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Abstract: The rising technology of green hydrogen supply systems is expected to be on the horizon. 

Hydrogen is a clean and renewable energy source with the highest energy content by weight among 

the fuels and contains about six times more energy than ammonia. Meanwhile, ammonia is the most 

popular substance as a green hydrogen carrier because it does not carry carbon, and the total hy-

drogen content of ammonia is higher than other fuels and is thus suitable to convert to hydrogen. 

There are several pathways for hydrogen production. The considered aspects herein include hydro-

gen production technologies, pathways based on the raw material and energy sources, and different 

scales. Hydrogen can be produced from ammonia through several technologies, such as electro-

chemical, photocatalytic and thermochemical processes, that can be used at production plants and 

fueling stations, taking into consideration the conversion efficiency, reactors, catalysts and their re-

lated economics. The commercial process is conducted by using expensive Ru catalysts in the am-

monia converting process but is considered to be replaced by other materials such as Ni, Co, La, and 

other perovskite catalysts, which have high commercial potential with equivalent activity for ex-

tracting hydrogen from ammonia. For successful engraftment of ammonia to hydrogen technology 

into industry, integration with green technologies and economic methods, as well as safety aspects, 

should be carried out. 
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1. Introduction 

Hydrogen is a clean fuel and energy carrier playing an important role in a sustainable 

energy future. When consumed in a fuel cell, the energy content is converted with high 

efficiency on demand and produces water. Hydrogen can easily integrate into the existing 

natural gas network with minimal modification but lacks a wide infrastructure, making 

its storage and transport difficult and expensive [1]. Hydrogen technology for transition 

to a hydrogen-based economy requires supplying clean and renewable energy and cap-

ture of CO2 from current fossil hydrogen production. The ammonia and hydrogen indus-

try has the potential to make significant contributions to global economies with the pos-

sibility of using ammonia and hydrogen as fuels [2].  

This review study aims to confirm the direction of commercialization by increasing 

ammonia to hydrogen production systems in the future by examining the trends of the 

latest technologies of ammonia cracking, hydrogen separation and purification as a clean 

fuel and source of energy without emitting greenhouse gases. The conversion technology 

of ammonia to hydrogen considers the feedstock, decomposition methods, emissions, and 

energy efficiency, as well as reactors and catalyst materials, with a focus on ammonia 

cracking.  

This paper provides a brief and comprehensive view of hydrogen production from 

ammonia and is organized as follows: In the first section, significant literature related to 
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the hydrogen industry outlook is reviewed. In Section 2, hydrogen properties, production, 

sources, and pathways are defined. Then, Section 3 is a brief look at ammonia production 

technologies. Section 4 discusses hydrogen production technologies, thermal and thermo-

chemical cracking, and reactor technology. Section 5 reviews catalyst characterization, ac-

tivity and performance. Section 6 is a brief look at other ammonia decomposition methods 

and also the separation and purification systems processes. 

1.1. International Hydrogen Market Size 

There are diverse applications of hydrogen being recognized worldwide. Therefore, 

its demand and use are increasing across a wide range, with the potential for significant 

contribution to clean energy transitions. The demand for hydrogen has increased linearly 

in the past. The various applications of hydrogen as a feedstock and fuel. In the chemical 

industry hydrogen is used for oil refining and the production of ammonia, methanol, fer-

tilizers, in food and pharmaceutical production, metal manufacturing, and low-carbon 

emission steel [2,3]. Also used as fuel to produce electricity in fuel cells, and is being 

adopted as a sustainable fuel for power generation in the building and transport sectors 

in the future [2,3].  

The annual global demand for hydrogen (in megatons) as a fuel, based on sectors 

such as oil refining, industry, transport, power, ammonia fuel, synfuels, buildings, and 

electric grid injection, is represented in Table 1, and Figure 1 shows the expected hydrogen 

demands (%) in some sectors compared to other fuels. In the EU, expected demands will 

exceed more than 100 million tons by 2050 (Figure 2). Hydrogen being produced based on 

carbon capture, utilization and storage (CCUS) technology, is expected to reach net-zero 

emissions by 2050 [4]. Hydrogen demand growth in new sectors, as expected in the EU, 

will exceed more than 100 million tons by 2050 (Figure 2). Thus, industries are interested 

in research on large-scale hydrogen projects in several regions [5].  

 
(a) (b) 

Figure 1. Expected annual demand for hydrogen based on (a) hydrogen production technologies 

and (b) sectors (Mt). Hydrogen produced by electrolysis, and also as a by-product of catalytic naph-

tha reforming (CNR) based on technology of carbon capture, utilization and storage (CCUS). Re-

printed with permission [4]. 
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Table 1. Expected global hydrogen demand (in megatons) of the different energy sectors in the Net 

Zero Scenario, 2020–2030. Reprinted with permission [4,5]. 

 
Refining 

(Mt) 

Industry 

(Mt) 

Transport 

(Mt) 

Power 

(Mt) 

Ammonia 

fuel (Mt) 

Synfuels 

(Mt) 

Buildings 

(Mt) 

Grid In-

jection 

(Mt) 

2020 37.18 51.3 0.02 0 0 0 0.01 0 

2025 33.82 63.22 2.12 0 7.53 1.1 2.25 23.85 

2030 25.78 75 8.55 18.5 18.11 7.28 5.64 51.7 

The potential global market for hydrogen technology is expected to reach USD 2.5 

trillion [6]. Annual power generation from fuel cells has increased 15-fold since 2015, now 

exceeding 1 gigawatt (1 GW) [7]. For example, the US hydrogen economy is expected to 

generate approximately USD 750 billion in annual sales and 3.4 million cumulative jobs 

by 2050 [7]. However, there is limited information available about the economic competi-

tiveness of hydrogen system configurations [8,9]. 

 
 

(a) (b) 

Figure 2. Hydrogen prospects of the different industrial sectors in the EU, (a) current usage of hy-

drogen, (b) expected hydrogen demand. * excluding potential of hydrogen in enabling renewable 

energy and in heating for build gas. Reprinted with permission [10]. 

1.2. Hydrogen Industry Outlook 

To move toward a low-carbon economy, hydrogen as an energy vector can play a 

significant role in clean energy transitions, such as the release of stored chemical energy 

that produces power while eliminating greenhouse gas (GHG) emissions. The utilization 

of hydrogen in the power, building and transportation sectors for eco-friendly energy pro-

duction can decrease the environmental impact of emissions. Furthermore, it can be used 

as a marine energy source, which is cheaper than ammonia for marine transportation 

[10,11]. 

Hydrogen technology has the technical feasibility, sufficient capacity, and potential 

to participate in the electric power sector, as it can be stored and used for producing sev-

eral gigawatts per hour, enabling electrical grid stability to meet the varying demands of 

different energy sectors. It can increase the utilization of generators, including nuclear, 

coal, natural gas and renewables. In conjunction with fuel cells or combustion-based tech-

nologies, it enables zero or near-zero emissions in transportation, stationary or remote 

power, and portable power applications. There is also a growing interest in hydrogen fuel 

cells in the aviation industry instead of heavy batteries [4,8,12–14].  
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The energy required to provide heating, cooling, drying, power, and fresh water to 

buildings is mainly provided by fossil fuels and traditional power plants and is higher 

than the transportation sector, with significant CO2 emissions associated. Hydrogen can 

effectively provide the energy demand of buildings in a reliable, safe, and economical way 

to reduce the global warming trend [1]. Moreover, hydrogen-powered vehicles that were 

developed as a policy action to move toward a low-carbon economy are currently using 

gray hydrogen [15,16]. There are some challenges in the transition from fossil-based to 

renewable energy sources; for example, among carbon-free energy carriers, water, wind, 

and solar are limited by geographical conditions, and produced hydrogen, needs to be 

compressed, and liquified, then requires special delivery and storage systems [12,17].  

The development of hydrogen as a major carbon-free energy source is a common goal 

pursued by many countries to deal with the global warming trend. Hydrogen is the most 

feasible energy carrier for future energy systems, as shown in Figure 3 [18,19]. The pro-

motion of clean technologies for the production of clean hydrogen and hydrogen-based 

fuels reflected in the Net Zero Emissions Scenario in 2021–2050 will reduce 60 Gt of CO2 

emissions, which is about 6% of the total cumulative emissions reduction [20,21]. Promot-

ing eco-friendly hydrogen production and usage is necessary to reduce greenhouse gas 

(GHG) emissions [3], which needs a demand generation strategy, greater efforts for new 

applications, quality improvement of hydrogen production infrastructure, transitional en-

ergy process capacity, reduced associated emissions and improved cost-effectiveness of 

hydrogen production [22]. 

 

Figure 3. Transition from fossil-based to hydrogen-based energy Reprinted with permission [19]. 

2. Hydrogen Source, Production Pathways, Technology, and Energy Efficiency 

Hydrogen production can be considered from the view of feedstocks, energy sources, 

pathways, and technology.  

2.1. Properties of Hydrogen 

Hydrogen is a renewable, non-toxic, and carbon-free fuel that is expected to contrib-

ute significantly to air quality improvement. Its properties are compared with ammonia 

and other hydrocarbon fuels in Table 2 and Figure 4 [23,24].  

Hydrogen can be compressed at about 350 to 700 bar, liquefied at a low boiling point 

of −253 °C, or stored on the surface or within a solid. However, the current storage of 

hydrogen is difficult, energy-intensive and expensive compared to the storage of ammo-

nia due to its high volatility, very low density and need for high pressure [18].  

Hydrogen combustion with oxygen only emits water, while ammonia combustion 

produces NOX, owing to the fuel NOX process. The energy required to initiate hydrogen 
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combustion is much lower than that required for other common fuels, which makes it easy 

to ignite. It has a very wide flammability range (between 4% and 75% in air) compared to 

other fuels and a high combustion heat (3.37 MJ/kg). However, at low concentrations of 

hydrogen in air, the energy required to initiate combustion is similar to that of other fuels 

[25,26]. Low volumetric energy density, low flash point, and a large diffusion coefficient 

are the defects of hydrogen with regard to fuel utilization. The auto-ignition temperature 

of hydrogen (585 °C) is similar to natural gas, which is higher than the gasoline vapor. Its 

lower heating value is 9.9 (MJ/m3), which is much higher than ammonia [23,24,27,28]. Hy-

drogen has a faster rate of combustion and a higher level of heat generation compared to 

ammonia and other fuels. Thus, it can be used in conventional combustion systems with 

a few changes to the combustion system (engines, furnaces or gas turbines) design [18].  

Hydrogen energy can be optimized through electrochemical processes such as fuel 

cells and hybrid renewable energy systems to obtain the most economical low cost energy 

[29–31]. 

Table 2. Comparing hydrogen properties with other fuels. Reprinted with permission [23,24]. 

Fuel Liquid H2 Gaseous H2 Natural Gas Ammonia Propane Gasoline Methanol 

Formula H2 H2 CH4 NH3 C3H8 C8H18 CH3OH 

Storage method Cryogenic liquid Compressed gas Compressed gas Liquid Liquid Liquid Liquid 

Approximate AKI * 

Octane rating 

RON > 130 MON 

very low 

RON > 130 

MON very low 
107 110 103 87–93 113 

Storage temp (°C) −253 25 25 25 25 25 25 

Storage pressure (kPa) 102 24,821 24,821 1030 1020 101.3 101.3 

Fuel density (kg/m3) 71.1 17.5 187.2 602.8 492.6 698.3 786.3 

Energy storage 

LHV (MJ/kg) 120.1 120.1 38.1 18.8 45.8 42.5 19.7 

LHV (MJ/L) 8.5 2.1 7.1 11.3 22.6 29.7 15.5 

Fuel requirement to match the energy of 10 gallons of gasoline 

Fuel volume (L) 131.5 534.4 157.5 99.2 49.8 37.9 72.5 

Fuel weight (kg) 9.4 9.4 29.5 59.8 24.5 26.4 57.0 

AKI *: anti-knock index is the minimum octane rating for unleaded motor fuel and the mean of RON 

(research octane number) and MON (motor octane number). 

 

 

(a) (b) 

Figure 4. Hydrogen properties, (a) volumetric and gravimetric density of hydrogen, (b) specific en-

ergy density compared to other fuels. Reprinted with permission [27,28]. 
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2.2. Hydrogen Production Sources and Pathways 

Hydrogen can be produced from renewable or non-renewable natural feedstocks and 

energy sources through several pathways of various types, as shown in Figure 5. Green 

hydrogen is obtained from renewable feedstocks and sustainable energy sources, such as 

water, wind and solar power, without any harmful gases during production processes 

and use. Moreover, green hydrogen can be a sustainable and secure energy, and the re-

quired power for this process is generated by clean electricity. However, this type of hy-

drogen is the ultimate goal of climate-promoting but yet is not practical [15,32,33]. Blue 

hydrogen is produced from non-renewable resources (such as fossil fuels, hydrocarbons, 

and nuclear sources) and renewables. It is a low-carbon hydrogen and needs a process by 

which carbon is captured and stored [3,15,16,22,33]. Gray hydrogen is produced from coal, 

heavy oil, and naphtha feedstocks with high carbon-to-hydrogen ratios by a conventional 

gasification process that requires pure oxygen or steam to react with the feedstocks and 

produce a mixture of CO and hydrogen in the ratio range of 1.6–1.8 at a high temperature 

[34]. 

  
(a) production pathways (b) estimated cost 

Figure 5. Different hydrogen (a) production pathways and(b) the estimated cost of blue, grey and 

green hydrogen production. Reprinted with permission [10,32,33]. 

