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Abstract 

In recent years, a significant progress in hydrogen energy applications has been made 

in fuel cell vehicle technologies and industries, key materials and components, and 

hydrogen infrastructure construction. However, in terms of large-scale hydrogen energy 

applications, including large-scale storage, long distance transportation, and safety in 

hydrogen distribution network, significant bottlenecks and difficulties still exist, 

hindering the development of the hydrogen energy industry globally. 

In this strategic study, we put forward an interdisciplinary science and technology 

frontier of innovative combination of ammonia and hydrogen as new energy or energy 

carriers, i.e. ammonia-hydrogen new energy, and its associated key research directions. 

Ammonia-hydrogen new energy refers to a new energy system with ammonia and 

hydrogen as direct energy or energy carriers. Both hydrogen and ammonia (NH3) are 

carbon-free fuels. They can be obtained through renewable energy, and they can be 

converted into each other; Ammonia can be synthesized through green hydrogen, and 

hydrogen can be efficiently prepared by green ammonia cracking, and the two can be used 

separately in different application scenarios, or they can be mixed and utilized 

synergistically. 

Ammonia is an efficient hydrogen storage medium, with a hydrogen mass fraction 

of 17.6% and can be liquefied easily at -33 Celsius degree at atmospheric pressure or 1 

MPa at room temperature. The large-scale storage and long distance transportation 

infrastructure of liquid ammonia are well developed. More importantly, both NH3 and 

H2 are zero-carbon fuels. The successful implementation of the ammonia-hydrogen new 

energy strategy will provide a complete solution to the large-scale application and true 

industrialization of hydrogen energy. 

Ammonia-hydrogen new energy has become a forward-looking and strategic 

development direction in the field of clean energy worldwide. In 2019, Ammonia Energy 

Association (AEA) put forward the new concept of “Ammonia = Hydrogen 2.0,” aiming 

at promoting hydrogen economy via ammonia, specifically “Building an energy export 
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industry using Green Ammonia.” Countries around the world are making plans to develop 

ammonia-hydrogen new energy, including Japan, South Korea, the Netherlands, Norway, 

Australia, etc. China also puts forward a plan to include hydrogen and ammonia as energy 

storage vectors.  

Ammonia-hydrogen new energy science and technology is a major frontier in 

multidisciplinary interdisciplinary fields, including energy science and technology, 

material science and engineering, chemistry and chemical engineering, power 

engineering and engineering thermophysics, transportation engineering, etc. Developing 

high-temperature industrial kiln ammonia-hydrogen zero-carbon combustion technology, 

ammonia-hydrogen zero-carbon transportation equipment technology, ammonia-

hydrogen zero-carbon combustion technologies for aircraft engines and gas turbines, 

ammonia-hydrogen high-temperature combustion nitrogen oxide emission control 

technology and other disruptive technologies can open up new major application 

scenarios of hydrogen energy, and provide innovative and disruptive technologies for 

high-temperature manufacturing, transportation, power generation and other industries to 

achieve carbon peaking and carbon neutrality targets. 

In this study, five key research and development areas are discussed, including low-

cost, large-scale green ammonia production technologies; ammonia-hydrogen zero-

carbon combustion technologies for high-temperature manufacturing industry; ammonia-

hydrogen zero-carbon technologies for vehicles applications; ammonia-hydrogen zero-

carbon combustion technologies for aircraft engines and gas turbines; ammonia-hydrogen 

safety technologies and standards. Critical science and technology challenges in these 

areas are also discussed.  

This study also puts forward policy proposals to strengthen the researches of 

interdisciplinary frontiers of scientific and technological issues, so as to provide strategic 

guidelines to solve the major difficulties facing hydrogen energy storage and 

transportation technologies and to address challenges in expanding and implementing 

application scenarios of hydrogen energy. 
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Chapter 1 A Strategic Study on Low Cost and Scalable 

Production Technologies of Green Ammonia 

Solar and wind energies are the most commercialized renewable energy technologies. 

As of 2022, the installed capacity of photovoltaic and wind power in China has reached 

390 million kilowatts and 370 million kilowatts, respectively 

(http://www.nea.gov.cn/2023-01/18/c_1310691509.htm). The current renewable or green 

electricity cost is approximately 0.3-0.4 yuan/kWh, and is expected to decline further. 

However, photovoltaic and wind power generation varies due to weather conditions, time, 

location, and season, resulting in difficulties in grid connection and severe abandonment 

of solar and wind energies. Therefore, there is an urgent need to develop clean energy 

carriers and large-scale energy storage technologies based on green electricity. Hydrogen, 

as a carrier of renewable energy, is a clean energy source that can be efficiently converted 

into electricity through fuel cell technologies. It can also be used as a zero-carbon fuel 

and does not emit greenhouse gases during its use. However, there are no natural 

hydrogen resources on Earth, and hydrogen must be produced through hydrocarbons 

(such as natural gas reforming) or electrolysis of water. On the other hand, hydrogen has 

the lowest density in the periodic table and extremely low liquefaction temperature (-253 

oC). Its storage and transportation have become the biggest technical and economic 

obstacle to the large-scale implementation of hydrogen-based energy routes or "hydrogen 

economy". 

Ammonia (NH3) has a high volumetric energy density (13.6 GJ·m-3) and high 

hydrogen content (17.65 wt% H2). With its easy storage and transportation characteristics 

(liquefied at -33 oC under atmospheric pressure or under 0.8 MPa at room temperature), 

NH3 is a highly potential hydrogen energy carrier and zero-carbon fuel and can be used 

for large-scale low-cost storage of renewable energy. Due to the fact that ammonia is an 

essential fertilizer for agriculture and food production, the storage and distribution of 

ammonia has reached commercial maturity and global scales with an annual global 

http://www.nea.gov.cn/2023-01/18/c_1310691509.htm
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production of over 180 million tons.  

The traditional ammonia synthesis Haber-Bosch method, abbreviated as HB method, 

has a history of over 100 year, and requires high temperatures (400-500 oC) and high 

pressures (15-30MP). In China 70% of the raw materials for ammonia synthesis process 

come from coal, making it a high energy consumption and high greenhouse gas emission 

industry. Developing advanced HB ammonia synthesis technology based on green 

electricity and green hydrogen, as well as new electrochemical large-scale ammonia 

synthesis technology, is an urgent and significant requirement for the China's "dual 

carbon" strategy. 

1.1 Green electricity and green hydrogen based advanced HB 

ammonia synthesis technology 

As an agricultural fertilizer, the traditional high temperature and high-pressure HB 

production process of ammonia uses iron-based catalysts. Its annual CO2 emission 

accounts for about 1.5% of the global total emissions, and the annual energy consumption 

is about 2-3% of the global total energy consumption [1]. The emission of CO2 in the 

traditional ammonia synthesis process directly comes from natural gas or coal-based 

hydrogen production, and indirectly comes from non-green electricity energy 

consumption. Therefore, the ammonia produced by the traditional HB process is referred 

to as "grey ammonia". 

In the HB process, using green hydrogen generated by renewable energy electrolysis 

of water to replace hydrogen generated by natural gas reforming or coal gasification can 

reduce CO2 emissions by 50%. Green electricity from renewable energy sources can be 

used to provide the energy required for the HB high temperature and high-pressure 

process. Combined with green hydrogen, the ammonia produced is thus called "green 

ammonia". 

One of the key technologies for the green electricity and green hydrogen based 

advanced HB ammonia synthesis process is the high-efficiency, low energy consumption 
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and large-scale water electrolysis hydrogen production technology. The main methods for 

producing hydrogen by water electrolysis include alkaline water electrolysis (AWE), 

proton exchange membrane water electrolysis (PEMWE), and high-temperature solid 

oxide electrolysis cell (SOEC) [2]. Among them, SOEC has received widespread attention 

due to its low cost, excellent thermodynamic and kinetic characteristics, and extremely 

high conversion efficiency.  

A key issue of the green electricity and green hydrogen based advanced HB 

ammonia synthesis process is to reduce temperature and pressure in order to reduce 

energy consumption. In the early 1970s, BP and M.W. Kellogg Company jointly 

developed a new type of carbon supported ruthenium catalyst (Ru/C). Kellogg Company 

applied this new Ru based catalyst to produce ammonia at lower temperatures (370-400 

oC) and pressures (5-10 MPa), significantly reducing energy consumption and production 

costs. The University of Warwick in the UK has developed a new type of iron-based 

cerium oxide nitride catalyst without Ru doping, improving the stability and activity of 

iron catalysts in ammonia synthesis [3]. Fuzhou University has conducted extensive 

research on the modification of CeO2 supported Ru catalysts in ammonia synthesis [4, 5]. 

At 400 ℃ and 10 MPa, the NH3 yield reached ~0.11 mol NH3/g/h [4]. 

1.2 New technologies for large-scale ammonia synthesis 

In addition to the HB method, other methods for the ammonia synthesis include 

electrochemical, plasma assisted, chemical looping and indirect methods. 

