia as Fuel in Compression-Ignition Engines
Combustion of ammonia in compression-ignition engines is challenging due to its very low reactivity, which makes it more attractive for positive ignition. On the contrary, the recent interest in ammonia as fuel is mainly pushed by the marine shipping industry, which prominently runs with compression-ignition large-bore engines. In light of this, several solutions are under investigation to burn ammonia, either in pure or in dual-fuel mode, in compression-ignition engines. First studies on the use of ammonia in diesel engines date back to the end of the 60s on behalf of the US Army Energy Depot program. In 1967, Gray et al. (1967) burned pure ammonia in a Cooperative Fuel Research (CFR) engine, increasing the compression ratio up to 35:1 and intake temperature to 423 K. The low reactivity of ammonia combined with the high compression ratio resulted in a pressure peak of about 150 bar, likely due to a homogeneous charge combustion process. Introducing diesel fuel pilot as an ignition trigger allowed a reduction in compression to 15.2:1. Similar results can be found in the literature of the same age (Pearsall and Garabedian, 1968), suggesting the use of dual-fuel mode combustion. Therefore, more recent studies aimed to optimize the performance and exhaust emissions of NH3/diesel-fueled engines to reduce GHG emissions without penalizing the performance. Yousefi et al. (2022) investigated the effect of ammonia/diesel ratio and diesel injection strategy on the behavior of a single-cylinder, heavy-duty common rail dual-fuel engine. Ammonia energy fraction was regulated through a port fuel injection. The reduction in the diffusive diesel combustion stage due to the introduction of premixed air/NH3 charge results in a lower in-cylinder pressure peak, prolonging the combustion duration. Consequently, a reduction in NOx up to 58% is achieved with the maximum NH3 energy fraction of 40%. Diesel injection strategy optimization allows keeping ITE almost constant with a reduction in GHG of about 12%. As demonstrated by Reiter and Kong (2008), NH3 can be used as a primary fuel in turbocharged diesel engines with few modifications to the intake port. Tests were performed at different engine loads and speeds. An ammonia energy fraction of 95% was achieved with engine torque close to maximum. Further improvements in combustion efficiency can be achieved by directly injecting ammonia in a combustion chamber at high pressure. Li et al. (2022) compared the combustion characteristics and exhaust emissions of a dual-fuel diesel engine with those of two different ammonia injection systems: indirect low-pressure and direct high-pressure one. Results highlighted an increase in maximum energy replacement when switching from the low- to high-pressure injection system from 80% up to 97%. The low-pressure dual-fuel mode provided a higher indicated thermal efficiency, while high-pressure dual-fuel mode limited the unburned NH3 exhaust emissions.
Several applications have been explored in the use of NH3 in combination with alternative fuels in compression-ignition engines. Reiter and Kong (2008) investigated the effect of soybean oil methyl ester as a combustion trigger for ammonia. Replacing biodiesel with diesel did not result in significant performance and emission variations. Tay et al. (2017) performed a numerical study on the use of kerosene in the mixture or as an alternative to diesel for triggering the combustion of NH3. They found an advance in the start of ignition when switching from diesel to kerosene, resulting in a more complete combustion of NH3 in the regions close to cylinder liner and crevices. Some attempts have been performed to inject dimethyl ether (DME)/NH3 mixtures as NH3 is miscible with DME. In Ryu et al.’s (2014c) study, pure DME and two different DME/NH3 mixtures (40% and 60%w of NH3) were directly injected into a compression-ignition engine. The authors found a worsening of performance with higher cyclic variability by increasing NH3%. Moreover, the combustion prolongation and lower temperature of NH3 combustion resulted in higher CO and HC emissions.
NH3 can be successfully used as a hydrogen carrier thanks to the reliability of onboard systems for hydrogen production by means of NH3 cracking or dissociation (Kurien and Mittal, 2022). Gill et al. (2012) performed an experimental analysis of the influence of dissociated NH3 on the combustion and emission of the direct-injection diesel engine. With this aim, the 3%v of intake air was replaced with gaseous ammonia, dissociated ammonia, and pure hydrogen. Figure 7 shows the effect of the dual-fuel operation on the brake thermal efficiency and CO2 emissions. Both ammonia and hydrogen provide a reduction in combustion efficiency compared with pure diesel fueling. This trend can be explained by combustion mechanisms of H2 and NH3 compared with diesel. In fact, the dilute mixture conditions, typical of compression-ignition engines, penalize the premixed flame propagation worsening the combustion efficiency. Replacing 3%v of intake air with carbon-free NH3 or H2 allows reducing diesel amount by about 15% with benefits on CO2 emission up to about 12%.
[image: Figure 7]FIGURE 7 | Brake thermal efficiency for different intake air additives: gaseous ammonia, pure hydrogen, and dissociated ammonia (Gill et al., 2012).