2.3. Hydrogen Production Technology 

Hydrogen can be produced through a variety of technologies, such as thermochemi-

cal, radiochemical, electrochemical, photochemical, and biochemical, and integrated sys-

tems, such as electrothermochemical processes. Figure 6 represents different hydrogen 

production technologies in terms of the energy sources [3,15,26,30,34,35]. 

 

Figure 6. Diverse hydrogen production technologies and their energy sources. Reprinted with per-

mission [35]. 
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2.3.1. Thermochemical Process 

Thermochemical technologies, are the main form of commercial hydrogen produc-

tion, involve high-temperature processes, including reforming (steam, partial oxidation, 

autothermal, plasma and water phase) and pyrolysis. They need additional hydrogen sep-

aration and purification units to provide a high purity of hydrogen [12,17]. As shown in 

Figure 7, the main resources of commercial hydrogen production are 48% from natural 

gas, 30% from petroleum reforming, 18% from coal gasification and 4% from electrolysis 

and renewable energy sources [36,37]. In addition to biomass gasification and solar ther-

mochemical hydrogen production, it can be produced as a by-product of some other hy-

drocarbon processes, such as steam cracking of natural gas liquids to obtain light olefins 

and other co-products, which can produce 3.5 Mt/year of H2. However, most of them are 

low energy efficiency, expensive, and require carbon capture [26,38].  

Thermochemical technologies for hydrogen production can be classified based on 

efficiency, temperature, and feedstock requirement, as shown in Table 3 [34,39,40]. The 

three methods of hydrogen production are including, reacting natural gas with steam at 

high pressure and temperature, such as steam methane reforming (SMR), reacting natural 

gas with oxygen and steam, such as auto-thermal reforming (ATR), and reacting natural 

gas with quantities of air and pure oxygen less than the stoichiometric amounts, such as 

partial oxidation of methane (POM) technologies. A comparison of their efficiencies and 

reaction temperatures shows that POM has the lowest efficiency compared to ATR, and 

SMR has the highest efficiency. Accordingly, SMR is the commonly accepted method of 

generating hydrogen [34,39,40]. 

 

Figure 7. Chart of hydrogen production from different resources. Reprinted with permission [37]. 

Table 3. Comparison of three methods of hydrogen production from natural gas. Reprinted with 

permission [34]. 

 Material and Energy Requirements 
Efficiency % Temperature (°C) 

H2/CO Ratio 

External Heat Catalysts Pure Oxidation  

Steam methane reforming 

(SMR) 
✓ ✓ × 70–85 800–1100 1.2–2.8 

Partial oxidation of methane 

(POM) 
× × ✓ 55–75 950–1500 2 

Auto-thermal reforming (ATR) × ✓ ✓ 60–75 700–1000 1.9–2.6 
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2.3.2. Electrochemical and Photolytic Process 

Electrochemical methods that use electricity to produce hydrogen at near-ambient 

temperatures and pressures without any requirement of a purification system, such as 

water electrolysis, have high conversion rates. Water electrolysis is one of the main tech-

nologies for generating highly pure hydrogen that can provide a sustainable clean hydro-

gen process. Producing 1 ton of hydrogen requires 9 tons of continuous supply of pre-

treated water with about 50 MWh of electric power for operation. Meanwhile, the electro-

lyzer, operated most often in base load mode, has significant value to add by participating 

in electricity markets and thus minimizing electricity costs [12,17,41,42].  

The photocatalytic process of decomposition uses radiation energy for decomposi-

tion at room temperature in photo-electrolysis, photocatalysis, and photo-biological pro-

cesses. However, this technology is still in the early stages of development, and material 

costs and practical problems have not been resolved [2,35,43,44]. The electrochemical and 

photolytic processes of ammonia decomposition are explained in more detail in the re-

lated part of Section 6. 

Alternatively, high-purity hydrogen can be produced as a by-product of mature in-

dustrial technologies, such as alkaline and proton exchange membrane (PEM) and low-

temperature electrolysis (LTE) from renewable electricity, on a large scale, with high en-

ergy efficiency (PEM electrolyzer 72%) and a fast response rate. The chlor-alkali (CA) pro-

cess, which produces sodium hydroxide and chlorine through electrolysis of a sodium 

chloride solution, produces a by-product of high-purity hydrogen (>99.9%) on a large 

scale (up to 0.4 Mt/year) without additional purification processes at a price of about 

USD1/kg H2, which is relatively cheap. High-temperature electrolysis using a solid oxide 

electrolysis cell (HTSOEC) produces hydrogen with higher electrical energy efficiency 

than LTE due to the requirement of heat rather than electricity for processing energy [26]. 

Hydrogen production from renewable energy sources such as water electrolysis, the most 

feasible technology, is shifting from alkaline electrolysis to the more flexible PEMs and 

being scaled up in the EU, the US, Japan and China; however, PEMs have the lowest en-

ergy and exergy efficiencies [26,34,45].  

Hydrogen, electricity, ammonia and heating energy can be produced simultaneously 

through the combination of a solar cell electrolyzer, solar–steam cycle and wind-powered 

electrolysis process. For example, the production of 10 MW of electricity, 994.5 tons/year 

of hydrogen and 7201 tons/year of ammonia with a maximum energy efficiency of 50% 

was reported in large cities in China and India [46–48]. Moreover, hydrogen production 

using nuclear power is carbon-free, but it has more environmental, health and safety is-

sues than other fossil fuels [25]. 

2.3.3. Biological Technologies 

One way of achieving very clean large-scale hydrogen production is by using renew-

able biomass sources. The process requires the preparation of feed stocks such as wood, 

grass, agricultural products, crop residues, plant and animal wastes, municipal solid 

wastes, food scraps and algae by several methods, such as gasification, pyrolysis, super-

critical water gasification, liquefaction, anthropogenic extraction of hydrogen from waste 

materials, and biochemical processes of microorganisms, such as combined dark fermen-

tation and anaerobic digestion. This process needs more development, and its conversion 

efficiencies are low [2,25,35]. 

2.4. Energy and Exergy Analysis of Hydrogen Production from Ammonia 

Analyzing energy and exergy efficiencies is an important tool for optimization and 

improvement, as well as the design of hydrogen production systems through the evalua-

tion and prediction of thermodynamic process defects. The exergy of ammonia cracking 

describes a measure for identifying and explaining the benefits of sustainable energy and 
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technologies, and the exergy of ammonia cracking clearly identifies efficiency improve-

ments and reductions in thermodynamic losses for more sustainable technology. There-

fore, the exergy efficiency of an ammonia cracking system is related to its economics, en-

vironmental impact, and sustainability [49,50].  

The performance of a hydrogen production system based on efficiency as the ratio of 

the energy or exergy content of the hydrogen to that of the material and/or energy re-

source is obtained from the following equations, which indicate that when the system ir-

reversibility or the exergy loss is minimized, the exergy efficiency can improve and reach 

the maximum value [50]. 

(Energy efficiency) η % =
�̇ ����� 

���̇
=  

����̇  

���̇
 

(Exergy efficiency) ψ =
�̇����

��  

����̇
=  

�����̇  

����̇
 

where η is the energy efficiency, ṁ is the mass flow rate of the produced hydrogen, 

LHV�� is the lower heating value of hydrogen (121 MJ/kg), E��
̇  is the rate of energy input 

to the process, and E���
̇   is the total outlet energy transfer rate. ψ is the exergy efficiency, 

ex��
��  is the chemical exergy of hydrogen, Ex���

̇  is output or useful exergy, and Ex��
̇  is the 

exergy input rate supplied to the hydrogen production process [50,51].  

The efficiency of different hydrogen production methods depends on their emis-

sions, total cost, and energy and exergy efficiencies. It can be categorized in the range of 0 

to 100, as shown in Table 4, where 0 means poor performance assigned to the cost and 

emissions, and the highest value of 100 means higher efficiencies, which indicates the ideal 

case with the lowest costs and zero emissions [1,50,51]. Hydrogen production by fossil 

fuel reforming, plasma arc decomposition, and coal gasification and biomass gasification 

methods have high energy and exergy efficiencies. Biomass-based hydrogen production 

methods have significantly low emissions, but they have low system efficiencies, signifi-

cantly high acidification potential (AP), and relatively high global warming potential 

(GWP), social cost of carbon (SCC) and production costs, as demonstrated in Table 4. The 

ideal method is the production of green hydrogen as it has zero emissions, the lowest cost, 

and 100% efficiency [34,50,51]. Table 4 shows comparison of maximum energy and exergy 

efficiencies of hydrogen production methods, which has the highest energy efficiency of 

83% using fossil fuel reforming (FFR), an exergy efficiency of 60% for biomass gasification 

(BIG), and the lowest energy and exergy efficiency (2%, 1%) for photocatalysis (PCT) 

methods [50,52]. 

Table 4. Comparison of the energy and exergy efficiencies of some hydrogen production methods. 

Reprinted with permission [1,50,51]. 

Method 
Energy Efficiency 

% 

Exergy Efficiency 

% 
Cost 

Global Warming 

Potential (GWP) 

Acidification 

Potential (AP) 

ELC Electrolysis 53 25 73.4 33.3 88.6 

PAD Plasma arc decomposition 70 32 91.8 8.3 51.4 

TLY Thermolysis 50 40 61.2 75.0 74.3 

TWS Thermochemical water splitting 42 30 80.6 91.7 94.3 

BIM Biomass conversion 56 45 81.0 66.7 20.0 

BIG Biomass gasification 65 60 82.5 58.3 0.00 

BIR Biomass reforming 39 28 79.3 62.5 8.6 

PVE Photovoltaic (PV) electrolysis 12.4 7 45.0 75.0 77.1 

PCT Photocatalysts 2 1 51.9 95.8 97.1 

PEC Photoelectrochemical (PEC) 7 1.5 0.00 95.8 97.1 

DAF Dark fermentation 13 11 75.2 95.8 97.1 
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HTE High-temperature electrolysis 29 26 55.4 79.2 85.7 

HYC Hybrid thermochemical cycles 53 48 74.1 94.3 90.2 

COG Coal gasification 63 46 91.1 0.00 13.1 

FFR Fossil fuel reforming 83 46 92.8 25.0 57.1 

BIP Bio photolysis 14 13 72.7 75.0 97.1 

PHF Photo fermentation 15 14 76.1 95.8 97.1 

APS Artificial photosynthesis 9 8 75.4 95.8 97.1 

PEL Photo electrolysis 7.8 3.4 70.9 83.3 97.1 

Ideal Zero emissions and cost, efficient 100 100 100 100 100 

2.5. The Cost and Environmental Emissions 

Hydrogen production from different technologies and pathways is varied in terms 

of cost and environmental emissions due to economic factors, such as the cost of natural 

gas and electricity. The hydrogen production cost is depending on industrial scales, the 

availability of existing infrastructure, production technology, the variety of feedstocks, 

and power sources. It is conventionally generated from fossil fuels and is the most cost-

effective process for large scales (above 1000 m3/h) but releases a high amount of green-

house gas (GHG) (see Table 5). As the global demand for hydrogen rises, there is a need 

to decrease GHG emissions by switching to clean energy and green hydrogen generated 

from clean and sustainable energy sources through efficiency and industrial decarburiza-

tion, but this currently comes at relatively high energy costs [2–4,15,16,22,26,53–62]. 

Around 6% of global natural gas and 2% of coal consumption is used for producing 

hydrogen, which generates about 830 MtCO2 of annual CO2 emissions and is a significant 

driver of climate change [11,54]. In 2020, 60% of the annual global hydrogen was produced 

from 240 billion cubic meters of natural gas, and 19% was produced from 86 billion cubic 

meters of coal in China [8]. According to Figure 8, a total 90 Mt of the global hydrogen 

demand in 2020 was derived from fossil fuels, 79% of which was obtained from dedicated 

hydrogen production plants, and the remaining 21% was obtained from carbon by-prod-

ucts. Producing 90 Mt of hydrogen can release about 900 Mt of CO2 (2.5% of global CO2 

emissions) per year. However, using CCUS technology decreased the carbon emissions 

by 59.7% [3,36,55,56].  

The hydrogen generated from green ammonia cracking demonstrates high CO2 re-

duction ranging from 78% to 95% in kgCO2/kgH2 compared to the hydrogen production 

from SMR, which is mainly gray hydrogen (96%) [48,57]. Therefore, this is regarded as the 

decarburization plan most likely to achieve the goal of zero carbon emissions by 2050 

[6,58,59].  

Hydrogen production requires additional development to be sustainable and energy 

efficient in production, usage and transportation for commercialization. However, hydro-

gen also can be produced through a large, centralized fossil fuel-based technology along 

with CO2 capture and storage (CCUS), which has not yet been demonstrated technically 

or commercially, and further research is needed on gas separation and hydrogen purifi-

cation processes [10,54]. 

In the Net Zero Scenario, the carbon emissions of energy systems can be decreased 

through mitigation measures includes the direct on-site renewable energy use, improved 

technology performance, energy efficiency, and behavioral changes such as energy service 

demand changes from user decisions and technology developments. The technologies to 

be developed include activation of grid decarburization, replacement of technologies with 

electrification (heat pumps, mechanical vapor recompression), transition to renewables 

sources (hydropower, geothermal, solar power, wind, marine energy), and transition to 

hydrogen and hydrogen-based fuels by developing CCUS of relevant intensity. [4,10,60]. 
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Table 5. Hydrogen production pathways and technologies. Reprinted with permission [54]. 