The method of electrochemical synthesis of green ammonia mainly refers to the 

technologies of synthesizing green ammonia through electrochemical (including 

photoelectrochemical) methods in electrolyte solutions or high-temperature solid 

electrolytes, using green electricity from renewable energy sources such as wind and solar 

energy. The electrochemical synthesis of ammonia can be carried out in an aqueous 

solution electrolysis cell at room temperature and pressure, or in a solid-state electrolysis 

cell based on oxygen ion or proton conducting electrolytes at high temperature and 

pressure. Overall, the electrochemical ammonia synthesis devices can be divided into 



 

Strategic Research 4 

three categories: non-separated, separated, and membrane electrode components based 

electrochemical reactors. The main challenge of the electrochemical synthesis of 

ammonia is the very low ammonia yield (~10-10-9 mol/s·cm2), owing to the high inherent 

energy barrier of N≡N bond cleavage under mild conditions, low N2 solubility and high 

competitiveness of hydrogen evolution reaction (HER). In the electrochemical synthesis 

of ammonia, activating inert nitrogen is the key to increasing ammonia yield. Among 

them, the new lithium nitrogen reduction reaction cell based on proton shuttle has reached 

a Faraday efficiency (FE) of 69% and an ammonia yield of 53 nmol/s·cm2 [6]. Although 

its large-scale synthesis feasibility has not yet been proven, it shows a promising potential 

as a new technology for ammonia synthesis. 

Plasma assisted ammonia synthesis (PAAS) and chemical looping ammonia 

synthesis (CLAS) are two other methods for synthesizing ammonia. PAAS achieves 

ammonia synthesis through the synergistic effect of plasma and catalyst, but the PAAS 

process is a high energy consumption process. Without considering the energy 

consumption of hydrogen production, the energy cost of using N2 and H2 for PAAS is 

higher than that of the fossil fuels-based HB process [7]. CLAS synthesizes ammonia 

through two chemical cycles of nitration and hydrogenation of metal hydrides and imides 

[8]. The main issues with the scalability of the CLAS process include the high temperature 

required for both nitrification and hydrogenation processes, the economy of metal hydride 

and imide raw materials, and sensitivity to moisture. 

Recently, Foshan Xianhu Laboratory and Hunan University jointly developed an 

indirect electrochemical method for synthesizing ammonia, based on the carbon dioxide 

(CO2) nitrogen fixation green synthesis of ammonia [9]. In this process, CO2 and N2 are 

catalyzed to form urea in a potassium bicarbonate solution, followed by catalytic cracking 

of urea to obtain NH3 and CO2. The CO2 released during this process is captured by the 

potassium hydroxide solution to form potassium bicarbonate, thus forming a complete 

CO2 cycle for nitrogen fixation and ammonia synthesis [9]. This new process for 

synthesizing ammonia bypasses the need to break the N≡N bond in the conventional 

direct electrochemical method, achieving high efficient synthesis of urea and ammonia. 
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In theory, at a high current (100 mA/cm2), the synthesis rate of ammonia could reach 10-

6g/cm2·min, which is much higher than the current rate of 

electrochemical/photoelectrochemical reduction of nitrogen to ammonia in aqueous 

solution (10-10g/cm2·min). This method of CO2 cycle nitrogen fixation for green ammonia 

synthesis has a CO2 utilization rate of over 90%. The process is sustainable and has a 

potential to achieve large-scale production of green ammonia.  

1.3 Prospects 

In the long run, the prospects of ammonia as a renewable energy carrier depend on 

technological innovation and breakthroughs in the green synthesis of ammonia through 

new catalytic and/or electrocatalytic processes. The main challenges faced by the catalytic 

and electrocatalytic synthesis of ammonia are how to effectively activate inert N2 

reactants, and how to scale-up ammonia production at both practical and industrial levels. 

The NH3 yield of a chemical reactor is related to the weight or surface area of the catalyst, 

while the yield of an electrochemical reactor is related to the geometric area of the 

electrode surface. Although the use of nanoscale electrodes can expand the reaction area 

of the electrodes, this poses a huge technical challenge for the scalability of 

electrochemical reactors, especially in electrolysis cells based on aqueous electrolytes. 

Adopting a solid electrolyte cell configuration and capitalizing on the stacking advantage 

of solid electrolyte cells can greatly reduce the technical barriers to scaling up issues.  

The method of CO2 nitrogen fixation for green synthesis of ammonia is a recyclable 

and sustainable process, with practical application prospects for large-scale production of 

green ammonia. The key technology is to develop efficient and stable electrocatalysts, 

especially multi-element single atom catalysts, to directly synthesizing urea from CO2 

and N2 
[9]. 

References 
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Chapter 2 A Strategic Study on Zero-Carbon Ammonia 

Combustion Technologies for High-Temperature 

Manufacturing Industries 

Decarbonization of high-temperature industries, including thermal power generation, 

building materials manufacturing, metal processing and metallurgy etc., have two main 

directions: (1) using renewable energy substitutions and electrified thermal equipment 

based on green power, and (2) using thermal equipment based on renewable zero-carbon 

fuels [1]. Despite the rapid growth of solar and wind-based green power production in 

recent years, the power capacity required for complete electrification of high-temperature 

industries is still too large for the grid to cope with. Meanwhile, there exist certain 

contradictions between the continuous operation of large-scale industrial production and 

the intermittency of green electricity. In addition, technically it is not viable yet for the 

radiation-dominated heat transfer mode in electrified kilns to match existing combustion-

based production line structure and production processes. Moreover, large-scale 

electrification of kilns may incur huge economic costs so that it is not likely be carried 

out in the short term . With these reasons, high-temperature industrial combustion kilns 

are not expected to be replaced. 

Using zero-carbon fuel such as ammonia and hydrogen to replace conventional fossil 

fuels is the most direct, effective and economical way to achieve carbon emission 

reduction in high-temperature industries. Figure 1 shows the effect of carbon reduction 

by mixing different proportions of ammonia/hydrogen in natural gas. As can be seen, the 

optimal balance between fuel economy and de-carbon effect can be achieved at different 

stages by adjusting the mixing ratio, demonstrating that the use of zero-carbon ammonia-

hydrogen fuel is an effective and practical way to help high-temperature industries meet 

the goal of “carbon peaking and carbon neutrality” in a gradual manner. 
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Figure 1. Normalized CO2 emission ratio of natural gas combustion mixed with different 

volume ratios of ammonia/hydrogen 

2.1 Basic physicochemical properties of ammonia-hydrogen fuel 

and the main challenges of ammonia combustion in industrial 

applications 

Hydrogen has a high flame speed and a wide flammable range, but its low volume 

energy density, high explosion risks, and high storage and transportation costs (mainly 

due to its extremely low liquefaction temperature of -253 oC) limit its wide application as 

an industrial fuel. Ammonia, a carrier for hydrogen, has high-volume energy density [2] 

and is a much safter fuel for industrial application than hydrogen, thanks to its relatively 

low chemical activity. Furthermore, since ammonia has been used as a raw material in 

chemical industry and a fertilizer in agriculture for over a hundred years [3], the relevant 

production processes, storage and transportation infrastructures, safety standards and 

regulations are already mature. Additionally, the storage and transportation costs of 

ammonia are much lower than hydrogen on a per energy content basis, making ammonia 

a zero-carbon fuel with great potential [4]. Nevertheless, there are still some challenges 

for ammonia combustion applications due to specific properties of ammonia. Table. 1 

gives a comparison of key physicochemical properties among ammonia, hydrogen and 

natural gas. It can be seen that ammonia has a very low calorific value and flame speed. 

This would pose challenges in terms of flame stability under high thermal power 
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conditions. Secondly, ammonia features a high ignition temperature and a narrow 

flammable range which may cause problems for reliable ignition and complete 

combustion. Thirdly, fuel-type nitrogen oxides (NOx) can be produced in huge quantities 

because of the presence of nitrogen element in ammonia molecules. Therefore, to develop 

ammonia combustion technology with high efficiency, high stability and low NOx 

emission is a prerequisite for ammonia’s industrial application as a fuel.  

Table 1. Physicochemical properties of ammonia, hydrogen and natural gas [2] 

Fuel Ammonia 

NH3 

Hydrogen 

H2 

Natural gas 

CH4 

Boiling point (1 atm, oC) -33.4 -253 -161 

Condensation pressure (25 oC, 

atm) 

9.90 N/A N/A 

Low heating value (MJ/kg) 18.6 120 50.0 

Mass stoichiometric ratio 6.0 34.3 17.1 

Maximum laminar combustion 

speed (m/s) 

0.07 2.91 0.37 

Adiabatic flame temperature (oC) 1800 2110 1950 

Flammability limit (i.e., 

equivalent ratio) 

0.63~1.40 0.10~7.1 0.50~1.70 

Minimum autoignition 

temperature (oC) 

650 520 630 

With the support of Japan’s Strategic Innovation Promotion (SIP) plan, many studies 

on ammonia industrial combustion have been carried out by Japanese enterprises and 

research organizations with significant progress made [5]. In 2017, Mizushima Power 

Plant successfully realized the co-firing of pulverized coal and ammonia (with an 

ammonia calorific ratio of 0.6% ~ 0.8%) in its 155 MW power generation boiler [6]. In 

March 2021, IHI Corporation demonstrated the co-combustion of natural gas and 

ammonia (70% liquid ammonia co-firing ratio) in a 2 MW gas turbine [7]. In July 2023, 

the world's first ammonia-fueled glass production demonstration was successfully 
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conducted by Asahi Glass Corporation in a flat glass kiln [8].  