5 CONCLUSION
The need for immediate solutions to reduce greenhouse gas emissions represents one of the most serious challenges for the transport sector since the internal combustion engine invention. Despite the run to the electrification, the route from combustion to electric propulsion is long and several issues have to be addressed before reaching this goal. Furthermore, electric propulsion cannot replace internal combustion engines, even though they are competing with each other. In this scenario, green ammonia is considered a promising fuel as it is carbon-free, it has a relatively high-volume energy density, and it is easy to store and transport.
There are several drawbacks, in terms of safety and efficiency, that have limited the deployment of ammonia on a large scale in the past due to its chemical–physical characteristics. Indeed, toxicity and poor combustion properties limit ammonia utilization as a direct substitute for standard fuels in the available conversion systems, with main concerns in its application in the internal combustion engine.
Nevertheless, the potential impact of its use as a energy carrier on decarbonization has catalyzed the attention of academic and industrial research on studying and testing possible solutions to overcome disadvantages, from its green production to its effective use.
Ammonia will only make sense as a green fuel if the routes for its production turn green. Currently, at an industrial level, ammonia is produced using nitrogen and hydrogen in the gas phase through the Haber–Bosch (H-B) process. From an environmental point of view, this path is too energy-intensive and unsustainable: The H-B process is mainly based on fossil fuels as an energy source and as a raw material since almost all of the hydrogen gases used for ammonia synthesis are produced by steam reforming of natural gas. In this review, two different pathways for producing green ammonia were evaluated: The first, of considerable long-term scope, is based on the H-B process fueled with hydrogen from renewable sources (green hydrogen), and the whole process is powered by electricity from completely renewable sources. The conversion of traditional synthesis plants from steam reforming feed to green hydrogen feed (e.g., by integrating water electrolysis into the process) requires plant design flexibility and optimal allocation of energy sources; and the second path is based on the electrochemical synthesis of ammonia; in this case, the H-B process is no longer necessary: The processes connected to this second path are currently at TRL 1, and further research and development activities would be required before being able to consider large-scale industrial production.
Much attention has been dedicated to NH3 as fuel, with the development and optimization of many detailed kinetic schemes. Their availability is mandatory for designing and optimizing thermal conversion systems where ammonia is used, as well as for setting up their digital twins. Most of these schemes were derived from mechanisms conceived for NOx formation/reduction, at low pressures (through prompt, fuel, and thermal NO routes), and thermal De-NOx, and have been updated on the basis of recent experimental evidence, while at only recently high-pressure/high-temperature conditions, relevant to ICEs, experimental data have been proposed, thus boosting a further development in an attempt to provide for reliable and robust kinetic schemes. However, NH3 oxidation chemistry presents still many open issues, mainly related to large rate constant uncertainties, different thermochemical parameters, and rate pressure dependence description, relevant to high-pressure conditions. In addition, some critical steps, such as the NH3 pyrolysis chemistry along with the NxHy route, the tunneling nature of NNH reactions, and the strong sensitivity of NH3 to the DeNOx chemistry, to the NO-NO2 loop, and to N2O and H2NO/HONO species, still have to be properly addressed. These issues are stressed in case of addition of fuel enhancers, where a direct coupling between ammonia–ammonia radicals and fuel oxidation chemistry has to be taken into account. Recently, many efforts have been done in virtue of the availability of new data at high pressure/high temperature, in the form of laminar flame speeds and autoignition delay times as fundamental parameters to predict for ICE conditions and a set of detailed kinetic models to be used for the evaluation of combustion parameters are available, along with reduced schemes for CFD purposes.
Practical applications of ammonia in internal combustion engines are attracting the interest from shipping stakeholders who look at ammonia since it may be burnt by existing engine architecture with retrofitting modifications. The high autoignition temperature and the low burning velocity impose the use of combustion promoters in order to limit flame quenching and misfiring. The most convincing solution to this issue is considered onboard production of H2 from NH3 cracking, recovering engine out heat to support endothermic reactions. Experimental tests on spark-ignition engines demonstrate that H2-added NH3 combustion can replace CH4 without efficiency losses. Further improvements are expected with the development of high-pressure direct-injection systems, which avoid NH3 slip and increase combustion stability. Interest is also paid to the combustion of ammonia in compression-ignition engines since it should limit modifications to existing ship engine architectures. On the contrary, this solution results in a too high detriment of efficiency since the low reactivity of NH3 implies a change in the combustion mechanism, which is predominantly premixed, compromising the thermal efficiency. The increase in injection pressure of modern common rail systems for low-viscosity fuels could lead the way to a new generation of compression-ignition engines allowing diesel similar to the combustion of ammonia.
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