Hydrogen 

Pathways 

Source of 

Energy 
Technology Emissions Advantages Disadvantages 

Grey hydro-

gen 

Fossil ener-

gies 

Reforming 

and gasifica-

tion 

CO2 emissions 

Minimal cost 

Huge-scale production 

Innovative knowledge 

Considerable CO2 emissions 

Carbon tax 

Finite natural resources 

Blue hydro-

gen 

Fossil ener-

gies 

Reforming 

and gasifica-

tion and 

CCUS 

Captured carbon 

emissions 

Economical compared 

with green hydrogen 

Scaling potential with 

modification 

Emitting low CO2 emis-

sions 

The CCUS technology needs to 

be improved 

Investment difficulties could oc-

cur as green hydrogen becomes 

more competitive 

Green hydro-

gen 
RES Electrolysis No emissions 

If the installation is spread, 

it can be more adaptable 

There are no unlimited re-

sources required—just wa-

ter and power 

Significant costs 

Based on the cost of power and 

the availability of water 

Minimal capacity aspects linked 

with RES 

 

  
(a) (b) 

Figure 8. (a) Hydrogen production methods by their source-based emissions and capture of CO2 

emissions from combustion and chemical conversion, (b) the source of hydrogen produced in Eu-

rope, 2019. Reprinted with permission [55]. 

The environmental impact of water electrolysis depends on the primary energy 

source that provides the electricity. It cannot be an environmentally friendly technology 

under the current electricity structure. It will have greater potential in the trend of power 

structure transformation. However, it can be solved by using power sources from wind, 

solar, nuclear and biomass. Table 6 and Figure 9 show the hydrogen production cost and 

environmental impacts of different production technologies, the variety of feedstocks, 

power sources and emissions [62].  
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Figure 9. The comparison of various methods of hydrogen production in terms of cost (USD/kg) 

and their environmental impacts (kg CO2 eq). Reprinted with permission [28,57]. 

Table 6. Various hydrogen production processes and their sources (feedstocks and energy) and cost 

per kg of hydrogen. Reprinted with permission [28,57].  

 Process Sources 
Cost 

(USD/kgH2) 

1 SMR with CCS fossil fuels + NG 2.27 

2 SMR without CCS fossil fuels + NG 2.08 

3 CG with CCS fossil fuels coal 1.63 

4 CG without CCS fossil fuels coal 1.34 

5 ATR with CCS fossil fuels NG 1.48 

6 Methane pyrolysis fossil fuels NG 1.59–1.70 

7 Biomass pyrolysis Steam + wood 1.25–2.20 

8 Biomass gasification Steam + wood 1.77–2.05 

9 Direct bio photolysis Algae + water  2.13 

10 Indirect bio photolysis Algae + water 1.42 

11 Dark fermentation Organic biomass 2.57 

12 Photo fermentation Organic biomass 2.83 

13 Solar PV electrolysis Solar + water 5.78–23.27 

14 Solar thermal electrolysis Solar + water 5.10–10.49 

15 Wind electrolysis Wind + water 5.89–6.03 

16 Nuclear electrolysis Nuclear + water 4.15–7.00 

17 Nuclear thermolysis Nuclear + water 2.17–2.63 

18 Solar thermolysis Solar + water 7.98–8.40 

19 Photo electrolysis Solar + water 10.36 

The theoretical ideal hydrogen production option has zero production cost, no harm-

ful emissions, and zero social cost of carbon. The cost of producing hydrogen is highly 

influenced by the scale of the installation. A techno-economic assessment showed that the 

cost of hydrogen (kgH2) at small scales (i.e., 10 kW) reduced from 7.03 to 3.98 USD/kgH2 

compared to larger industrial scales (i.e., 10 MW), and it can be decreased up to 50% more 

based on sensitivity analyses [48]. 

The cost of hydrogen from ammonia to a commercial scale resulted in approximately 

4 USD/kgH2 at 10 MW. In terms of facility costs, the PSA-adsorbent cost was 56.1%, fol-

lowed by reactor catalyst cost of 21.3%, and ammonia procurement accounted for 90.5% 

of operating costs. The CO2 emission is the lowest, although the production cost is higher 
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compared to the existing commercial hydrogen production system, so the price difference 

will be realized through the greenhouse gas emission trading system [48].  

It will be critical to decrease the cost of clean hydrogen production by developing 

and expanding current technologies and management of CO2 . This can significantly im-

prove air quality through carbon-free methods or combining them with carbon capture, 

utilization and storage (CCUS). In addition, to increase the carbon tax in proportion by 

the amount of generated CO2 [8].  

Compared to the existing diesel energy source, a fuel-cell power system using hydro-

gen and ammonia is sufficiently replaceable in terms of weight, volume and power but 

not in terms of the economy [11]. However, the electrolyzers that operate most often in 

base load mode can provide significant value from participating in electricity markets by 

minimizing electricity costs [8]. Historically, the cost of green hydrogen has been more 

expensive than gray hydrogen from fossil fuels. However, nowadays, the cost of gray hy-

drogen produced from natural gas is currently between 5.5 and 6.89 USD/kg in parts of 

Europe, the Middle East, India, South Korea and Africa, while the price of green hydrogen 

is between 4.84 and 6.68 USD/kg. The cost is also related to factors such as fuel price, and 

transportation which mainly varies depending on geographical and economic conditions. 

Policies for the use of hydrogen energy in South Korea, is shifting from current large-scale 

production of gray hydrogen of 220 kt/yr, and is expect increase to production of green 

hydrogen of 1.39 Mt/yr by 2030, and increase to 4.52 Mt/yr from renewable sources by 

2040, while decrease in costs to KRW 3000 or 2.33 USD/kg by 2040 [15,54,63].  

The unit cost of green hydrogen production with renewable electricity sources is in 

the range of 2.2~8.64 USD/kgH2; and it could decrease due to costs of renewable sources 

and the scaling-up of industry. However, it could compete with existing hydrogen pro-

duction from fossil fuel, the oil refining and ammonia production processes.  

The cost of transportation is related to factors such as fuel price, which mainly varies 

depending on geographical and economic conditions. 

The efficiency and production volume of a hydrogen and ammonia production sys-

tem can increase using a combination of a biomass gasifier with solar heat and a power 

generation system. A comparison of the hydrogen production costs based on feedstocks 

is presented in Table 7 [38,62]. For example, hydrogen produced from the renewable en-

ergy of solar heat, in a simultaneous production process of hydrogen, ammonia, urea, and 

power, has an energy efficiency of 66.12%. Hydrogen prices decreased (1.94 USD/kg) as 

the amount of solar irradiation increased (650 W/m2), and the unit cost of electricity pro-

duction was calculated as 0.084 USD/kWh [38,62,64]. 

Thermochemical cycles based on nuclear energy are low-cost and have low environ-

mental impact. Electrolysis and thermolysis with nuclear energy are more competitive in 

terms of cost than with other energy sources. It is worthwhile to examine the technological 

maturity and safety of nuclear energy and expect it to become the main driver for hydro-

gen production in the future [62]. 

Table 7. Comparing the cost of hydrogen production methods based on power sources. Reprinted 

with permission [62]. 

Method Electricity Source 
Hydrogen Production 

(kg/day) 

Hydrogen Cost 

(USD/kg) 

Water electrolysis 

Wind 1400–62,950 5.10–23.37 

Solar PV 1356 10.49 

Solar Thermal 1000 7.00 

Thermochemical 

water splitting 
Solar 6000 7.98–8.40 

Water electrolysis Nuclear 1000 4.15 

Thermochemical 

water splitting 
Nuclear 7000–800,000 2.17–2.63 
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Natural gas steam 

reforming 

With carbon capture storage - 2.27 

Without carbon capture stor-

age 
- 2.08 

Coal gasification 

With carbon capture storage - 1.63 

Without carbon capture stor-

age 
- 1.34 

Biomass gasification - - 1.77–2.05 

3. Ammonia Source, Production Pathways, Technology, and Energy Efficiency 

As an ideal hydrogen carrier, ammonia is an important industrial chemical and a 

major contributor to a carbon-free economy. It has a well-established infrastructure, a 

global trade and distribution network, and accounts for the largest production and market 

of hydrogen. There is no alternative to hydrogen in the ammonia fertilizer industry. Am-

monia is being produced in huge quantities of around 200 million metric tons annually, 

80% of which is used for producing fertilizers [65,66]. 

3.1. Ammonia Properties 

Ammonia contains no greenhouse gases, consisting of hydrogen (17.8 wt%) and ni-

trogen, with a density of 0.769 kg/m3 and a boiling point and freezing point of −33.3 and 

−77.65 °C (Table 2) at standard pressure, respectively. Ammonia has a narrow flammabil-

ity limit between 15 and 25% in air and a higher energy density of 22.5 MJ/kg compared 

to fossil fuels (see Figure 10). It easily becomes liquid at 10 bar, to easily transport and 

safer handling [12,17,62–69].  

 

Figure 10. Comparison of the energy density of ammonia and hydrogen with carbon-based fuels. 

Reprinted with permission [69]. 

3.2. Ammonia Production Pathways and Technologies 

Ammonia is produced from different technologies, such as thermochemical, electro-

chemical, and biological processes, in a variety of pathways, such as carbon-based or re-

newable feedstocks, as shown in Figure 11 [70,71]. The Haber–Bosch process is the most 

common, well-established, economic and sustainable method of ammonia production. 

Ammonia production consumes a high amount of energy, about 1.8% of annual global 

energy, to provide the high temperature and pressure required for the process. This pro-

cess mainly use over 30 GJ/tNH3 and produces about 2.16 kg CO2eq/kgNH3 [39]. More 

than 90% of the total global ammonia (about 176 Mt/year) is produced through SMR [72], 

emitting more than 380 million tons of carbon dioxide per year, which is the highest green-

house gas emissions in the chemical production system, as shown in Figure 12 [42,58].  
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Gray ammonia synthesized through thermochemical processes, including gasifica-

tion of coal, reforming of natural gas, naphtha reforming, pyrolysis and auto-thermal re-

actor (ATR), has the characteristic of high carbon emissions [58,59,72]. Blue ammonia ob-

tained from the lower-carbon process is based on SMR, such as reforming and gasification 

of fossil fuels combined with the CCUS process, which is an alternative source of low-

carbon hydrogen [58,59,72]. The main technologies, such as electrolysis and SMR, with or 

without carbon capture while producing hydrogen, provide a low-cost energy source for 

mobile applications, industrial applications, or gas grid injection [35,57,73,74]. 

Green ammonia can be produced from renewable feedstocks such as air and water 

with sustainable energy sources using water electrolysis instead of natural gas, oil or coal, 

and the energy could be relatively easy to transport and handle [58,59,67,72]. 

 
 

Figure 11. The pathways and technology roadmap of ammonia production in different scenarios 

(the stated policies, the sustainable development, and the Net Zero emissions) from 2020 to 2050 

(electrolysis pyrolysis, biomass, coal, coal with CCS, gas, gas with CCS, oil, fossil with CCU meth-

ods and near-zero emission). Reprinted with permission [70,71]. 

 
 

(a)                                       (b) 

Figure 12. Comparison of greenhouse gas emissions from different liquid ammonia production 

methods. (a) kg of CO2 per kg of NH3, and (b) g of CO2 per equal MJ of NH3. Reprinted with per-

mission [56]. 

Figure 13 shows the energy consumption of various ammonia production technolo-

gies compared to their CO2 emissions (tCO2/tNH3), as well as a diagram of the Haber–

Bosch process [75]. The combination of water electrolysis with renewable feedstock tech-

nology can be adopted for producing ammonia from renewable sources such as low-car-

bon hydrogen. The price of electricity is an important factor and can be decreased by using 

green electricity from renewable sources. However, it requires about nine tones of contin-

uous supply of pretreated water with high purity levels to produce 1 ton of hydrogen; 

thus, 233.6 Mt/year of water is required for 176 MtNH3/year [42,67]. 
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Figure 14 shows the comparison of various ammonia production costs (different 

color types of gray, blue and green), as well as the relative CO2 emission reduction poten-

tials of each technology by 2030 [76]. The cost of ammonia production varies significantly 

by synthesis technology as well as the regions due to price fluctuations in fuel, feedstocks 

and energy, and the cost of the plant. For electrochemical methods, it is mainly related to 

electricity costs (85%). The electricity cost for ammonia production without carbon cap-

ture is between approximately 0.01 and 4 USD/kWh, which is cheaper than electrolysis 

(0.015–5.0 USD/kWh) in most parts of the world, but the lowest cost regions are using 

renewable solar energy with high global horizontal irradiance or onshore wind [5,7,9,71]. 

 

Figure 13. Comparison of energy consumption (GJ/t NH3) of various ammonia production technol-

ogies and their CO2 emissions (t CO2/t NH3). Reprinted with permission [75]. 

 

Figure 14. Comparison costs of different ammonia production pathways, including blue and green 

ammonia, based on the cumulative emission savings (Kt CO2/t NH3). Reprinted with permission 

[76]. 

3.3. Energy Efficiency and Exergy Efficiency of Ammonia Production 

The most suitable utility systems can be defined in terms of their energy and exergy 

efficiency and require minimal energy and low operating costs. According to Figure 15, 

ammonia is produced from carbon-based and biomass-based feedstocks and energy 

sources in various methods. The production methods can be categorized as: conventional 
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(SMR, at 700–800 °C and ATR, at 1000 °C); using electricity power, and the Rankine cycle, 

that provides the required heat and power demands without gaseous fuels (WF-RC-EE: 

without fuel, by Rankin cycle, and electricity); only natural gas is consumed as fuel (NG-

RC-no EE: natural gas, Rankin cycle, no electricity); natural gas and a combined cycle sup-

plies the required heat and power (NG-CC-no EE : natural gas, combined cycle, no elec-

tricity); syngas is consumed as fuel for heat and power (SG-RC-no EE : syngas fuel, Rankin 

cycle, no electricity); and SG-CC-no EE (syngas fuel, combined cycle, no electricity) [69]. 