A series of work on ammonia industrial combustion was also carried out in China in 

recent years. In 2021, Foshan Xianhu Laboratory, in collaboration with its industrial 

partners of Foshan DLT Technology Co., Ltd and Foshan Oceano Ceramic Co., Ltd. 

launched a research and development project to convert a 30-meter-long roller kiln to run 

on 100% ammonia fuel. One year later, the world's first zero-carbon ammonia-fired 

ceramic tile was rolled out. Through the innovative three-stage de-NOx techniques, NOx 

emission from this ammonia-fired kiln was kept at 17 mg/m3, far below the local and 

national standard limits for NOx emissions [9]. In January 2022, Longyuan Electric Power, 

a subsidiary of National Energy Group [10], completed a demonstration test of co-

combustion of pulverized coal and ammonia in a 40 MW pulverized coal power 

generation boilers. In April 2022, a 8.3 MW pure ammonia burner, jointly developed by 

the Energy Research Institute of Hefei Comprehensive National Science Center and 

Waneng Group, was ignited and ran stably for more than 2 hours in a 300 MW thermal 

power unit of Tongling Power Plant [11].  

2.2 Key technologies of ammonia industrial combustion 

Key technologies for reliable ignition and stable combustion of ammonia. As a 

result of ammonia’s high ignition energy, low calorific value and low combustion speed, 

it is a major challenge to ensure reliable ignition and stable combustion of ammonia in 

large-scale industrial applications. Consequently, it is necessary to investigate 

mechanisms for ammonia stable combustion and to propose combustion intensification 

technologies. The following five specific technologies are deserved to be considered. 1) 

Swirl and blunt-body assisted steady combustion technology, with which a recirculation 

zone gathering heat and active free radicals is formed near the fuel outlet with the effect 

of extending the fuel residence time, enhancing the combustion reaction intensity and 

subsequently achieving fully stable combustion of ammonia; 2) Preheat-assisted 

combustion technology, with which the unburned mixture can be preheated through flue 

gas recirculation, leading to the improvement of fuel reactivity, flame speed and ignition 
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success rate; 3) Catalytic /plasma-assisted fuel cracking technology, with which the 

proportion of hydrogen is increased in the fuel through partial cracking of ammonia, 

reducing ignition energy and increasing flame speed; 4) Flexible high-energy ignition 

technology, with which the mixture components near the ignition arc can be within the 

flammable limit range of ammonia through optimizing ignition position and ignition 

mode, guaranteeing reliable ignition; (5) Ammonia and traditional fuels (gas, liquid or 

solid) mixing combustion technologies.  

Key technologies for NOx emission control. Compared to traditional hydrocarbon 

fuels such as natural gas, NOx emission from ammonia combustion can be increased by 

orders of magnitude. Therefore, multi-level de-NOx technologies through combustion 

organization and flue gas reduction are needed to achieve ultra-low NOx emission in the 

industrial application of ammonia fuel. These include 1) Staged combustion technology: 

to optimize burner structure and combustion organization through elucidating the 

influence of parameters including first-stage equivalence ratio, second-stage air blending 

position and global equivalence ratio, to prevent NOx formation via fuel-type NO while 

ensuring complete combustion; 2) Selective non-catalytic reduction technology (SNCR): 

a precise ammonia injection control strategy is established through analyzing parameters 

including ammonia injection amount, position and angle; 3) Selective catalytic reduction 

technology (SCR): a high-efficiency and low-cost NOx treatment equipment is set up, 

researching the influences of catalysts’ type, load and placement.  

Key technologies for ammonia combustion flue gas monitoring. The ignition and 

complete burning are relatively difficult for ammonia, leading to the possibility of trace 

ammonia escape in the flue gas. Since the combustion products of ammonia are mainly 

water and nitrogen gas, the water vapor concentrations in ammonia combustion flue gases 

are much higher than that of hydrocarbon fuels. The large amount of water vapor poses 

new challenges for traditional flue gas detection methods, especially those for trace 

ammonia. Consequently, equipment with special functions is needed for in-situ detection 

of ammonia flue gases. The following technologies are deserved to be developed: 1) High 

temperature, high humidity trace ammonia slip detection based on industrial laser gas 
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sensor technology; 2) Wide dynamic range, multi-component NOx (NO2, NO and N2O) 

measurement technology; 3) Ammonia combustion feed-back control based on 

quantitative flue gas monitoring. 

High temperature process adaptability for ammonia combustion. The 

combustion products of ammonia fuel are mainly composed of water vapor and nitrogen 

(N2) and do not contain strongly thermal radiating substances such as soot particles and 

CO2. As a result, the thermal radiation intensity of ammonia flames is far lower than that 

of traditional hydrocarbon fuels, which would have an impact on production processes 

that rely on flame thermal radiation for heating (e.g. in power generation boilers). In 

addition, due to differences in basic combustion properties, the morphology of ammonia 

flames can be notably different from traditional hydrocarbon flames, which would affect 

production processes that rely on direct interaction between high temperature flame and 

working medium to achieve heating of the working medium (e.g. in metal heating 

furnace). Therefore, it is necessary to investigate the energy transport mechanisms in 

industrial furnaces so as to develop efficient numerical models that can effectively 

characterize combustion, fluid motion and heat transfer processes in furnaces. Based on 

this, the influence of energy transport mechanism and heat transfer characteristics on 

furnace temperature distribution and eventual product quality can be clarified, and in-

furnace heat flow optimization using ammonia as a fuel can be achieved.  

2.3 Prospects 

Replacing fossil fuels with zero-carbon ammonia-hydrogen fuels is an important 

technical approach to reduce carbon emission in high-temperature industries. Developing 

zero carbon ammonia combustion technologies not only can help achieve the “dual-

carbon” strategic targets for manufacturing industry but can also provide a solution for 

fully utilizing photovoltaic and wind power. In a long run, developing ammonia/hydrogen 

zero carbon combustion technologies will offer new opportunities for the industries 

including green ammonia/hydrogen production, new materials for ammonia-hydrogen 

new energy, high-end ammonia/hydrogen-related equipment, and will eventually give 
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new momentum for China’s high-quality economic growth. 
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Chapter 3 A Strategic Study on Ammonia-Hydrogen New 

Energy Zero-Carbon Transportation Equipment 

The carbon emissions in China's transportation sector account for approximately 

10.4% of the national total carbon emissions, with road vehicles accounting for 86.7% of 

the carbon emissions in the transportation sector. Commercial vehicles, accounting for 

only about 12.5% of the total vehicle ownership, however, are an important source of 

carbon emissions from road vehicles in China, the proportion of carbon emissions is as 

high as 55.4%, with commercial heavy-duty trucks accounting for approximately 83.5% 

of the carbon emissions from commercial vehicles [1]. 

Utilizing traditional energy-saving technologies to reduce carbon emission for 

commercial heavy trucks has its own limitations. For example, as for diesel internal 

combustion engines, thermal efficiency of 55-60% is already the highest possible upper 

limit [2]. In addition, there are still certain technical bottlenecks in the application and 

promotion of the new energy technologies in the commercial heavy trucks, to achieve 

carbon reduction targets. For example, pure electric heavy trucks cannot adapt to most 

driving scenarios due to the constraints of low battery energy density, short driving range, 

low load utilization, poor low temperature adaptability and long charging time. In the 

meantime, for hydrogen fuel cell heavy trucks, due to contraints of the physical 

characteristics of hydrogen energy and the slow progress of hydrogen energy industry, 

they are facing problems such as high price of hydrogen, difficulties in hydrogen storage 

and transportation and scarcity of hydrogen stations. In recent years, the development of 

large-scale hydrogen energy transportation industry has been slow. 

Internal combustion engines will still be the dominant power of heavy commercial 

trucks for a long time in the future, therefore, zero-emission internal combustion engines 

will become an important development direction for heavy trucks to achieve carbon 

neutrality. 
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3.1  Development status and trend of ammonia-hydrogen new 

energy transportation vehicles 

In 2020, SK Innovation Co. from South Korea, Amazon Climate Fund, British 

venture capital AP Ventures and Saudi Aramco jointly invested  and established the 

company Amogy.  Amogy focuses on the development and application of ammonia and 

hydrogen energy, and provides ammonia-based, zero emission, high energy density power 

solutions, aiming to achieve decarbonization in the heavy transport sector. 

The first ammonia-hydrogen new energy internal combustion engine in China, which 

was jointly developed by Academician Li Jun of Foshan Xianhu Laboratory and FAW 

Jiefang, was successfully ignited on June 28, 2023 [3], This is an important step in China 

in designing and developing of liquid ammonia internal combustion engine, constructing 

combustion system and building core components of electronically controlled high-

pressure common rail ammonia fuel supply system. Also in 2023, Fuda Zijin Hydrogen 

Technology Co., Ltd. and Xiamen Jinlong United Automobile Industry Co., Ltd. jointly 

built the first ammonia hydrogen fuel cell bus in China. 

Ammonia-hydrogen new energy will become an ideal green power solution for 

transportation vehicles [4]. However, there are still some technical difficulties for ammonia 

to be used as a vehicle fuel: high energy consumption is required for the highly efficient 

cracking of ammonia to produce hydrogen, resulting in low conversion efficiency of 

"hydrogen-ammonia-hydrogen- electricity system"; Stable combustion of ammonia and 

NOx emission control technology are still very challenging; Ammonia’s toxicity and 

corrosiveness make leakage and corrosion problems need to be effectively solved in 

production, storage, transportation and use. 
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3.2 Technical requirements for ammonia-hydrogen heavy 

transport vehicles 

Ammonia-hydrogen drive-power application scenario: high power demand, vehicle 

rated power ≥ 320kw; long life requirements, vehicle mileage in the whole life cycle ≥ 

1.8 million km, durability index ≥ 30000 hours; Fuel economy is required to be high, and 

the fuel cost accounts for more than 50% of the operating cost. The efficiency of the 

power system represents the most important product competitiveness; The driving range 

is required to be long, and the maximum driving range of heavy-duty long-distance 

vehicles reaches ≥ 1500km; The dynamic response shall be fast, and the response time of 

0-90% maximum power (0-300kw) shall not exceed 1s. 

Applicability of ammonia-hydrogen drive-power: ammonia is a zero -carbon fuel 

with high hydrogen density [5]; It is easy to liquefy, store and transport and it has mature 

infrastructure for production, storage and transport; The volumetric energy density is 

higher than that of liquid hydrogen; ammonia features low cost and high safety [6]. Heavy 

duty transport vehicles are the main application objects of ammonia-hydrogen power [7, 

8], including road heavy-duty transport vehicles, engineering dump trucks, modified 

vehicles, special vehicles, buses and other vehicles. 

Requirements for on-board ammonia storage system: Based on the vehicle operating 

temperature and ammonia liquefaction working pressure, the working temperature of the 

ammonia storage tank is in the range of -30-50℃, and the maximum working pressure 

should be greater than the saturated vapor pressure (2.03 MPa) of ammonia at 50℃ to 

reduce evaporation loss. Liquid ammonia is toxic, flammable, explosive, volatile and 

corrosive. The on-board ammonia storage tank shall have the functions of anti-leakage, 

anti-corrosion and anti-vibration. 

Requirements for on-board ammonia supply system: the ammonia fuel supply system 

involves a few steps, including high-pressure direct injection of liquid ammonia, low-

pressure precombustion injection of ammonia hydrogen mixture, and injection of mixed 
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gas inlet port [9, 10]. It is difficult to measure the intake volume. Therefore, it is necessary 

to develop accurate measurement and control technology for multi-channel ammonia 

supply and fuel injection for the supply system. In the meantime, it is necessary to develop 

a dedicated ammonia fuel supply system, including a high-pressure direct injection supply 

system for liquid ammonia, a low-pressure pre-injection supply system for ammonia 

hydrogen mixture, a high-pressure gaseous ammonia cracking unit (DU) supply system 

[11], and a mixture inlet port injection system. 

Requirements for ammonia internal combustion engine system: high performance, 

high reliability and high adaptability are the basic requirements for ammonia internal 

combustion engine system, among these, the key requirement and chanllenge is high 

power transient response ability. 

Requirements for on-board ammonia after-treatment system: mainly for nitrogen 

oxide (NOx) emissions and residual ammonia in exhaust gas, including efficient selective 

catalytic reduction (SCR) system, precise control system and safe and reliable ammonia 

leakage detection system [12]. 

Requirements of on-board hydrogen production system using ammonia: fast dynamic 

response rate (hydrogen production rate of is 0.42g/s for a 350kW engine); The 

temperature required for ammonia cracking is low (below 400 ℃); The device size is 

small. 

Technical requirements for ammonia-hydrogen powered vehicles: to optimize power 

configuration to be the most appropriate under various operating conditions; coordinate 

the energy management of on-board ammonia to hydrogen generation system, waste heat 

recovery system, heat management system, multi-axis and multi-motor drive system, 

power battery system, and so on, at the whole vehicle level; focus on vehicle dynamic 

collaborative control technology to achieve high dynamic energy supply response of the 

whole powertrain. 
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3.3 Key technologies of ammonia-hydrogen drive-power system 

Key technologies of on-board ammonia storage system: Ammonia is used as a fuel 

for long-distance and heavy-duty vehicles, and the volume of ammonia storage tank shall 

be greater than 2m3. Ammonia is easy to volatilize when heated. The on-board ammonia 

storage tank shall be protected from the sun and away from heat sources. According to 

the operating characteristics of heavy vehicles and characteristics of ammonia, taking 

economy, efficiency and safety into consideration, it is necessary to comprehensively 

optimize vehicle chassis space layout and study materials, shapes, volume and layout of 

the ammonia storage tank. 

Key technologies of on-board ammonia supply system: To studying the jet 

development law of liquid ammonia spray in cylinder as well as the influencing factor of 

back pressure, flow rate and temperature on the morphology, particle size distribution, 

droplet and gas velocity fields of direct injection flash boiling spray in liquid ammonia 

high-pressure cylinder. To explore the collapse mechanism and constructing the 

quantitative relationship between spray parameters and spray characteristics. To study the 

interaction mechanism between the flash boiling spray and the air flow in the cylinder, as 

well as the influence mechanism of injection time, multi-stage injection and injection 

duration on the temporal and spatial distribution of gas mixture concentration. To 

construct the flow metering model of fuel multiphase flow, and establish the cross-domain 

collaborative control method of fuel supply system based on flow metering feedback. To 

study the medium pressure supply of the mix-fuel in the precombustion chamber and the 

direct injection of liquid ammonia into the high-pressure cylinder of the engine, analyzing 

the hysteresis characteristics under steady-state and transient conditions, establishing the 

system control model, and using the flow metering feedback method to construct the 

control strategy of the supply system. 

Key technologies of on-board ammonia internal combustion engine system: In order 

to achieve the goal of high thermal efficiency of high-power zero carbon internal 
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combustion engine with ammonia-hydrogen fuel, taking into consideration the 

characteristics of fuel spray and mixture formation, basic combustion characteristics, 

numerical simulation and internal combustion engine bench test, to study methods to 

accelerate ammonia fuel combustion with ammonia-hydrogen fuel, to reveal the basic 

combustion mechanisms, proposing the combustion strategy for internal combustion 

engine with ammonia hydrogen fuel. The research focuses on the chemical reaction 

kinetics mechanism of ammonia-hydrogen fuel [13, 14], the ignition method and 

combustion principle of premixed multi-source jet of ammonia hydrogen fusion fuel, and 

the efficient combustion thermodynamic cycle and control of ammonia-hydrogen fuel 

internal combustion engine. 

Key technologies of vehicle on-board ammonia after-treatment system: The key 

technology of on-board ammonia after-treatment system converts the leaked ammonia 

through additional devices. The exhaust pipeline can improve the conversion efficiency 

by improving the thermal insulation and increasing the gas temperature in SCR, so as to 

optimize the exhaust system; Through the measurement method with high sensitivity, 

rapid response and free from the interference of background gas, the change of ammonia 

amount can be accurately reflected in real time, and an effective early warning and control 

system for ammonia leakage is developed and applied; Studying the formation 

mechanism of pollutants in ammonia fuel combustion and the reaction path of N2O 

formation, and adopting the appropriate combustion strategy to prevent N2O formation; 

Considering the engine operating parameters, ammonia supply, catalyst activity, 

temperature and other factors, system-level control and adjustment are carried out to 

reduce the generation and emission of nitrogen oxides by optimizing the combustion 

chamber structure, combustion process control, fuel injection system, etc. 

Key technologies of on-board ammonia to hydrogen generation system: To study and 

develop low-temperature, low-energy consumption, high-efficiency ammonia cracking 

catalysts and reaction devices to meet the needs of small volume and high-throughput 

vehicles [15]; To study and develop membrane reactor ammonia cracking separation unit 
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with low-cost, high reaction flux and high stability, as well as relatively independent 

ammonia cracking system and ammonia cracking separation unit by applying pressure 

swing adsorption hydrogen separation techniques (which is helpful to make smaller 

devices). 