 

Figure 15. Comparing exergy consumption for the various methods of ammonia production, in-

cluding conventional, WF-RC-EE, NG-RC-no EE, NG-CC-no EE, SG-RC-no EE, SG-CC-no EE. Re-

printed with permission [69]. 

The exergy efficiency of ammonia production from natural gas is 65.8% and from 

biomass plants is 41.3%, with an average overall emission range between 0.5 and 2.3 

tCO2/tNH3. Biomass gasification has lower efficiency but is cheaper than natural gas, and 

there exists the possibility of using the produced syngas for electricity generation [69]. The 

exergy consumption (GJ/tNH3) for the conventional system reaches 32.34 GJ/tNH3, with 

environmental CO2 emissions of 1.75 t CO2/t NH3 due to the use of natural gas (Figure 16) 

[69]. The exergy losses of ammonia production can be reduced by improvements in the 

waste heat, changes in the system design of the process and improvements in the perfor-

mance of the unit operations. As shown in Figure 17, the exergy losses of the gasifier unit 

were 38.4% for SG-RC-no EE and 46.7% for WF-RC-EE [69,77–79]. 

 

Figure 16. Comparing CO2 emissions for the various methods ammonia production, including con-

ventional, WF-RC-EE, NG-RC-no EE, NG-CC-no EE, SG-RC-no EE, SG-CC-no EE. Reprinted with 

permission [70]. The CO2 balance as a measure of the total amount of carbon dioxide emissions that 

are directly or indirectly caused by production activities [69].  

Sustainable ammonia production can be achieved by using renewable energy sources 

instead of carbon-based fuels in low-cost regions or transporting them from places where 
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it is relatively cheap. However, the current cost of producing green ammonia is still higher 

than blue ammonia [5,9,12,17,42]. 

 

Figure 17. Exergy loss for the important components of ammonia production systems, such as reac-

tor, compressor, and reformer for conventional, conventional, WF-RC-EE, NG-RC-no EE, NG-CC-

no EE, SG-RC-no EE, SG-CC-no EE. Reprinted with permission [69]. 

4. Development of Technologies for Converting Ammonia to Hydrogen 

Regarding natural renewable storage, hydrogen and ammonia are both chemical en-

ergy carriers and potential fuel sources, which their energy is released with no carbon 

emissions when used as a fuel, providing an optimal method for sustainable energy. The 

energy density by weight of hydrogen is 120 MJ/kg, which is approximately six times 

higher than ammonia; hence, it has gained popularity as an alternative fuel. Ammonia is 

considered for indirect storage of hydrogen because of its energy density of 22.5 MJ/kg at 

HHV, approximately half of that of gasoline (46 MJ/kg) and ten times more than metal 

hydrides in batteries [34,62,80]. 

There are several technologies for converting ammonia to hydrogen, such as thermo-

chemical, photocatalytic, and electrochemical methods [12,17,43,44,81]. 

4.1. Thermal and Thermo-Chemical Cracking 

Thermal cracking is a typical method of hydrogen generation from ammonia. The 

first thermal cracking of ammonia was conducted by Burke in 1933, where liquid ammo-

nia was heated in the temperature range of 550 to 650 °C and flowed through tubes over 

a suitable catalyst, and of 90% the ammonia decomposed [18,67,82,83].  

Hydrogen can produce forms of ammonia using plasma electrolysis technology, that 

can be an alternative to thermal catalysts for instantaneous ammonia decomposition in 

less than a microsecond to satisfy the requirements of engines [84]. There are a variety of 

plasma decomposition reactors, such as thermal plasma, cold plasma, dielectric barrier 

discharge, micro-hollow cathode discharge, and warm plasma. The RF thermal plasma 

reactor of 13 kW produced hydrogen at a flow rate of 28 L/min and a conversion rate of 

98% but with a low energy efficiency [84]. High-purity hydrogen was produced in cold 

plasma with low generation rate of 20 mL/min because of the long residence time in the 

discharge zone. Large-scale real-time hydrogen production using a low-temperature arc 

plasma had a higher energy efficiency (783.4 L/kWh (liters per kilowatt hours)) than other 

plasma methods and increased to 1080.0 L/kWh after adding the NiO/Al2O3 catalyst but 

produced low-purity hydrogen (<34.8%) [84]. Warm plasma generated by a non-thermal 

arc plasma can generate enough reactive species and maintain moderate gas to decom-

pose ammonia at temperatures between 1500 and 4000 K [84]. 
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4.2. Thermodynamic Concerns of Ammonia Cracking 

Ammonia cracking is the reverse of its synthesis reaction. It requires an energy input 

in a mildly endothermic reaction at a relatively high temperature under standard pressure 

[85]. The enthalpy changes of NH3 are given with the following equation: 

NH3 → 1.5 H2 + 0.5N2, ∆H298 = 46 KJ/molNH3  

Practically, this conversion depends on the reaction temperature and catalyst and can 

be performed at higher temperatures (823 to 1023 K). Thermodynamically, the decompo-

sition of ammonia to hydrogen is possible at temperatures of 698 K, but the decomposition 

reaction is very slow and using catalysts can help to reach a higher conversion of ammonia 

at operating temperatures lower than 723 K [85]. However, different from the equilibrium 

condition, ammonia does not fully decompose into hydrogen, and the conversion rate is 

less than 100% [35,53]. Therefore, maximum single-pass conversions require relatively 

high temperatures in the range of 250–700 °C, which are theoretically obtainable. Table 8 

represents the equilibrium conversion values of ammonia to hydrogen at different tem-

peratures under normal atmospheric pressure. The highest ammonia conversion (>99%) 

happened at temperatures above 400 °C under normal pressure, after which the reaction 

was considered irreversible and less dependent on temperature following first-order ki-

netics. Thus, it may be interpreted in terms of kinetics rather than thermodynamic limita-

tions [85]. Hence, the conversion of ammonia faces thermodynamic limitations and kinetic 

barriers, which require higher temperatures [53]. Moreover, the kinetics of ammonia con-

version depend on the temperature and the ammonia concentration [86]. 

Table 8. Equilibrium ammonia conversion depends on temperature. Reprinted with permission 

[85]. 

Temperature (°C) 250 300 350 400 450 500 600 700 

NH3 conversion (%) 89.20 95.70 98.10 99.10 99.50 99.70 99.90 99.95 

4.3. Catalytic Reaction Kinetics of Ammonia Cracking 

Ammonia with high contents of hydrogen under high temperatures in the presence 

of a suitable catalyst is decomposed into carbon-free hydrogen. This technology is high 

energy consumption (total energy efficiency 58%), requiring reactor and catalyst develop-

ment, process integration, and economic development [18,67,82,83]. The catalytic ammo-

nia conversion rate varies depending on many factors, such as the temperature, pressure 

and catalysts, composition and purity of the gas phase, a specific surface area, and com-

position of the catalyst on which the reaction proceeds. The gas phase ammonia be ad-

sorbed by the catalyst surface, and decomposes to hydrogen and nitrogen (see Figure 18) 

[53,87–92].  

The ammonia conversion degree (α���) can be defined based on the inlet and outlet 

composition of the gas phase of hydrogen and ammonia [90]. from the following equation: 

α��� =
X��F� − F��

�

F���
� (1.5 − X��)

 = 
rdecomp

FNH3
0

 

where XH2 is the molar concentration of hydrogen in the reactor in mol·mol−1, and F0 is the 

total molar flow rate of the inlet stream in mol·s−1, FH2
0 and FNH3

0 are the hydrogen and 

ammonia molar flow rates in the inlet stream, respectively, in mol·s−1, and rdecomp is the 

reaction rate of the catalytic ammonia decomposition [90]. 

The rate of ammonia decomposition over the iron-based catalysts shows a very com-

plex dependence on the temperature as well as on the partial pressures of hydrogen (pH2) 

and ammonia (pNH3). It can be obtained from the following relation:  
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  r = α(
pNH�

�

pH�
� )�   β = 0.5   

where r is the decomposition rate, α and β are rate parameters of the Temkin–Pyzhev 

equation, and pNH3 and pH2 are the partial pressures of ammonia and hydrogen, respec-

tively [86,90]. 

The ammonia conversion rate enhances from 0.61 to 0.99 as the reaction temperature 

increases from 450 to 773 K under atmospheric pressure. High conversion of ammonia 

(99.85%) (see Figure 19) can be reached at temperatures higher than 700 K [80,93]. At a 

constant temperature, the conversion of ammonia decreases with increasing pressure, as 

shown in Figure 19. However, at lower temperatures, it requires a catalyst [94]. The am-

monia conversion to hydrogen rates was mainly in the range of 2–10% at low tempera-

tures and 3.5% at 523 K for similar catalyst materials [53].  

The decomposition efficiency linearly increases with the reaction temperature in a 

certain range and under a given flow rate. The volumetric flow rate of ammonia fed into 

the reactor is an important factor that determines the reaction temperature and decompo-

sition efficiency of the catalyst [94]. The slowest step in ammonia decomposition is the 

desorption of nitrogen. In addition to the desorption of nitrogen, the surface reaction and 

hydrogen separation, also can effect on the reaction conversion and hydrogen yield 

[95,96]. 

 

                (a)                              (b) 

Figure 18. Catalytic ammonia decomposition, (a) schematic, (b) conversion with temperature. Re-

printed with permission [92]. 

 

Figure 19. Ammonia conversion association with reaction temperature. Reprinted with permission 

[93]. 
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5. Process of Converting Ammonia to Hydrogen 

Ammonia cracking is a process of producing hydrogen from ammonia decomposi-

tion over a catalyst at high temperatures and is preferentially performed at normal pres-

sures. Thermal reactions start at temperatures higher than 773 K without needing a cata-

lyst, while most of the catalytic cracking happens in the presence of a catalyst at tempera-

tures lower than 698 K, with a higher efficiency of about 98–99% [48]. 

The general process flow diagram at scales between 10 kW and 10 MW represents 

the heat and mass balance of a system (Figure 20). The process starts by releasing pure 

ammonia from liquid storage at a flow rate of 221.5 kg/h (at 500 kW scale) through a feed 

valve (10–2.5 bar). It is first preheated in heat exchanger (HXpr) by hot output gas of re-

actor and then its temperature increases to 525 °C with burner combustion (HXref) at a 

for the reformer. The output gas is then separated under pressure by pressure swing ad-

sorption to produce pure hydrogen and finally discharged at 20 °C [48]. 

 

Figure 20. Schematic process flow diagram of the conversion of ammonia to hydrogen and the sep-

aration and purification for the simulation model at a 500 kW scale with the output of H2. Note: HX 

comp = compressor cooler; HXpr = preheater; HX ref = reformer heat exchanger mantle; REF = re-

former; C = compressor; ads = adsorber. Reprinted with permission [48]. 

5.1. Reactors Technology 

Various reactor technologies can be used for the ammonia decomposition reaction, 

such as microwave, catalytic, plasma, membrane, multistage, continuous tubular, fixed 

bed, batch and flow bed (Table 9). The catalytic performance of a reactor is related to its 

type and size, partial pressure, pressure drop, and operating conditions, such as the feed 

flow rate of ammonia, reaction temperature gradient, and sweep flow rate [35,81,97–109].  

In general, in addition to the reactor type, the flow rate of ammonia, partial pressure, 

dimensions of the reactor, pressure drop, temperature gradient, and sweep gas all play 

important roles in governing the overall catalyst performance and operating conditions 

(e.g., reaction temperature, NH3 feed flow rate and sweep flow rate) [35]. 

Reactors used in thermal processes require a high-temperature heat exchanger source 

in addition to the development of catalytic materials [35]. The development of reactor 

technology for ammonia decomposition can improve reaction kinetics by optimizing the 

reactor design and relevant conditions in addition to using catalysts to overcome the heat 

and mass transfer limitations [81]. The differences in conversion can depend on gas flow 

conditions, deposition methods, and precursor types [53].  
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Table 9. Ammonia decomposition reactors, their performance, and their reaction temperatures. Re-

printed with permission [81]. 

Type of Reactor Properties Limitation Performance 

Fixed Bed Reac-

tor 

High pressure drop; difficulty 

in maintaining flow rates 

Large temperature gradient limits 

the extent of ammonia decomposi-

tion; not suitable for fast catalytic 

reactions 

The higher the feed temperature, 

the higher the conversion; tempera-

ture range 600–900 °C 

Microreactor 

Characteristic length in the or-

der of sub mm; eliminates 

temperature gradient;  

good for fast catalytic reac-

tions 

Difficult to scale up for industrial 

applications; also shows mass 

transfer limitations in some cases 

Conversion 97.0% with feed of 

NH3–H2 mixture; temperature  

400–700 °C; L = 55 mm D = 16 mm; 

10 NmL/min P = 1 bar Efficiency = 

10.4% 

Micropost Reac-

tor 

Consists of catalyst-covered 

pillar-like structures within a 

microchannel to reduce mass 

transfer limitation 

Conversion depends on pore size; 

tradeoff required between conver-

sion and pore size; has not been 

reported yet 

Conversion: 85%; flow rate: 15 

NmL/min; T = 650 °C P = 1 bar 

Fluidized Bed 

Membrane Re-

actor 

Removal of H2 from the reac-

tion zone enhances equilib-

rium conversion at low tem-

perature; lowers system capi-

tal and operating costs 

Use of Pd membrane reduces H2 

selectivity; mostly reported using 

dilute ammonia; partial pressure 

of ammonia alters conversion; 

sweep gas dilutes H2 

Conversion:(55–99)%, 50–

400 NmL/min T = 425–500 °C; P = 1–

5 bar; 

Catalytic Mem-

brane Reactor 

Used-metal-coated sandwich 

membranes inside catalyst bed 

Fixed retentate pressure of 10 bar 

had to be maintained to ensure 

sufficient permeation of H2 

Conversion of 99.93% was attained 

at a temperature of 550 °C (Conver-

sion: 74.4%;40 NmL/min T = 450 °C; 

P = 1–3 bar) 

5.1.1. Fixed Bed Reactor 

Fixed bed reactors, as the most common catalytic reforming reactor for hydrogen 

production, suffer from poor heat and mass transfer behavior, high temperature gradient, 

catalyst sintering, coke deposition and dust jamming. The fixed bed reactor enhanced the 

conversion by increasing the feed temperature to the range of 600–900 °C [85,96,98–101]. 