3.4. Prospects 

Through technical research and demonstration in various related fields, ammonia-

hydrogen zero-carbon power is one of the most appropriate ways to achieve the goal of 

carbon neutrality for transportation equipment. Ammonia-hydrogen zero-carbon drive-

power and vehicles will become the mainstream of the market. It effectively solves the 

challenges faced by pure electric vehicles and hydrogen fuel cell vehicles, in terms of 

technical realization and operation economy. More importantly, since upstream and 

downstream industrial chains of ammonia-hydrogen zero-carbon drive-power are very 

similar to those the traditional internal combustion engines, ammonia-hydrogen new 

energy technologies can extend the vitality of the internal combustion engine industry and 

revitalize the whole industry. 
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Chapter 4 A Strategic Study on Ammonia-Hydrogen New 

Energy Zero-Carbon Aircraft Engines 

The aviation industry is one of the significant contributors to global carbon 

emissions. Carbon dioxide emission from aviation accounts for 2% of the world's total 

carbon emissions, corresponding to 3.5% in terms of its impact on climate change [1]. In 

2018 alone, global aviation carbon emissions reached 1.04 billion tons, and this figure is 

growing rapidly with the rapid growth of the aviation transport sector. The International 

Civil Aviation Organization (ICAO) has established the "Carbon Offsetting and 

Reduction Scheme for International Aviation (CORSIA) ", which will be implemented 

from 2021 to 2035. This scheme aims to set a unified emission reduction target for the 

global aviation industry and implement a market-based mechanism for achieving this 

target [2]. In 2021, the Aviation Transport Action Group (ATAG) also issued a statement 

pledging that the global civil aviation transport industry will achieve net-zero carbon 

emissions by 2050 [3]. 

The key to achieving net-zero emission in aviation industry lies in  innovative 

developments in aviation power carbon reduction technology. Zero-carbon aircraft 

engines based on ammonia-hydrogen new technology is of great significance to the 

innovative development of aviation power carbon reduction technology. This chapter 

reviews the development status and key technologies of ammonia-hydrogen zero-carbon 

aircraft engines, aiming to provide technical guidance for solving the major problems of 

achieving zero carbon emissions in the aviation field, and put forward strategic 

suggestions for the future zero-carbon development route of the aviation transport 

industry.  

4.1 Development Status of Ammonia-Hydrogen Aircraft Engines 

Reducing carbon emissions in the aviation sector primarily relies on three methods: 

improving the efficiency of existing energy utilization technologies, utilizing alternative 
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energy sources, and employing carbon capture, storage, and utilization technologies. 

Among these three methods, utilizing zero-carbon alternative energy sources represents 

the most effective approach for the aviation transport industry to achieve net-zero 

emissions. The International Air Transport Association (IATA) passed the resolution 

"Global Air Transport Industry to Achieve Net Zero Carbon Emissions by 2050" at its 

77th Annual Meeting, explicitly stating that aviation fuel innovation is a main direction 

for future zero-carbon development in the aviation transport industry. The Aviation 

Climate Action Plan released by the United States in 2021 lays out a zero-carbon aviation 

development roadmap with sustainable aviation fuel (SAF) at its core [4]. Europe 

explicitly supports hydrogen-powered aircraft research in the Hydrogen-Powered 

Aviation report published in 2020 and Clean Sky II published in 2022 [5]. 

Hydrogen-powered aviation has seen rapid development in recent years. In 

September 2020, Airbus unveiled the ZEROe concept aircraft, which utilizes hydrogen 

as its primary energy source [6]. In December 2021, the UK's Aerospace Technology 

Institute (ATI) introduced the FlyZero concept aircraft and, in March of the following 

year, unveiled a detailed technical plan for using a hydrogen-fueled aircraft engine [7]. In 

the same year, Rolls-Royce conducted its first test of hydrogen-fueled modern turboprop 

engine [8]. In 2023, ZeroAvia carried out flight testing with an aircraft equipped with the 

largest hydrogen fuel cell [9]. 

While the concept and prospects of hydrogen-powered aircraft are promising, they 

also face significant challenges. Liquid hydrogen needs to be stored in tanks at 

temperatures as low as -253°C. Hydrogen has an mass energy density roughly 3 times 

that of traditional aviation kerosene, but its density is only 9% of kerosene's, so the size 

of hydrogen fuel tank is approximately 4 times that of conventional aircraft fuel tank for 

storing an equivalent amount of energy [10]. This leads to substantial increases in tank size 

and weight, significantly affecting aircraft design. Taking narrow-body aircrafts like the 

C919, A320 or B737 as examples, the layout of hydrogen-powered aircraft would differ 

significantly from the most common wing-mounted engine configurations, canard wings 
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must be introduced to counter the shift of the aircraft’s centre of gravity [11]. In addition 

to storage and transportation challenges, hydrogen fuel is highly flammable and explosive, 

and it has a wide self-ignition concentration range (4% to 75%). It also exhibits "hydrogen 

embrittlement" in metals. All these properties of hydrogen make necessary stringent 

safety measures for fuel storage, transportation, refueling, and use, leading to additional 

economic costs [12]. Addressing the challenges associated with the use of pure hydrogen 

as an aviation power source requires the development of disruptive technologies. 

Ammonia-hydrogen power is an important technical path for zero-carbon aviation 

industry. 

Ammonia-hydrogen aircraft engines currently have two technological pathways: 

ammonia-hydrogen fuel cells and ammonia-hydrogen turboprop engines, each of them 

has their specific field of applications (see Figure 1). Ammonia-hydrogen fuel cells are 

suitable for short-range flights with limited passenger capacity, whereas ammonia-

hydrogen turboprop engines are better suited for medium to long-range flights with larger 

passenger capacities. In the long term, ammonia-hydrogen turboprop engines are the key 

focus in the development of ammonia-hydrogen hybrid aircraft power. 
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Figure 1 Load-range of ammonia-hydrogen hybrid engines 

In recent years, various ammonia-hydrogen turboprop engine concepts have been 

proposed internationally. In 2020, Reaction Engines Limited in the UK presented an 

ammonia-fueled engine concept that is similar to traditional aviation kerosene turboprop 

engines [13]. In 2021, Aerojet Rocketdyne in the United States conducted research on a 

liquid ammonia-fueled turboprop electric propulsion system with support from the U.S. 

Department of Energy [14]. In August 2022, the University of Central Florida, in 

collaboration with major U.S. aviation research and manufacturing companies, initiated 

an ammonia-powered aviation project for narrow-body airliners with funding from 

NASA. This project comprises three phases: fundamental research, technology 

demonstration and full-scale flight and ground testing [15]. 

In China, research on ammonia-hydrogen aircraft engines is still in its early stage 

and includes areas such as ammonia-fueled turbo-electric hybrid power systems [16], the 

kinetics of ammonia-hydrogen mixture combustion reactions and NOx generation 

mechanisms [17] and studies on ammonia combustion control [18]. 

4.2 Key Technologies of Ammonia-Hydrogen Aircraft Engines 

The development of ammonia-hydrogen aircraft engines is a complex and systematic 

endeavor that requires comprehensive consideration of factors such as liquid ammonia 

characteristics, fuel control, low-emission combustion, heat transfer and cooling, flying 
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comfort and safety, supporting infrastructure etc. It involves making breakthroughs in 

designing advanced and efficient cycle for ammonia-hydrogen aviation power and 

designing highly stable, low-emission combustion chambers. Currently, ammonia 

cracking and heat exchange equipment used in ground-based ammonia-hydrogen power 

systems are not directly applicable to aircraft engines due to aircrafts’ weight and volume 

limitations. Key technologies in lightweight liquid-to-gas heat exchange and efficient 

ammonia cracking are still needed for ammonia-hydrogen aircraft engines. 

Advanced and Efficient Overall Design of Ammonia-Hydrogen Aviation Power: 

In terms of the design of aircraft engine itself, it is necessary to consider the unique 

properties of ammonia fuel and overcome new technological challenges, including 

unconventional thermodynamic cycles, high thrust-to-weight ratio designs based on 

lightweight materials and efficient turbomachinery schemes, low fuel consumption, low 

NOx emissions, long service life, system integration, and the use of numerical simulations 

and experimental verification. Regarding onboard ammonia-hydrogen fuel delivery, one 

must consider the variations in the physical properties of onboard ammonia-hydrogen fuel 

under different pressures and temperatures to enable rapid flow control. For onboard 

ammonia-hydrogen storage, there is a need to redesign low-temperature, reusable liquid 

ammonia tanks and make breakthroughs in tank shape design technologies to adapt the 

shape of aircrafts and to address issues such as taking up too much aircraft space and 

significant range reduction. 

Highly Stable Low-Emission Combustion Organization Technology: For 

ammonia-hydrogen reaction kinetics, there is an urgent need for high-resolution 

experiments, high-precision quantum chemical modeling and macroscopic modeling to 

develop highly accurate and universally applicable ammonia combustion models. This 

will help overcome the current challenges of accurately predicting NOx concentration, 

flame propagation speed and ignition delay time at the same time. Regarding combustion 

chamber design, given that fuel-type NOx is a major source of ammonia combustion 

pollution, innovation should be focused on new combustion methods such as lean 
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combustion and staged combustion. In terms of safety and flying comfort, the 

ignition/extinction characteristics of ammonia-hydrogen hybrid aircraft engines under 

extreme conditions are still unknown. Therefore, it is necessary to develop emerging 

technologies, such as plasma-assisted ignition, to broaden the boundaries of 

ignition/extinction. 