The performance of the fixed-bed reactor for ammonia decomposition was improved 

using the cobalt-based catalyst, which obtained an ammonia conversion of 87.2% and a 

hydrogen production rate of 29.2 mmol H2 gcat−1 min−1 at 500 °C with a space velocity of 

30,000 mL gcat−1 h−1 [102]. Furthermore, the ammonia conversion over a Ru-based catalyst 

(with different Cs) (Figure 21) was improved by increasing the Cs/Ru molar ratio up to 

4.5 at lower temperatures of 325 °C but did not increase over a Ni-based catalyst in a fixed-

bed reactor at 800 °C [89,103]. 

Various types of catalytic reforming reactors can be used based on their properties 

and their performances. The different types of reactor technologies with inter-stage heat-

ing and some differential elements can be found in [99,101,105]. The optimization of reac-

tor parameters with a pure phase of Ni2Mo3N catalyst using a chelating method of prep-

aration for high catalytic activity resulted in an ammonia conversion rate of 97% at 525 °C 

[103]. A schematic diagram of the preparation of hollow fiber reactors, the deposition of 

Ru-NCX on the Al2O3 substrate through sol-gel, and pyrolysis and Ru incipient wetness 

impregnation methods is displayed in Figure 22 [110]. The on-board hydrogen production 

technology uses hollow fiber converters (HFC) in compact ammonia cracking reactors due 

to the advantage of minimizing the weight and space of the catalyst (smaller volume of 

93%, catalyst loading of 80%) while enhancing ammonia decomposition efficiency com-

pared to general packed bed reactors (PBR). The HFC reactor represents a uniform distri-

bution of the catalyst on the substrate and is cheaper than the PBR (Figure 23). The HFC 

is cheaper because it uses less precious metal-based catalyst (80 wt%). It is more efficient 
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in mass transfer, has lower pressure drops of 99%. It can improve the residence time dis-

tribution, and improves the reaction kinetics (internal and external diffusion limitations), 

which results in a larger conversion rate (4 times at 773 K) than PBR. Therefore, it has the 

potential for economical production [110]. 

 
    

Figure 21. Ammonia decomposition with the tubular fixed-bed reactor and Cs/Ru catalyst. Re-

printed with permission [38,103]. 

 

Figure 22. (A) the morphology of the hollow fiber, after the sol-gel impregnation with the precursor 

xerogel solution (B) SEM images of the cross-section of the 4-channelled hollow fiber, at different 

magnifications (i-iv), and the use of a precursor liquid solution results in the catalyst being uni-

formly dispersed. (C) deposition layers of the Al2O3 hollow fiber with the Ru-NCX catalyst in three 

steps of polymerization, carbonization and incipient wetness impregnation. Reprinted with permis-

sion [41,110]. 
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Figure 23. (A) Compression of the fixed bed PBR and the HFR decomposition rate by temperature, 

(B) the size of reactors and their pressure drop per length, (C) designed reactor for 72 m3/h H2 supply 

of a 100 kW car. Reprinted with permission [41,110]. 

5.1.2. Fluidized Bed Reactor 

A fluidized bed shows its advantage in the industrial-scale catalytic reforming pro-

cess because the coke formed on the surface of catalysts could be separated continuously. 

The features such as the sweep gas effect, bubble-to-emulsion mass transfer, densified 

zone formation and concentration polarization are impacted by the fluidized bed mem-

brane reactor [85,110–113]. Moreover, the membrane-assisted fluidized bed reactor has 

good gas–solid contact and heat and mass transfer characteristics, which can increase cat-

alytic reforming and improve hydrogen production [85,96,98–101]. 

However, conventional Pd-based fluidized bed membrane reactors (FBMR) are not 

suitable for ammonia decomposition due to their low performance, under the same oper-

ating conditions. Also due to weight, volume, and start-up time, they are not applicable 

for PEM fuel cells in on-board hydrogen production [81,85,96,99–101,105]. 

5.1.3. Membrane Reactor 

Membrane reactor technology with a high conversion rate can be used for ammonia 

decomposition with a high hydrogen flux. It is prepared by coating the porous supports 

and protective layers, such as a porous ceramic tube with a Ni/La-Al2O3 catalyst or a hy-

drogen-selective silica membrane deposited on porous tubular alumina Ru/γ-Al2O3/α-

Al2O3 bimodal catalytic support. (Figure 24). A palladium membrane reactor (PMR) sup-

ported by porous stainless steel with a Na/Ru-carbon catalyst can be used for ammonia 

decomposition due to its kinetically enhancing effect [39,105]. The hydrogen separated 

and generated with a high-purity simultaneously within the same unit [99,104–107]. The 

ammonia conversion can increase the thermodynamic equilibrium and kinetic enhance-

ment effect of hydrogen removal through the membrane walls. High hydrogen separation 

efficiency can be achieved at lower temperatures compared to conventional systems. Us-

ing a membrane reactor combined with a solar heat absorption system can lead to energy 

and economic benefits [98,99,104].  

The membrane reactor recovers the hydrogen of ammonia decomposition and sim-

ultaneously separates it with high purity at lower temperatures and lower costs compared 

to conventional systems. Tables 10 and 11 demonstrate the performance of hydrogen re-

covery and the permeation through the Pd membrane at different temperatures for the 

Cs/Ru catalytic membrane reactor [106,107]. 

The performance of a conventional reactor can be enhanced by adding a membrane 

system, which leads to achieving a conversion beyond the thermodynamic restrictions. At 

temperatures above 425 °C, the ammonia conversion was higher than 86%, and the hy-

drogen purity was 99.998%. The application of a vacuum to the permeable side of the 
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membrane leads to higher hydrogen recovery and enhanced ammonia conversion in com-

pare with thermodynamic equilibrium conversion. Furthermore, the ammonia conversion 

was not majorly changed by the reactor feed flow rate and operating pressure [104]. 

The various types of membranes, such as microporous ceramic, crystalline and amor-

phous, dense metal and proton conducting, perovskite and non-perovskite, are displayed 

in Figure 25 [108]. The influencing factors of membrane separation are including mem-

brane material, membrane sealing, membrane pollution, carbon monoxide poisoning, and 

membrane arrangement [109]. In the case of dense metallic membranes, hydrogen ad-

sorbed at the surface dissociates into two hydrogen atoms that can diffuse through the 

metal lattice [109]. 

 

 

Figure 24. The effect of reaction temperature of the ammonia decomposition over a Pd-based mem-

brane (PMR) on hydrogen recovery and ammonia concentration in the hydrogen permeate. Re-

printed with permission [39]. 

 

Figure 25. Membrane reactors based on their different properties. Reprinted with permission [37]. 

Table 10. Hydrogen permeating through Pd membrane before and after ammonia decomposing at 

different temperatures. Reprinted with permission [36]. 

Permeation 

(mol cm−2s−1pa−1) 
350 (°C) 400 (°C) 450 (°C) 

Before    

H2 4.19 × 10−11 5.52 × 10−11 6.46 × 10−11 

N2 Not measurable at 5 × 105 pa 

After    

H2 6.64 × 10−11 8.25 × 10−11 9.91 × 10−11 

N2 4.42 × 10−14 N/A N/A 
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Table 11. Comparison of the performance of catalytic membrane reactor with the packed bed mem-

brane reactor. Reprinted with permission [36]. 

Specifications of Reactor CMR CMR PBMR 

Temperature (°C) 400 450 520 

Pressure (Mpa) 0.5  0.5 0.3 

Ammonia flow rate (cm3/min) 61.3 207.3 150 

Conversion (%) 98 95.7 98 

Purity (%) 98.7 99.7 99.2 

Recovery (%) 85.7 78.6 66 

Productivity (mol m−3 s−1) 8.1 23.9 3.6 

Ru loadings (mgRu/cm2) 1.43 1.43 11.68 

5.1.4. Other Types of Reactors 

The solid oxide fuel cell (SOFC) directly generates electricity efficiently through hy-

drogen produced from ammonia at temperatures between 500 and 800 °C with low energy 

efficiency (Figure 26). Therefore, it is requiring to development of catalysts, for improving 

conversion rates at low temperatures [111,112].  

Microfabricated reactors and some monolithic reactors were used for the decompo-

sition of ammonia with a flow rate of 500 NmL/min over a spherical Ni–Pt/Al2O3 catalyst 

at atmospheric pressure, in portable fuel cell power supply. High hydrogen conversion 

(>99%) and operability were reached at a temperature of 873 K, but their energy efficien-

cies were low (<15%). The porosity and permeability of the packed bed are not parameters 

of engineering importance, and hence, they did not significantly affect the performance of 

the reactor [99,113]. There was comparison of microreactors characteristics between the 

micropost (conversion of 85%, flow rate of 15 Nml/min, and temperature of 650 °C); with 

the microreactor (conversion of 97.0%, flow rate of 10 Nml/min feed of NH3–H2 mixture, 

temperature of 400–700 °C) [103]. 

The microwave reactor has a high conversion at lower reaction temperature due to 

its selective heating properties, which can directly transfer the energy required for the 

ammonia decomposition reaction from the microwave systems to the active surface; how-

ever, the formation of a hot zone and heat losses are problems that need to be solved [114]. 

 

Figure 26. Schematic reactor integrated with SOFCs with combined heat, power and rate of ammo-

nia decomposition [113,114]. 

5.2. Catalysts for Ammonia Cracking 

Ammonia decomposes with adsorption over the catalyst surface and releases hydro-

gen in a stepwise sequence reaction. High ammonia conversion is possible at lower tem-

peratures thermodynamically, but yet higher reaction temperatures are required (due to 

kinetic limitations), as well as the presence of an active catalyst. In this regard, different 
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catalysts, promoters and support materials can be used for the required industrial appli-

cation. Besides these, the supports metals and binding energy can be controlled for cata-

lyst efficiency and suitability. The development of catalysts for economic and high-per-

formance decomposition depends on their activity, long-term thermal stability, lifetime, 

lower pressure drop and system integration [48,113].  

5.2.1. Catalysts Characterization, Activity and Performance 

Catalytic ammonia cracking is a general technology for producing hydrogen. These 

catalysts consist of a transition metal, a promoter, supporter, and/or a second catalytic 

metal. The several factors need to be considered in the assessing of different catalysts, such 

as, pure metal catalysts, oxides or alloys, cost, long-term stability, and efficiency. This  

could include noble or precious metals and non-precious metals based on their costs, 

types and properties [112,115].  

The most precious metals used as catalysts in catalytic decomposition include Cr, Co, 

Cu, Fe, Ir, Ni, Pd, Pt, Rh, Ru, Se, and Te, alloys of aluminum oxide with nickel, Ru and Pt, 

and alloys of iron with other metal oxides, and examples of non-precious metals include 

Al, Ce, Si, Sr, and Zr [43,44,115,116].  

Catalysts can also be categorized into perovskite and non-perovskite types based on 

the similarity of their crystal structures to mineral calcium titanium oxide (CaTiO3). There 

is a subgroup of perovskites that consists of heavier halides (Cl, Br, and I), both fully in-

organic and hybrid organic–inorganic ones, as well as the many variants. They exhibit 

unique sensitivity and long-term stability. Moreover, catalysts with metal–support inter-

action enhancement, the application of promoters, and bimetallic alloys have also been 

developed to overcome the high activation energy barrier [103,117,118]. 

Catalyst reaction rates and catalytic activity can be enhanced by the type of active 

metal, type of support material with good physical properties, particle size, surface area, 

dispersion of the catalyst, and activity of the promoting material. The presence of the ad-

ditives and the alteration of the support material can modify the nitrogen desorption step 

and the catalytic properties of the catalyst, such as Al2O3–TiO2, which is used commer-

cially as a support for the catalysts [119,120].   

The catalytic activity and performance of different single-metal catalysts are in the 

order of Ru > Ni > Rh > Co > Ir > Pt ≅ Fe> Cr > Pd > Se ≅ Cu > Te > Pb, respectively [101]. 

Various high activity elements can be used as catalyst supports to replace the expensive 

Ru for the economical cracking of ammonia to hydrogen [121]. The catalytic activity varies 

with different ammonia concentrations and different types of support materials, such as 

platinum or palladium, or for example, for Ni components, i.e., Ni/Y2O3 > Ni/Gd2O3 > 

Ni/Sm2O3 > Ni/La2O3 > Ni/Al2O3 > Ni/CeO2 [121,122]. 

The performance of catalysts can be evaluated by the turnover frequency (TOF) as a 

quantifying rate of reaction in terms of catalytic activity and decomposition conditions.  

The TOF is the number of moles of reactant consumed or moles of product per mole of 

catalyst per unit of time (s–1 or h–1), which is significantly influenced by the catalytic activ-

ity of different catalysts metals [113,122], the catalysts nitrogen adsorption energy [118], 

and particle size [86]. The catalytic activity is generally lowered with a reduction in the 

catalyst particle size, for example, in nickel-based catalysts [86]. It is also influenced by 

the forms (pelletized and powder) of the supported materials [48]. 