Lightweight and Efficient Liquid-Gas Heat Transfer and Ammonia Cracking 

Technologies: For ammonia lightweight and efficient liquid-gas heat transfer technology, 

the conversion of liquid ammonia fuel into gaseous ammonia, followed by its delivery to 

the cracking chamber or combustion chamber, is critical for efficient fuel utilization, 

energy efficiency, aircraft performance and safety. To achieve this, breakthroughs are 

required in highly efficient heat-conducting materials, compact heat exchangers, 

lightweight design techniques based on lightweight materials and structures, and the 

rational design of heat recovery systems to utilize waste heat for additional power 

generation or improved system efficiency. Concerning ammonia lightweight and efficient 

cracking technology, traditional catalytic cracking solutions may not be suitable for 

aviation environments. For instance, on a Boeing B737, the ammonia consumption rate 

is approximately 7.5 tons per hour, and the volume of the catalytic device needs to be 

greater than 30 cubic meters, posing challenges for onboard implementation [15]. 

Therefore, it is imperative to develop revolutionary lightweight and efficient cracking 

technologies, e.g. plasma and high-performance catalysts in synergy, to enable rapid cold 

starts. 

4.3 Prospects 

The development of zero-carbon aircraft engines is becoming a focal point of 

competition in the future. Currently, we are at a critical crossroads in choosing 

technological pathways, thus it becomes more important to make comprehensive 

planning and to demonstrate the future development of ammonia-hydrogen hybrid zero-

carbon aviation power. The development of ammonia-hydrogen hybrid zero-carbon 
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aviation power relies on the dual drivers of "strategic research" and "technology 

development," involving the exploration and nurturing of disruptive technologies. It 

needs "synergistic resonance among multiple departments", including civil aviation, 

energy, industry and information technology, science and technology, aviation, aero-

engines, and chemical industries. Furthermore, it requires a coordinated approach in 

different research areas, including ammonia-hydrogen internal combustion engines, gas 

turbines, and aircraft engines. It also requires mutual development of pure hydrogen 

aircraft engines and ammonia-hydrogen hybrid aircraft engines. 
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Chapter 5 A Strategic Study on Ammonia-Hydrogen New 

Energy Zero-Carbon Gas Turbines 

Gas turbine typically uses natural gas or diesel as fuel. Gas turbine technology 

using hydrogen or ammonia as fuel represents an emerging technology of the industry. 

Gas turbine technology using green hydrogen or its vector of ammonia can play a 

vital role in achieving zero carbon emission in this energy transformation. This 

technology will manifest in the following three areas. 

(1) Transportation. Ammonia can be used as fuel for micro/small gas turbines 

to provide electrical energy for vehicles, ships, even aeronautical vehicles using 

hybrid power technology. Hybrid power technology is the major emerging trend of 

mobility power industry as seen in electric vehicles (EVs). Since the energy density 

of ammonia is higher than that of power batteries, hybrid power vehicles powered by 

ammonia-fueled gas turbines will provide a viable solution for decarbonizing the 

transportation sector. 

(2) Micro-grid power generation. Ammonia can be used as fuel for micro and 

small combustion turbines (~500kW-10MW) for power generation to serve local 

communities. Gas turbines have the advantages of high thermal efficiency, small 

carbon footprint, flexible fuel, and high quality of waste heat. All of these can provide 

distributed micro-grids with different forms of energy to meet various demands, 

leading to a comprehensive transformation of the energy structure. 

(3) Large-scale grid power generation. Large-scale storage using salt 

caverns or rocky caves and large-scale transportation using major pipelines for 

hydrogen gas can be economical. As such it e n a b l e s  the large-scale centralized 

power generation scenarios with heavy-duty gas turbines (>50MW) to peak shaving as 

well as provide ancillary services for large power grids. In the time when renewable 

penetration is extensive into the grid, gas turbine power can serve as the "spine" of a 

new power system achieving stability and high quality of electricity supply. 
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5.1 Recent development on hydrogen gas turbine  

Since gas turbines have a wide range of applications as power in various 

industrial sectors, hydrogen-fueled gas turbines are essential for reducing carbon 

emissions and achieving the goal of carbon neutrality. Hydrogen gas turbine power 

generation has the following advantages: (1) it enables large-scale, continuous, and 

stable consumption of hydrogen as a mode of operation with which it can save the cost 

of hydrogen transportation and storage; (2) the application of hydrogen by gas turbines 

can be initiated quickly to stimulate the rapid growth of hydrogen energy industry; (3) 

it can use poor-quality hydrogen and does not require a high degree of purity, which 

offers opportunities to reduce the cost of hydrogen production and storage. 

The major gas turbine OEMs [1, 2] are confident in the future of hydrogen-fueled 

gas turbines and designated high priority for related technology development. 

Currently, gas turbines in the market can use hydrogen-blended fuels to varying 

degrees. Older models of industrial gas turbines can generally burn a higher 

percentage of hydrogen fuel, and these machines can even burn pure hydrogen if 

diluents are used, for examples diffusion flame with nitrogen addition or steam 

blending. However, modern advanced, high-efficiency heavy duty gas turbines with dry 

low NOx burners are relatively limited on the percentage of hydrogen blending 

capability (see Table 5-1 for details). 

Table 5-1 Hydrogen Combustion Capacity of Representative Models of Mainstream Manufacturers 

[3] 

Company 
Hydrogen combustion 

capacity of 

representative models 

GE 
Models 

Hydrogen 

Combustion 

Adaptability 
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HA 0~50% 

FA 0~100% 

B/E 0~100% 

Aeroderivatives  0~65% 

     

Siemens 

HL 0~30% 

H 0~30% 

F 0~30% 

Aeroderivatives 60% 

Mitsubishi 
F/J 0~30% 

B/D 0~100% 

Ansaldo 

GT36 (H) 0~50% 

GT26 (F) 0~30% 

Baker 

Hughes 

GE10-1 0~100% 

NovalLT-16 0~100% 

Man Energy THM 0~50% 

Sola Titan130/ Taurus60 0~60% 

Kawasaki MIA 0~100% 

As can be seen from Table 5-1, small industrial gas turbines (with relatively low 

efficiency) such as Mitsubishi's B/D class, Baker Hughes' NovalLT-16, and 

Kawasaki's MIA can burn pure hydrogen. But among the large heavy duty H-class gas 

turbines models with high efficiency low NOx emission, only GE's micro-mixer 

combustor and Ansaldo GT36's two-stage combustor have relatively higher hydrogen 

burning capability, up to 50%. Currently, the mainstream high-efficiency low-NOx 

heavy-duty industrial gas turbines do not have a large amount of hydrogen blending 
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capacity. The high-efficiency low NOx emission hydrogen combustion technology 

needs to be further developed to achieve the goal of hydrogen gas turbines using 

technologies such as in GE's micro-mixing combustor. 

On the other hand, ammonia gas turbines are still in the development stage. 

There are no mature commercialized products. 

5.2 Key technologies for hydrogen gas turbines 

Diffusion combustion systems with diluents of nitrogen or steam are the current 

technologies that can burn 100% hydrogen. However, this type of system has two 

major disadvantages, firstly, comparing with the system without dilution, the 

efficiency is reduced; secondly, NOx emissions are high requiring additional after-

treatment system. Generally, there are two technical paths in addressing these 

problems, details as follows. 

Hydrogen combustion technology: Dry lean premixed combustion (Dry Low NOx, 

or DLN) is currently the mainstream technology for natural gas combustion, and it is 

essential for modern low-emission (NOx) efficient gas turbines [4, 5]. DLN is at the cutting 

edge of gas turbine combustion technology attracting intensive development efforts. 

However, the technology is currently not good enough for burning fuels with high 

hydrogen content.  

DLN can be expected to enable fuel to operate at 0-100% hydrogen content, but 

realizing this goal requires more works in the following areas to meet the challenges 

associated with high hydrogen content in the fuel [6]. 

1) NOx control. Compared with natural gas combustion, high NOx emissions is 

due to the lower specific gravity of hydrogen and its combustion products, the adiabatic 

flame temperature of H2 is higher at the same level of turbine ignition temperature and 

mass flow rate (to ensure the same level of power and efficiency). Additionally, the 

different organization of the hydrogen combustion flames and the different distribution 

of the temperature fields can also lead to a higher NOx emission. It is possible to reduce 

the flame temperature by reducing the rated output power, but this leads to a reduction in 



 

Strategic Research 37 

machine efficiency and power output. New configurations of burners as well as new strategies 

of control need to be developed to address these emission problems. 

2) Flash back. Flash back is caused by the faster flame propagation speeds and shorter 

ignition delays of hydrogen-rich fuel combustion compared with natural gas. In the design of 

modern heavy-duty gas turbines of high pressure ratio, the higher inlet air temperature for 

combustors often leads to increased risk of flash back and requires measures in combustion 

organization and protection. 

3) Combustion instability. In terms of thermo-acoustic oscillation modes and frequencies, 

the characteristics of hydrogen flames are significantly different compared with those of natural 

gas. Therefore, the risk of combustion oscillation problems increases when using hydrogen-rich 

fuels. To address this issue, it calls for the combustion chamber structural redesign with high 

fidelity modeling and simulations, while further researches on acoustic suppressor technology can 

also help to reduce the level of vibration inside the combustion chambers. 

4) Reliability and part life. For pure hydrogen combustion, the water in the flue gas 

increases resulting in higher heat transfer coefficients of the gas turbine hot-gas path components. 

Consequently, it leads to an increase in the operating temperatures in turbine section and an 

increase in the temperature gradient, as a result, leads to an increase in the thermal stresses that 

severely impacts part life. Since the material capabilities of modern advanced gas turbines are 

largely used to their limits, it can be sensitive to small temperature increases. In addition, due to the 

higher water content, they may be more susceptible to thermal corrosion, which poses a challenge 

to the engineering design. 

Oxy-combustion Cycle: Another idea for addressing the issues of gas turbines with 

hydrogen fuel is to rethink the fundamentals. As modern gas turbine technology has been 

developed for the combustion of natural gas, fuel changes may call for a new type of 

cycle. If it is for the combustion of hydrogen while the supply of oxygen is economically 

viable, in specific scenarios such as the electrolysis of water to produce hydrogen utilizing 

renewable energy sources, it offers opportunity to dramatic changes in terms of turbine 

basic structure. Given the fact that hydrogen is produced while oxygen is also generated 

as a by-product, and the amounts of hydrogen and oxygen are matched in molar ratio, as 
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an inverse reaction of electrolysis, Oxy-combustion technology can be explored. 

Analytical studies [7, 8] have shown that if a closed cycle is used, with water vapor as the 

working fluid, together with partial recompression and optimization of the overall system, 

the cycle efficiency may reach more than 70% for using hydrogen fuel. One of the major 

advantages is that it has no NOx emission and is an ideal power production process 

without any pollutants. 

5.3 Key technologies for ammonia gas turbine  

Although there are no ammonia gas turbine products on the market, ammonia is 

widely recognized as a viable gas turbine fuel [9, 10]. Ammonia has a high volumetric 

energy density, comparable to that of methanol and dimethyl ether, and about 50% higher 

than that of liquid hydrogen. Nitrogen oxide (NOx) emissions are a major problem in 

ammonia gas turbines, but ammonia combustion products are free of carbon and other 

harmful pollutants such as CO2, CO, HCs (hydrocarbons), SOx and particulate matters. 

Pollutant emission (NOx) control is a vital issue for ammonia gas turbines. 

Essentially, there are two probable routes to solve this problem. One is to crack ammonia 

into hydrogen and nitrogen and then burn the mixed product of N2 and H2. The 

difference between an ammonia gas turbine and a hydrogen gas turbine is that a 

mixture of hydrogen and nitrogen is used as fuel instead of pure hydrogen. Since the 

nitrogen in the fuel is a very effective diluent, it actually helps to suppress pollutant 

emissions. The other path is the Rich-Quench-Lean (RQL) staged combustion 

technology that ammonia is injected into combustion chambers directly without 

cracking [11, 12]. 

RQL divides the combustion into two stages, the first stage is rich combustion, 

the second stage is lean combustion, in between cold air is injected to cool down the 

flue gas of the first stage combustion products. The main principle to reduce NOx 

emissions are as follows. In rich combustion zone, due to the abundance of ammonia 

gas, the production of NOx is inhibited due to the lack oxygen; In the poor combustion 

zone, ammonia gas has a reduction reaction function for reducing NOx, so that the 
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emission of the entire pollutant is controlled.  

The RQL are typically having three combustion chambers, with equivalent ratio 

and residence time of the three zones as the design parameters. The emission of 

combustion pollutants can be minimized by optimizing these critical parameters. 

5.4 Ammonia catalytic cracking technology 

As mentioned above, the gas turbine using hydrogen fuel is technically feasible. 

To crack ammonia for hydrogen with equipped ammonia cracking system, emission 

compliance can be achieved for an ammonia gas turbine. In this case, the ammonia 

cracking technology is the crucial factor [13]. According to the characteristics of the 

gas turbine system, system efficiency can be improved by integrating ammonia 

cracking and consequent combustion. 

The key elements on the improvement of ammonia evaporation and cracking in 

gas turbines include evaporation of liquid ammonia by utilizing waste heat, or even 

using ammonia as gas turbine coolants; pre-cracking or partial cracking by utilizing 

exhaust heat at a relatively low temperature (~500oC); final cracking of the residual 

ammonia at high temperature inside the combustor (~800oC) by catalysts. After these 

processes, ammonia in the combustion fuel mixture is expected to be less than a certain 

percentage (for example, less than 1%). Such small percentage ammonia in the fuel 

mixture may help achieve low-emission of ammonia gas turbines. 

The design of a high-efficiency ammonia cracking system in an ammonia gas 

turbine requires addressing several key factors carefully, including reaction 

temperature, activation energy of the catalytic element, reaction time, catalyst surface 

area, reaction pressure, temperature field and flow field, and selectivity of catalyst 

surface. Meanwhile, a high-fidelity catalytic reaction model of ammonia cracking 

provides fundamentals in designing the integrated system of cracking-combustion 

chamber for gas turbines. Through design optimization, a cracking process of near-

zero residual ammonia can be realized. Such technology can help achieving NOx 

emission compliance and laying foundations for the accomplishment of a lightweight 



 

Strategic Research 40 

and cost-effectiveness system. 

5.5 Prospects 

Gas turbine industry using hydrogen or ammonia as fuel is an enabler for the 

goal of deep decarbonization in the energy sector. A crucial factor for achieving high 

efficiency hydrogen gas turbines is to control pollutant emissions from combustion 

products. Evidently, micro-mixer combustion technology is an effective path to solve 

the problem, laying the foundation for the development of hydrogen-fired heavy-duty 

gas turbines with high efficiency and low emission. On the other hand, ammonia 

fueled gas turbine technology will have a better application prospect in the 

transportation field, but it calls for major innovations on ammonia-cracking 

technology as it is critical to reduce the weight and volume of the system. Catalytic 

cracking technology based on new efficient and low-cost catalysts, e.g. high-entropy 

alloy catalysts [14], may provide the possibility of lightweight and low-emission for 

ammonia-fueled gas turbines. 
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Chapter 6 A Strategic Study of Safety Technologies and 

Standards for Ammonia-Hydrogen New Energy 

For ammonia-hydrogen new energy, ammonia (NH3) energy based on green 

hydrogen (H2) has the dual attributes of efficient storage and transportation of hydrogen 

energy as well as high application potential as a zero-carbon fuel. Under the supply 

system of green hydrogen, ammonia energy and hydrogen energy can be converted into 

each other, forming an integrated system for efficient energy storage, transportation and 

new applications. [1-3,17]. Hydrogen is easy to leak, flammable, and explosive. Hydrogen 

environment can result in failure of materials due to hydrogen embrittlement and 

hydrogen permeation. Ammonia is corrosive, flammable and prone to leakage. It can 

cause failures in materials and can cause combustion and explosion. Therefore, building 

a safety and standard system for the entire industrial chain of production, storage, 

transportation, and use of ammonia-hydrogen new energy is of vital importance for its 

development. In this context, conducting strategic research on ammonia-hydrogen new 

energy safety technologies and standards will provide safeguards for the establishment 

and improvement of this entire new energy industry system. 

In this chapter, based on the analysis of the current development status of hydrogen 

and ammonia safety technologies and standards at home and abroad, the problems, risks 

and challenges faced in safety and standard research are systematically summarized, from 

the perspectives of hydrogen, ammonia, and ammonia hydrogen new energy respectively. 

Suggestions are also proposed for the development of safety technologies and standard 

systems for ammonia hydrogen new energy in China. 
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6.1 Development and challenges of safety technologies and 

standards for ammonia-hydrogen new energy 

In terms of hydrogen, hydrogen has the characteristics of low density, large diffusion 

coefficient, low ignition energy, wide combustion and explosion range, fast flame 

propagation speed, so hydrogen is easy to leak, highly flammable and highly explosive. 

In addition, when the equipment is operated in high-pressure hydrogen environment for 

a long time, the performance of metal materials is prone to deterioration due to hydrogen 

embrittlement, while non-metallic materials is prone to deterioration due to hydrogen 

penetration and aging. Therefore, the main focuses of hydrogen safety are material 

compatibility, leakage and diffusion of hydrogen, as well as prevention and control of 

hydrogen combustion and explosion risks [4]. Among them, material durability testing and 

evaluation are the fundamental assurances for the safe and reliable operation of high-

pressure hydrogen systems. The safety testing capability of materials, parts and systems 

under high-pressure hydrogen environment has been preliminarily established 

internationally and in China [5], but the testing and evaluation capability of materials for 

hydrogen storage and transportation equipment under extreme service conditions such as 

liquid hydrogen still needs to be further improved. The safety and standard system for 

some hydrogen storage and transportation equipment as well as hydrogen fuel vehicles, 

such as GB/T34583-2017, UNGTR13, ECER134, GB/T24549-2020, etc., has been 

established. The research on hydrogen leakage and diffusion, including detection 

technology, has made some progress, but it is not mature yet. Some progress has been 

also made in the study of hydrogen combustion and explosion, including the mechanism 

of spontaneous combustion. In terms of hydrogen energy application, there is still a need 

for life cycle safety and reliability evaluation technology, online (in-situ) testing and 

monitoring technology, and standards for maintenance cycle and method. 