Moreover , the activity for single-metal catalysts, is a function of the nitrogen binding 

energies (QN(0)) [115]. The TOF is defined in terms of turnover number (TON) and time of 

reaction, as in the following equation [122,123]: 

TOF =
TON 

time of reaction
 

where the turnover number (TON) is a dimensionless value, defined as the number of 

moles of reactant consumed per mole of catalyst before deactivation under given reaction 
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conditions [53]. The TON is an important parameter for evaluating the stability of the cat-

alyst and is associated with the temperature, the concentration of the substrate, the deac-

tivation of the catalyst and its pre-activation (zero slope), as shown in Figure 27. The de-

composition conditions significantly influence their catalytic performance and can pro-

vide a real measure of the efficiency of a catalyst [120–123]. 

Nanocarbon technology can contribute to the commercialization of hydrogen pro-

duction from ammonia by increasing the catalyst performance, reaction surface area, re-

activity, secured durability and expanding facilities. The catalytic ability of nanostruc-

tured electro-catalysts usually varies with size and morphology [124]. 

 

Figure 27. Model of active catalyst concentration and the turnover frequency (TOF). Reprinted with 

permission [120]. 

5.2.2. Ru-Based Catalysts 

Ru is the most active metal among Ru, Rh, Pt, Pd, Ni, and Fe supported on carbon-

based supports and metal oxides. Theoretical studies support the fact that an Ru surface 

has optimal binding energy with a nitrogen atom, leading to the highest ammonia decom-

position activity among mono-metals (Figure 28) [98,117,118]. An Ru-based catalyst for 

ammonia conversion has the highest turnover frequencies (TOF) among the single-metal 

catalysts, which is presented as a function of the nitrogen binding energies (QN(0) 

kcal/mol), as shown in Figure 29 [109]. 

 

Figure 28. Turnover frequency (TOF) (a) as a function of nitrogen adsorption and (b) of various 

precious metal catalysts. Reprinted with permission [48]. 
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Figure 29. Comparison of turnover frequencies (TOFs) of supported catalyst for ammonia decom-

position by modeling (circles, left axis) and experimenting (triangles, right axis) at 850 K. Reprinted 

with permission [115].  

Ru-based catalysts supported on carbon materials (Figure 30) have been proposed as 

the most efficient catalysts for the ammonia cracking reaction [43,44,115,116]. Using Ru or 

Cs-Ru as a catalyst, carbon powder pre-treatment solutions and catalyst deposition con-

ditions were obtained with a maximum ammonia conversion rate of 90% and hydrogen 

generation rate of 29.8 mmol/min gcat at 673 K. Ru, when supported on carbon nanotubes 

(CNTs), increases decomposition conversion, achieving an ammonia conversion level of 

about 84.65%, with an H2 formation rate of 28.35 mmol/min gcat, and maintaining the ef-

fective area of the catalyst under reaction conditions, ambient pressure and a temperature 

of 773 K. This is due to the high dispersion of Ru particles and the inhibition of particle 

growth of the catalyst, resulting in the stability of the catalyst and high catalytic activity 

[43,44,115,116]. The performance of the catalysts for the ammonia decomposition reaction 

can be enhanced by applying them over different supported materials, such as ruthenium-

based catalysts on carbon materials, as the most suitable supports include active carbons, 

high surface area graphite carbon CNTs, and carbon nanofibers [125–127]. 

Due to the properties of an Ru-NCX heterogeneous hybrid nanocomposite catalyst 

containing Ru, N, and C atoms, the activity and durability of the release of hydrogen from 

ammonia at temperatures ranging from 475 to 550 °C were enhanced compared to Ru. If 

the Ru catalyst was fixed through the activation process using the CO2 of a carbon xerogel 

(Figure 31), the decomposition rate was 3.5 times higher than that of the existing deac-

tivated catalyst at 450 ℃. Carbon support, nitrogen, and sodium elements were used to 

promote the activation of the catalyst [110,124,125].  

 

Figure 30. Ru-based catalysts for ammonia decomposition. Reprinted with permission [115]. 
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Figure 31. Development process of resorcinol–formaldehyde carbon xerogel for Ru-based catalyst. 

Reprinted with permission [125]. 

Some Ru-based catalysts are used for ammonia cracking, such as Ru/CNTs, which 

have higher catalytic activity than Ru/MgO, Ru/AC, Ru/ZrO2, and Ru/Al2O3 respectively 

(Table 12). In addition, adding a potassium (K) promoter increased the ammonia conver-

sion to about 97.3% and resulted in a hydrogen formation rate of 32.6 mmol/(gcat min) at 

an ammonia flow rate GHSV of 60,000 mL/(gcat h) at 450 °C [115]. After the Ru/CNT was 

modified with potassium nitrate, carbonate or potassium hydroxide (KOH) as the best 

promoter, the rate of ammonia cracking and the rate of hydrogen evolution significantly 

improved to 99.74%, and the hydrogen formation rate reached 47.88 mmol/min gcat. The 

Ru-based catalysts (Ru-Na/CNT) have shown a high conversion of ammonia (100%) at a 

low temperature of 673 K. The high activity of ruthenium nanoparticles was with sizes in 

the range of 3 to 5 nm [86]. 

Table 12. Summary of ammonia decomposition catalysts based on reaction temperature, perfor-

mance, conversion and efficiency rates. Reprinted with permission [115]. 

Catalyst/Support Temp. (K)  Conv. Eff. Rates (%) 

Ru/Al2O3 at (1 bar) 673 99.00% 

Ru/Al2O3 at (5 bar) 673 96.00% 

Ru/Al2O3 at (5 bar) 773 99.00% 

Ru/Al2O3 at (10 bar) 673 92.00% 

Ru/Al2O3 at (10 bar) 723  95.50% 

Ru/Al2O3 at (10 bar) 773 97.20% 

Ru/La–Al2O3 pellet catalyst 773 99.7% 

Ru/CNT treated with KOH 773  99.74% 

Ru, when supported on carbon nanotubes (CNTs), 773 
84.65% with an H2 28.35 

mmol/min gcat 

Ru or Cs-Ru, carbon powder pre-treatment  

solutions and catalyst deposition conditions  
673 90%, H2 29.8 mmol/min gcat 

Ni components   

Ni/Al2O3 823 98.30% 

Ni-CeO2/Al2O3 873 99.90% 

Ni/SBA-15 873 96.00% 

Ni well-dispersed layers on mesoporous γ- Al2O3 880 98% 

Na/NaNH2  800 99.20% 

CsH2PO4  796 96% for 1.48 mol H2/gcat h 

Fe–MOx Ce, Al, Si, Sr, and Zr   

N/Fe/TiO2 (NFT) 298 60% with radiation  

CuO on TiO2 nanotube rows (TiNTAs) 298 50.1% with radiation 
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Rb precursor in Al-anodized Al2O3 micro-reactor 873 

converts 99% into the 

equivalent of 60 W of  

hydrogen 

Nitride and carbide catalysts 

Carbides and nitrides of Fe, Co, Ni, Ti, V, Mn, and 

Cr  

623–923 96–98% 

Metal amides/imides, alkali metal amides as so-

dium amide (NaNH2), lithium amide, Li2NH. 

Below 723 

above 873 
99% 

Bimetallic catalysts, molybdenum, cobalt, CoMo 

and traces of Co added to Fe, Ptsn/Mgo, Pd, Cu, 

Ge 

below 600 

K 
96% 

The hydrogen production from ammonia decomposition on a commercial 5 wt.% Ru-

activated carbon catalyst with different cesium (Cs) loading at lower temperatures of 325–

400 °C in the fixed-bed reactor showed the Cs effects on the ammonia conversion at a 

higher Cs/Ru molar ratio. Enhancing the Cs/Ru molar ratio increased the ammonia con-

version with a maximum value of 4.5 as the optimum Cs loading, with almost 100% of the 

ammonia converted (with the GHSV (gas hourly space velocity) from 48,257 to 241,287 

mL/(h·gcat), at 400 °C [103]. 

According to Figure 32, the ammonia decomposition conversion increased over the 

Ru (2 wt%)/La (20 mL%)-Al2O3 at temperatures of 350 to 550 °C under different GHSVs of 

5000–30,000 mL/gcat hr and catalyst loadings. The TOF comparisons of various Ru sup-

ported on pelletized and powder forms show, among powder forms, that KCNTs have 

the highest and TIO2 has the lowest, and in pelletized forms, La Al2O3 has the highest 

value of TOF [48]. 

The perovskite catalyst Ru/La–Al2O3 pellet had a high catalytic activity of 2827 h−1 at 

450 °C and stability for over 6700 h at 550 °C, exceeding the performance efficiency of 

83.6% for producing hydrogen over 66 L/min. According to Figure 32, the simulation of 

the typical ammonia hydrogen production process showed that the performance of the 

pellets with the Ru(2 wt%)/La-Al2O3 perovskite structure is 98% or higher at 550 °C [48]. 

Although Ru-based catalysts show the highest catalytic activity in high ammonia 

concentrations at the temperature of 425 to 500 °C, it has the disadvantage of scarcity and 

quick deactivation that impedes the large-scale application of ammonia decomposition, 

and it is expensive, resulting in a high cost of ammonia decomposition [102]. 
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Figure 32. Catalytic activities of Ru/La Al2O3 under different GHSVs with varying catalyst loadings 

(a); TOF comparisons of various Ru supported on pelletized and powder forms (b); catalytic activi-

ties with varying temperatures (c); TEM images of durability tests of the catalyst over 280 days (6700 

h) (d). Reprinted with permission [48]. 

5.2.3. Non-Ru-Based Catalysts 

Ammonia hydrogen production technology has a clear tendency to replace expensive 

Ru-based catalysts with other materials [48]. High catalytic activity of the non-Ru catalysts 

can be achieved by modifying the primary catalyst component, adding promoter and sup-

port materials, and using inactive metals with further treatments of surface modifications 

and alloying techniques [120,128]. Ammonia decomposition at low temperatures with ad-

vanced catalyst that are cheaper than ruthenium, need to consider the mechanisms of the 

reaction kinetics, the effects of catalyst formulation and synthesis, catalyst modification 

including promoters and supports, and increasing the efficiency with nanotechnology and 

using two or more promoters at the same time [81]. 

Various types of transition metals, including promoters and supports, have been de-

veloped to replace precious catalysts. It is important to develop transition metal catalysts 

with low cost and high stability, such as Fe, Co, and Ni, etc. Among them, cobalt has been 

considered a replaceable metal of Ru due to its low cost and nitrogen adsorption [102]. 

Polycrystalline foils and wires made of Pd and Ir were used at low temperatures from 

500 to 1190 K to reduce the mass of the catalyst, demonstrating the impact of catalyst form 

on the performance of ammonia decomposition and showing an improvement in the re-

action rate. The decomposition rate of ammonia on Ir was high compared with other met-

als (Ir > Rh > Pt >Pd), respectively [113]. 

Ammonia decomposition over a series of fine powders of a Fe–MOx catalyst (M rep-

resents different metal components Ce, Al, Si, Sr, and Zr) showed that Fe–(Ce, Zr)O2 was 

highest because the additive (Ce, Zr)O2 solution worked as a solid acid to enhance the 

ammonia adsorption and reaction probability of Fe components at relatively low temper-

atures. A CeO2 promotor was used to increase the catalytic activity by the surface area of 

the catalyst, and Ni/Al2O3 was used for the stability of catalysts for ammonia decomposi-

tion, resulting in a conversion of 98.3% and hydrogen formation rate of 32.9 mmol/min 

gcat at 823 K [43,44,115,116]. 

One example of an alternative catalyst includes layers of well-dispersed Ni on mes-

oporous γ-alumina. This catalyst is low cost, stable and exhibits high activity, achieving 

complete conversion of pure NH3 at a temperature of 880 K, which makes this catalyst a 
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promising candidate for in-situ H2 generation from ammonia to feed fuel cells in vehicles 

or industry [43,44,115,116]. 

The decomposition rate increases with the partial pressure of ammonia on surface 

sites of the basal planes of metals such as tungsten, platinum, and molybdenum sulfide 

(MoS1.65) nanocrystals at high temperatures [81,129]. The activity of ammonia decomposi-

tion improves by combining bimetallic catalysts, such as molybdenum, which has a high 

nitrogen binding energy with cobalt with a low binding energy and adding traces of Co 

to Fe [81]. 

Metal-sulfide photocatalysts are used in hydrogen production, CO2 reduction, pollu-

tant decomposition, and N2 fixation due to their suitable band-gap energy, active sites, 

and outstanding optoelectronic properties [113]. Other alternative catalysts to expensive 

metals are nitrides and carbides of transitional metals, such as Fe, Co, Ni, Ti, V, Mn, and 

Cr, which have a high activity, as their N2 nitrogen desorption is the rate-determining step 

[113]. 

The nickel and cobalt in the form of carbon-supported cobalt catalysts can have a 

high ammonia conversion rate of about 350–400 °C due to weaker nitrogen binding and 

effectiveness activity [114]. The La-based perovskite, such as LaMO3 (M = La-Co, La-Ni, 

La-Ce-Co and La-Ce-Ni) and LaCeNiO3 catalyst, can replace Ru in the ammonia conver-

sion due to their physical properties, the surface area and pore-size distribution. Accord-

ing to Figure 33, ammonia decomposition over perovskite-type lanthanum-based cata-

lysts increased at different temperatures in the range of 300–600 °C and at a GHSV of 6000 

h−1 [130]. 

 

Figure 33. Comparison performance of lanthanum-based catalysts for ammonia decomposition. Re-

printed with permission [130]. 

The ammonia decomposition reaction over perovskite-based polymers of a lantha-

num-based catalyst consisting of calcined nickel and cobalt showed a higher catalytic per-

formance for La- and Ni (LaNiO3) than Co(LaCoO3) catalyst, with a conversion rate of 99% 

at 450 °C (Figure 34) [131]. 

Nickel-based catalysts can be used for ammonia decomposition as highly efficient 

non-Ru catalysts. The catalytic performance of catalysts is significantly influenced by the 

properties of the support [132]. They need preparation procedures and are expensive. 

Their efficiency depends on supports, which are highly active if supported on ceramic 

materials and inactive on carbon materials [133]. Although, some of its components, such 

as the Ni/MgAl2O4, can be used as an economical and highly efficient non-Ru catalyst. 

According to Figure 35, the Ni/MgAl2O4- LDH catalyst with high thermal stability, 

through calcined layered double hydroxide (LDH) supports, showed an ammonia con-

version efficiency rate of 90% at 600 °C [132]. 

The main obstacle is hydrogen passivation/poisoning of the catalytic surface to attain 

a low-temperature conversion of the process. Furthermore, nitrogen association for this 

reaction can be rate-limited over an Mo3N2 cluster for an ammonia decomposition reaction. 
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Some non-precious Mo2N-based catalysts reached the highest decomposition of 100% at 

823 K [115]. Furthermore, according to Figure 36, the ammonia decomposition over Ni-

based catalysts on metal oxides supported with Ni/Y2O3 reached 99.74%, and the hydro-

gen formation rate was 47.88 mmol/min gcat as a function of temperature [111]. 

 

Figure 34. The process of ammonia decomposition over a La-based catalyst consists of calcined 

nickel and cobalt [131]. 

 

Figure 35. The effects of catalysts support properties on performance of ammonia decomposition at 

temperatures from 250 to 800 °C (a ) ammonia conversion at different temperatures (b) different 

support catalysts with the highest conversion rate for the Ni/MgAl2O4- LDH catalyst (c) time course 

of different support catalysts and (d) time course of ammonia conversion at 550 to 600 °C [132]. 

 

Figure 36. Ammonia cracking over Ni-based catalysts at different temperatures from 350 to 650 °C. 

the highest ammonia conversion rate at different temperatures reached with Ni/Y2O3. Reprinted 

with permission [111]. 
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The sizes of nickel particles have an effect on their activity and and their turnover 

frequencies (TOF) in the decomposition of ammonia. As displayed in Figure 37, the nickel 

particles with average sizes below 2.9 nm showed considerable activity, with an optimum 

value of 2.3 nm [86]. 

The cobalt-based catalysts consisted of a promoter element of 1% K and the use of 5% 

Co. Silicon carbide support (SiC) showed an excellent conversion performance of 100% at 

450° C (Figure 38). The performance of cobalt was less than Ru, but it has a lower price 

and thus can be used as an alternative for developing a catalyst suitable for commercial 

purposes [133,134]. The Co3O4 nanoparticles were dispersed densely on the barium hexa-

aluminate (BHA) surface, with excellent catalytic stability for high ammonia conversion 

rates [102]. 

 

Figure 37. Relationship between the forward ammonia turnover rate (TOF) and average particle 

size (a)) for Ni (circles) in compare with Ru (triangles), (b) for Ni–Al2O3 (solid squares) in compare 

with La–Al2O3 catalysts (hollow squares). Reprinted with permission [86]. 

 

Figure 38. Cobalt-based catalysts, their support and promoters in ammonia decomposition. Re-

printed with permission [133]. 

Using alkali metal imides and amides, such as sodium amide (NaNH2) or lithium 

amide, Li2NH, due to their unique reaction mechanism, can increase ammonia decompo-

sition at temperatures lower than 450 °C compared with the higher temperatures above 

600 °C required for other catalysts to reach 100% conversion efficiency [81]. A comparison 

of the performance of lithium and sodium amide supported with nickel (Ni) and ruthe-

nium catalysts for ammonia decomposition into hydrogen is represented in Figure 39. The 

catalytic performance of lithium for an ammonia flow rate of 500 sccm (cm3/min) at 580–

600 °C was 99% (for 1 g of lithium imide), which was higher than sodium and other cata-

lysts [81,135]. 
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Figure 39. Comparison of catalytic activities of metal amides with supported nickel and ruthenium 

catalysts at 580–600 °C. Reprinted with permission [136]. 

6. Other Ammonia Decomposition Technologies 

This section takes a look at other ammonia decomposition technologies, such as elec-

trochemical ammonia decomposition and photodecomposition technology. The separa-

tion processes of hydrogen stream from unconverted ammonia and nitrogen. In addition 

to these, the purification of hydrogen is briefly discussed. 

6.1. Electrochemical Decomposition of Ammonia 

The technology of electrochemical ammonia decomposition is an alternative to high-

temperature thermal decomposition for producing high-purity and green hydrogen at 

near-ambient conditions and with high conversion rates, with the potential for large-scale 

development of clean energy. It includes hydrogen evolution reactions and ammonia ox-

idation reactions [53,136]. 

The electrochemical reaction of the electrolyzer to decompose ammonia by the elec-

tric current under ambient conditions of temperature and pressure is shown in the follow-

ing reactions: 

Ammonia electro-oxidation: 2NH3(aq) + 6OH− → N2(g) + 6H2O + 6e−, E0 = −0.77 V  

Reduction of water: 6H2O + 6e− → 3H2(g) + 6OH−, E0 = −0.83 V  

Similarly, hydrogen can also be produced from ammonia using ammonia electroly-

sis. In this mechanism, an alkaline electrolytic cell is used to couple ammonia electro-oxi-

dation and hydrogen evolution. To date, the process has been determined to be too slow 

for practical implementation. The electro-catalytic method using aqueous alkali electro-

lytes has required high operating potentials, implying poor energy efficiency, and has 

suffered from catalyst deactivation over time [53]. The theoretical voltage of the ammonia 

electrolysis required is 95% less than for water electrolysis, for which the cell voltage is 

1.223 V. However, practically, higher energy is required to overcome the obstacle of the 

catalytic process kinetics, and thus, it is important to develop efficient and highly selective 

catalysts [136]. 

Electro-catalysts in the ammonia electro-oxidation, such as Pt-based binary or ternary 

alloys, can provide higher catalytic activity and stability that improve the slow kinetics at 

the anode [136]. 

The polymer gel electrolyte reduced the onset potential for H2 evolution and conse-

quently increased H2 production, NH3 conversion and Faraday efficiency before anode 

electro-catalyst poisoning occurred. The mechanical strength of the polymer gel needs to 

be improved [85]. 
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Nickel doping in cobalt-based compounds induced the active sites and consequently 

enhanced electrochemical hydrogen evolution performance at lower operating tempera-

tures and produced more pure hydrogen than the thermochemical decomposition 

method, resulting in enhanced electrochemical performance compared to water electrol-

ysis [124]. 

Numerous promoting materials have been adopted to increase catalytic activity, in-

cluding K, Na, Li, Ce, Ba, La, and Ca. In addition, K-based compounds, such as KNO3, 

KOH, K2CO3, KF, KCl, K2SO4 and KBr, also have potential as promoting materials. These 

promoting materials donate their electrons to the surface of the support material, leading 

to charge balance during the decomposition. The promoting material also facilitates inter-

mediate-step stabilization due to its low ionization energy. Moreover, support materials, 

which are electronically conductive, cheap and have a high surface area, are also expected 

to improve catalytic activity. Potential support materials include carbon nanotubes, tem-

plate SiO2, porous Al2O3, active carbon, graphitic carbon and mesoporous carbon 

[17,53,62,112,137]. 

The proton-conducting electrolyte cesium dihydrogen phosphate CsH2PO4 (CDP) is 

a catalyst used in electrochemical ammonia decomposition for hydrogen production with-

out residual ammonia problems and a performance rate of 1.48 molH2 g−1 h−1 production 

at 250 °C [53]. A thermal decomposition catalyst (Cs promoted Ru on nanotubes) with an 

all-solid-state electrochemical conversion cell (based on CsH2PO4) is a device that is oper-

able at 250 °C. The resulting polarization curves indicate high current density at a modest 

voltage (far beyond what can be attained from alkali electrolyte cells), as well as catalyst 

utilization efficiency that far exceeds traditional thermal decomposition [137–139]. 

Hydrogen was generated in an ammonia electrochemical cell (AEC) using 0.06 V of 

electricity from renewable energy on a proton-conducting membrane in the presence of a 

catalyst at 250 °C, which is much lower than the thermal energy required from traditional 

fossil-fuel methods at 500 to 600 °C. However, after removing the hydrogen, the ammonia-

splitting reaction proceeds beyond what the catalyst can achieve alone, but the generation 

rate stay at 1.5 mmol/min/ per g catalyst. Performance of the systems is related to temper-

ature, type and concentration of impurity of hydrogen stream [140,141]. 

The hybrid thermal–electrochemical technology for converting ammonia to hydro-

gen integrates a solid-state proton conductor with an advanced thermal-cracking catalyst, 

providing a highly efficient process free of residual ammonia without the risk of generat-

ing NOx. It directly produces highly pure hydrogen equivalent to the consumed energy 

without any loss. Using a very low energy (0.4 V) results in a hydrogen production rate 

comparable to that from thermal decomposition at a high temperature of 350 to 500 °C 

[53]. A schematic of the hybrid thermal–electrochemical cell for on-demand ammonia-to-

hydrogen conversion is demonstrated in Figure 40. The thermal cracking layer (TCL) is 

adjacent to the hydrogen electro-catalyst layer (EL), which is, in turn, adjacent to a mem-

brane of the solid-state proton conductor (CDP) [53]. Nanotechnologies use a CNT-Ru 

catalyst coated on carbon nanotubes for the electrochemical cell. The catalytic ability of a 

nanostructured electro-catalyst usually varies with size and morphology [124]. 
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Figure 40. Schematic of ammonia-to-hydrogen conversion by the hybrid thermal–electrochemical 

cell. Reprinted with permission [53]. 

6.2. Photocatalytic Ammonia Decomposition 

The energy supply of photodecomposition technology can be provided by radiation 

of an electron beam, ion beam, plasma, microwave, radio frequency (RF), and solar energy 

for the decomposition of ammonia over a metal-loaded photocatalyst in a reactor to obtain 

a high hydrogen yield (H2 μmol/g-cat) with the high conversion rate [113]. 

The microwave and radio frequency systems (RF) and ultraviolet radiation (UV) 

technologies can supply the energy required for obtaining hydrogen from decomposing 

ammonia over a photocatalyst at room temperature. The industrial microwave and RF 

operate within a range of frequencies (2.45, 1.356, 0.915 GHz, and 2.712 MHz) provided 

by the reaction temperature of the reactor [44,114,116]. 

The recent active photocatalysts, including nanostructures, C3N4, graphene and other 

carbon-based materials, as well as their hybrid catalysts and metals with larger work func-

tion, can provide more effective catalysts, such as ZnO and TiO2-based catalysts (Pt/M-

TiO2 and Pt/Fe–TiO2) [43,44,116,142]. The hydrogen production rate increased with in-

creasing specific surface area in the photocatalytic ammonia decomposition over the var-

ious platinum-based (Pt(0.1)/TiO2) photocatalysts (different specific surface area) in a re-

actor with flowing water vapor, without flowing water vapor, and fixed-bed flow reactor, 

especially for the specific surface area of less than 100 m2/g [116,143,144]. 

A high rate of hydrogen production was obtained from decomposing aqueous am-

monia solutions over Pt/TiO2 photocatalysts under UV irradiation of a 500 W Xe lamp at 

room temperature. The process is shown in Figure 41 [145]. 

The performance of ammonia decomposition when using radiant solar energy can be 

optimized based on three indicators with similar optimization directions, including heat 

absorption rate, entropy generation rate, and thermal efficiency. The entropy generation 

rate and energy conversion rate were enhanced due to an increase in the heat absorption 

rate, while the thermal efficiency decreased, as exhibited in Figure 42. Solar energy with 

an intensity of 800 W/m2, which provided a temperature of 400 K, meeting the require-

ments for ammonia decomposition, resulted in an energy conversion rate of 39.6%, a ther-

mal efficiency of 52.1%, and an entropy generation rate of 23.9 W/K [[98]. 

The production of hydrogen from ammonia water over TIO2 catalysts (N/Fe/TiO2) 

doped with metal ions (Fe, Ag, Ni) and nitrogen using plasma energy showed an energy 

efficiency and hydrogen production efficiency rate of 60%, which was higher than 50% for 

conventional electrolysis, and the efficiency increased by controlling the band gap energy 
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[43]. The highest yield of hydrogen obtained from decomposing aqueous ammonia solu-

tion with Fe-doped TiO2 photocatalysts (Pt/Fe–TiO2) is shown under UV irradiation at 

room temperature [44]. 

Photo-electro-catalytic which achieved by depositing CuO on TiO2 nanotube rows 

(TiNTAs), reaching hydrogen production from decomposition of ammonia with a maxi-

mum efficiency of 50.1%. This reaction can be activated by the UV radiation of the mercury 

lamp and control of the band gap energy at the anode by using nanostructure control and 

inexpensive materials [145]. 

 
 

(a) (b) 

Figure 41. The hydrogen production over the platinum loaded titanium oxide photocatalysts: the 

highest product yield was obtained on the platinum loaded anatase. (a) variation of production rate 

with a specific surface area of catalyst (b). Reprinted with permission [116,143]. 

 

Figure 42. The three-dimensional coordinate system for the decomposition of ammonia with solar 

energy. The energy conversion rate shows the color of the surfaces: the lower rate, closer to blue, 

and the higher rate, closer to red. Reprinted with permission [100]. 

6.3. Separation and Purification Technologies 

The released hydrogen stream from the ammonia decomposition reactor, has a high 

purity without carbon monoxide. But it may contain some amount of unreacted ammonia, 

which can damage the catalyst after recirculating through the system for hydrogen recov-

ery. Therefore, the output gas needs to be separated and purified [146]. Hydrogen ob-

tained from the water electrolysis, or from catalyst cracker system using a magnesium 

chloride trap [135], has high purity and does not require separation process [66,147–149]. 

Generally, a hydrogen stream containing unreacted ammonia can be cooled and com-

pressed to liquefy the ammonia and remove it, recirculated to the plasma membrane re-

actor system to be decomposed, or passed through a mineral acid solution (such as H2SO4) 



Energies 2022, 15, 8246 40 of 49 
 

 

in a series of contact scrubbers. The ammonia reacts with the acid to form ammonium 

sulfate salt while the H2 passes unreacted through the acid [100]. 

There are several technologies used to separate and purify hydrogen from gas mix-

tures, such as hydrogen-selective membranes or cryogenic distillation for condensing the 

impurities and adsorbing them. Alternative technologies for purifying hydrogen at low 

energy intensities are pressure-driven membrane processes, an electrochemical mem-

brane technology based on PEMs with effective hydrogen recovery from H2/N2 gas mix-

tures. Pressure-driven membrane processes are used for hydrogen production because 

they are not very energy intensive, and they yield high-purity hydrogen. However, mem-

brane technologies are advantageous over other purification methods as they commonly 

depend on high-pressure feed streams, and hydrogen embrittlement is often experienced. 

Electrochemical hydrogen separation is a one-step operation with the possibility of high 

separation efficiency at low cell voltages. It can capture and store CO2 from the feed with-

out the requirement for any further treatment [149,150]. 

A commercial process used for a global hydrogen product of 85% is pressure swing 

adsorption (PSA), which performs adsorption and desorption at alternating high pres-

sures and high partial pressures (of 10–40 bar) until reaching the equilibrium pressure 

loading. It can remove a large number of impurities corresponding to the difference in 

adsorption to desorption loading, at a constant temperature, within few-minute short cy-

cles [151,152]. Due to differences in hydrogen characteristics and conditions, a combina-

tion of technologies (PSA and cryogenic distillation) or a steam-washing scrubber may be 

required [152,153]. 

There are several techniques for removing the remaining ammonia from syngas, in-

cluding thermal incineration, which produces NOx, scrubbing, which produces 

wastewater, and the catalytic method, which uses several catalysts at temperatures over 

650 °C with less energy efficiency. [117,118]. The various organic and inorganic catalysts 

for the cleanup of the presence of ammonia in syngas are developed on different materials, 

such as activated carbon (2–20 mgNH3/g sorbent), metal organic frameworks (MOFs-0.27–

105 mgNH3/g sorbent), covalent organic frameworks (272 mgNH3/g sorbent), MCM-41 

(136 mgNH3/g sorbent), alumina (34 mgNH3/g sorbent), silica gel (85 mgNH3/g sorbent), 

and zeolites (130 mgNH3/g sorbent) [154]. The zeolite-supported iron (Fe/HZβ) catalyst in 

the hot-gas cleanup of remaining ammonia (800 ppm NH3 in the gas mixture) demon-

strates better catalytic activity for ammonia decomposition compared to selective catalytic 

oxidation (SCO) techniques at temperatures of 300–550 °C [155]. Inorganic sorbent mate-

rials that are supported with high salt loadings and metal halides are stable such as metal 

borohydride and metal fullerides; and can improve ammonia separation from gaseous 

streams at room temperature, and improve the partial pressure of ammonia near atmos-

pheric pressure. For example, carbon silica composites of 2% loaded MgCl2 are capable of 

separating ammonia at temperatures above 200 °C [117,118]. 

The purity of hydrogen is important for PEM fuel cells (PEMFC) and phosphoric acid 

fuel cells (PAFC) because of their electrolyte sensitivity to ammonia [149]. Residual am-

monia of more than 0.1 ppm in the fuel stream can damage the catalysts of polymer elec-

trolyte membrane fuel cells (PEMFC) or decrease the performance of electrochemical de-

composition in aqueous solution due to charge-transfer and diffusion resistances, result-

ing in higher tolerance to impurities and better sustainability [53,111,120,156]. 

Membrane-based separations can simultaneously remove nitrogen at temperatures 

higher than 320 °C and provide low-cost separation by coating a single membrane in 

cheap material (Pd-coated vanadium). A multifunctional membrane reactor with Pd 

membrane walls or a Ru-carbon catalyst at low temperatures can be used for the genera-

tion of high-purity hydrogen with excellent performance [41,66]. 

  



Energies 2022, 15, 8246 41 of 49 
 

 

7. The Challenges and Conclusions 

7.1. The Present and Future of Hydrogen and Ammonia Production  

Hydrogen production is considered from the view of feedstocks, energy sources, 

pathways, and technology in terms of efficiency, cost, and emission. The efficiency of hy-

drogen production methods is dependent on their environmental emissions, total cost, 

such as the cost of natural gas and electricity, and their energy and exergy efficiencies. 

 Technologies for hydrogen production require several processes, such as thermo-

chemical, radiochemical, electrochemical, photochemical, biochemical, and integrated 

systems. In view of its feedstocks and energy sources, there are pathways for producing 

various types of grey, blue and green hydrogen from carbon-based and renewable re-

sources. 

Hydrogen is conventionally generated from fossil fuels by reforming, plasma arc de-

composition, coal gasification, and biomass gasification methods, and with high energy 

and exergy efficiencies among them, SMR has the highest efficiency, and thus, it is com-

monly used. 

An alternative technology is water electrolysis using electricity power to generate 

pure hydrogen with high conversion rates at ambient conditions without the requirement 

of a purification system. However, currently, electricity has a high cost and emits GHG. 

Pure hydrogen can be produced on a large scale as a by-product of mature industrial 

technologies, without additional purification processes, as well as from waste materials, 

biochemical processes of microorganisms, and combinations of dark fermentation and an-

aerobic digestion. However, these processes have low conversion efficiencies and need 

more development. 

Ammonia, as a renewable hydrogen carrier, is considered to produce hydrogen due 

to its high contents of hydrogen (17.65%) and relative ease of transport and handling en-

ergy. Furthermore, it can supply conversion energy with the utilization of ammonia com-

bustion. Ammonia is converted into hydrogen under high temperatures in the presence 

of a suitable catalyst under standard pressure. Ammonia production can be divided into 

three main types (grey, blue, and green) based on its feedstocks and emissions. Grey am-

monia is synthesized through the thermochemical processes, including gasification of 

coal, reforming of natural gas, naphtha reforming, pyrolysis, and auto-thermal reactor 

(ATR), with high carbon emissions. Blue ammonia with lower carbon is obtained by add-

ing the carbon capture process. Green ammonia can be produced from renewable feed-

stocks such as air and water with sustainable energy sources using water electrolysis in-

stead of natural gas, oil, or coal. 

The Haber–Bosch process is the most common, well-established, economic, and sus-

tainable method of ammonia production. The exergy efficiencies for ammonia production 

from natural gas is 65.8% and from biomass-based is 41.3%, with the overall emission 

range between 0.5 and 2.3 tCO2/tNH3. Biomass gasification has lower efficiency but is 

cheaper than natural gas, and it has the additional possibility of using the produced syn-

gas for electricity generation. 

Green ammonia can be produced from renewable feedstock and sustainable energy 

sources, such as air and water, by using water electrolysis instead of natural gas, oil, or 

coal. However, it is expensive to produce in a green way without carbon dioxide, and its 

production process needs more development. 

7.2. Challenges of Generating Hydrogen from Ammonia Technologies 

Although the utilization of ammonia can play a role in reducing CO2 emissions, its 

combustion as fuel produces NOx. Therefore, it is preferred to convert ammonia to hy-

drogen, which can be a major carbon-free energy carrier for future energy systems and 

can provide sustainable energy for power, industry, buildings, and transport systems. 
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Table 13 demonstrates some challenges faced in producing hydrogen from ammonia. 

The hydrogen production from ammonia requires high temperatures, which can be ob-

tained by the combustion of carbon-based fuels, and electrical heating, but renewables 

such as ammonia or hydrogen are preferred because of costs, availability, and ecofriendly. 

The main ammonia-to-hydrogen conversion methods can be summarized based on 

the technology, temperature and efficiency, as represented in Table 14. An alternative to 

thermal decomposition is the electrochemical method. Furthermore, the radiation energy 

of an electron beam, ion beam, plasma, RF, microwave, and solar energy, for the decom-

position of ammonia over the photocatalyst can provide a high hydrogen conversion rate. 

The thermochemical conversion methods of ammonia to hydrogen are considered 

for their efficiency, reaction temperature, reactors and catalysts for achieving higher con-

version efficiency under economic conditions. 

The selection of a suitable method from the available technology for converting am-

monia to hydrogen requires consideration of the material, temperature and energy re-

quirements, purification and separation facilities, conversion and energy efficiency, pu-

rity, and yield of hydrogen production. 

However, the studies suggested some ways to overcome the challenges throughout 

the ammonia decomposition for the hydrogen production process [34,62,80,81]. Therefore, 

more efforts and innovations in the technology of ammonia decomposition to hydrogen, 

are required to improve energy efficiency, reliability and scalability, which will allow se-

lection of the most suitable utility systems with minimal energy requirements and lower 

operating costs [12,17,43,44,81]. 

Table 13. Advantages and disadvantages of using ammonia for hydrogen production. 

 Advantages Disadvantages 

Raw material Renewable ammonia Toxic 

Energy sources 
If using renewable sources 

No greenhouse gas emission 

Greenhouse gas emissions if using car-

bon-based sources 

NOx emission if using ammonia as fuel 

Technology 

Clean 

Output products are green 

with water emission 

Can reduce pollution 

Sustainable 

Large-scale hydrogen production  

systems are expensive, not  

well-established technology, 

Energy-intensive, need high tempera-

tures and catalyzer 

Efficiency  Low overall system efficiency (65%) 

Table 14. Comparison of various ammonia decomposition methods for hydrogen production. 

 

Material and Energy 

Requirements 
Purification 

Efficiency Temperature 
External 

Heat 
Catalysts Separation 

Thermochemical 

process  
✓ ✓ ✓ High High 

Electrochemical 

process  
× × × High Ambient 

Photocatalytic  × ✓ ✓ Low  Ambient 

7.3. Efforts for Cost Reduction Technology  

Ru-based catalysts are generally used in ammonia cracking for producing hydrogen 

as they have the highest catalytic activity in high ammonia concentrations at temperatures 

of 425 °C to 500 °C and can reduce emissions ranging from 78% to 95%, but they have the 
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disadvantages of scarcity and quick deactivation that impede the large-scale application 

as an expensive process, resulting in a high cost of ammonia decomposition. 

Efforts have been made to find alternative catalysts to replace Ru, which can be from 

the various transition metals, including the promoters and supports, such as Fe, Co, Ni, 

Ti, V, Mn, and Cr, which have high activity, high stability, weaker nitrogen binding, ef-

fectiveness activity, and low cost. 

The components of transitional metal include nitrides, carbides, alkali metals, imides 

and amides (NaNH2, Li2NH). Because of their unique reaction mechanism, fine powder 

catalysts of Fe, Ce, Al, Si, Sr, and Zr can be applicable in ammonia decomposition at rela-

tively low temperatures. 

Nano carbon technology can increase catalyst performance, reaction surface area, re-

activity, secured durability, and the size of facilities. The catalytic ability of nanostruc-

tured electro-catalysts usually varies with size and morphology. However, some other 

limitations exist in industrial-scale applications. 

There are several technologies used to separate and purify hydrogen from remaining 

ammonia and nitrogen, such as hydrogen-selective membranes and cryogenic distillation 

to condense the impurities and adsorb them. 

Alternative technologies for purifying hydrogen at low energy intensities are pres-

sure-driven membrane processes and electrochemical membrane technologies based on 

PEMs, which can generate high-purity hydrogen with high performance and result in a 

low-cost separation. However, they are currently used in fuel cells and do not have the 

performance and efficiency required for large-scale hydrogen purification. Although, de-

mand of hydrogen purity in industrial utilization can be less than that of fuel cells. 

However, pressure swing adsorption (PSA) is a commercial process that performs 

adsorption and desorption at alternating high pressures and can remove large amounts 

of impurities at a constant temperature within a few minutes. Because of differences in 

hydrogen characteristics and conditions, a combination of technologies (PSA and cryo-

genic distillation) or the steam-washing scrubber may be required. All of the available 

technologies for purifying hydrogen from gas mixtures currently have some advantages 

and disadvantages. 

Therefore, more efforts and innovations are required in the technologies of ammonia 

decomposition to hydrogen to improve their energy efficiency, reliability, and scalability. 

These issues can be accomplished by transitioning to hydrogen energy on a large scale, 

which would result in a highly efficient energy system with reduced costs. 

The review results show that only using hydrogen or ammonia cannot solve the 

problem of environmental emissions of fuels, and more efforts are required to improve 

the production technology, in addition to using raw low-carbon materials and energy 

sources to generate free-carbon hydrogen. Therefore, this paper focuses on ammonia as a 

renewable source and provides a suitable cracking method and catalyst for producing 

green fuel in the future. 
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