In terms of macro-management, there are two methods for hydrogen risk assessment. 

They are rapid risk ranking (RRR) and quantitative risk assessment (QRA) respectively 

[6]. RRR is an empirical qualitative risk assessment method, while QRA is a quantitative 
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assessment of risk. QRA can scientifically evaluate the risk level and has become the 

mainstream method for hydrogen risk assessment [6-8], but the accuracy of the model and 

the correctness of the simulation conditions still need to be further improved. In terms of 

fire safety, most of the basic research results of on fire safety in the hydrogen energy 

industry have not yet been transformed into effective fire safety technologies and 

equipment, and there is still a certain distance from market applications [9]. 

The establishment of hydrogen energy standard system has made great progress both 

at home and abroad. The "Guidelines for the Construction of the Standard System of 

Hydrogen Energy Industry (2023 version)" jointly issued by the National Standards 

Commission and other five ministries and commissions has established a standard 

framework system for the whole hydrogen industry chain, as shown in Figure 1. At 

present, the relevant standards for gaseous hydrogen have gradually been established, but 

standards for hydrogen energy equipment performance verification and evaluation are 

still to be developed, especially in the application of hydrogen energy in different 

industries. The current goal is to formulate and revise more than 30 national and industrial 

standards for hydrogen energy by 2025. 

 

 

Fig.1 The chart of standard system structure of hydrogen energy industry [10] 
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In terms of ammonia, it is a colorless and irritating gas at room temperature. Liquid 

ammonia is classified as a toxic hazardous chemical according to Clause 2.3 of the 

national standard GB6944-2012. GB/T 18218-2009 specified that liquid ammonia of 

more than 10 tons is defined as a major hazard source. Corrosion leakage of metal 

materials and combustion or explosion are two possible failure modes in the utilization 

of liquid ammonia [11,12]. In addition, since ammonia is corrosive and highly soluble in 

water  with high latent heat of vaporization, high concentration of ammonia can irritate 

and corrode human respiratory tract, causing corrosive injuries, GB/T 536-2017 classified 

liquid ammonia as a highly corrosive toxic substance [13]. 

For large scale storage of liquid ammonia, the corresponding design, manufacturing 

and testing standards system in China is relatively complete. However, there are 

differences in safety management and other related aspects due to the differences in 

storage scale and using sites. Taking a chemical industry park with ten thousand tons of 

ammonia as an example, in addition to developing and selecting materials with good 

compatibility with ammonia and designing and manufacturing high-quality ammonia 

storage equipment, it is also necessary to formulate risk prevention and control plans for 

dangerous areas, establish and improve the equipment operation and management system, 

and also form a diversified and multi-level monitoring and emergency management 

strategies and equipment system. 

For the ammonia-hydrogen new energy system, as an efficient hydrogen carrier and 

a fuel, China has not issued a clear regulation for liquid ammonia storage of more than 

10 tons in non-chemical parks (e.g. densely populated urban zones) . At the same time, 

there is a lack of methods and technical standards for environmental evaluation and risk 

prevention, assessment, and management. 

In terms of long-distance liquid ammonia transportation pipelines, the construction 

of liquid ammonia pipelines mostly draws on the experience of mature oil and gas 

pipelines. There is no unified design standard for liquid ammonia pipelines. 

Internationally, American federal safety Regulations CFR Title 49 Part 195-2022 

Transportation of Hazardous Liquids by Pipelines, ASME B31.3-2020 and other design 
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standards are usually used as a reference. In China, there is a lack of design standard for 

liquid ammonia pipelines, and the design specifications for long-distance crude oil long 

pipelines are still implemented as reference, such as SYJ 14-1985 and GB 50028-2020. 

There are obvious differences between liquid ammonia pipeline transportation and 

existing oil and gas pipeline transportation in terms of phase state control, process flow, 

corrosion protection, leakage risk, etc. Therefore, it is necessary to put forward higher 

requirements in corrosion and emergency protection, safety management and monitoring 

technology for liquid ammonia pipelines. The corresponding safety technical 

requirements and standards should be formulated as well.  

In terms of the application of ammonia energy, the development of ammonia as a 

fuel and an energy source has been included in strategic innovation plans at home and 

abroad in recent years. China has not yet incorporated ammonia energy into the national 

energy planning and energy system. Therefore, the safety technology research and 

development and standard system of ammonia-hydrogen zero carbon combustion in high 

temperature manufacturing, transportation equipment, aero engine, gas turbine, etc, have 

just started and are basically blank. 

In the field of ammonia-hydrogen new energy, as a forward-looking development 

direction in the field of new energy, the research and development of various technologies, 

including safety technologies and standards, has just begun. The safety technologies and 

standards for the mutual conversion and complementary use of ammonia and hydrogen 

as direct energy sources or energy carriers are yet to be developed. 

6.2 Key technologies of safety and standards for ammonia-

hydrogen new energy 

For hydrogen energy, we need to further improve the durability testing and 

evaluation technology of high-pressure hydrogen systems, and the safety testing 

capability of materials, components and systems in extreme environments such as high-

pressure hydrogen and liquid hydrogen. Further improve is especially required for the 
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basic testing and evaluation capability of materials under extreme service conditions such 

as liquid hydrogen, and for the development of the online (in-situ) detection and 

monitoring technology for hydrogen storage and transportation equipment. Research and 

development of key technologies for hydrogen leakage detection, hydrogen combustion 

and explosion, hydrogen injection fire, spontaneous combustion mechanism etc. should 

be systematically carried out to provide a basis for establishment of accident prevention 

and consequence mitigation measures. In the areas of hydrogen energy application, safety 

and reliability evaluation technology as well as the online detection and monitoring 

technology in the whole life cycle should be developed, and the maintenance cycle and 

maintenance method standards of equipment and systems need to be further established. 

Inspection capability and evaluation system of the whole chain of "materials + 

components + equipment + system" is to be developed and reinforced. Hydrogen risk 

assessment methods, especially QRA, is to be further improved. In accordance with the 

"Guidelines for the Construction of the Standard System of the Hydrogen Energy Industry 

(2023 version)" issued by the state government, the standard system of the whole industry 

chain should be gradually improved. 

For ammonia energy, firstly the difference between ammonia as a traditional 

chemical raw material and ammonia energy in the whole industrial chain of production, 

storage, transmission and application should be examined. Then, the safety technology 

and standard system must be developed according to the characteristics of ammonia 

energy. In view of the large-scale storage of liquid ammonia as an efficient energy carrier 

and fuel in non-chemical parks, methods and standards such as risk assessment, safety 

prevention and management, as well as environmental protection evaluation must be 

developed. For the long-distance ammonia pipelines, based on the special factors of 

ammonia leakage and diffusion caused by pipeline rupture such as overpressure, aging 

and corrosion, and external impact, further research on corrosion and emergency 

protection, safety management and monitoring technology must be carried out. The 

corresponding technical standards such as quantitative risk assessment should be setup. 

In terms of the application of ammonia as an energy source, it is important to incorporate 
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ammonia safety and standard into the national energy system and to further develop the 

common safety technology and standard system for ammonia-hydrogen energy. At the 

same time, considering the special requirements of different industries, the research and 

development of industrial safety technologies and standards for ammonia-hydrogen zero 

carbon combustion in high temperature manufacturing, transportation equipment, aero 

engine, gas turbine, etc. should also be started. This will support and promote the state 

government to issue guidelines for the construction of ammonia energy industry standard 

system. 

In the field of ammonia-hydrogen new energy, the special safety issues under the use 

of ammonia and hydrogen as direct energy or energy carriers and mutual conversion and 

synergistic use should be studied, such as the safety risks caused by the coupling effect 

of hydrogen and ammonia. On the basis of the common hydrogen and ammonia standard 

systems, a supplementary standard system for the practical application scenarios of 

ammonia and hydrogen new energy should be established. 

6.3 Prospects 

Safety is of paramount importance for hydrogen and ammonia energy industry. The 

key to the development of this forward-looking and strategic field is to systematically 

develop the safety technology and standard system of the whole industrial chain of 

production, storage, transportation and application of ammonia-hydrogen new energy. At 

present, hydrogen energy has been incorporated in the national energy planning and 

energy system. Ammonia, as an efficient hydrogen carrier and also zero-carbon fuel, has 

been widely included in strategic innovation plans in many countries. The continuous 

development of large-scale storage and transportation of ammonia energy and zero-

carbon combustion technology at home and abroad, especially the development of 

ammonia energy safety technology and related standards, will provide strong support for 

the integration of ammonia energy into the national energy planning and energy system. 

Building and improving the safety and standard system of the whole industry chain of 

ammonia-hydrogen new energy will support and promote rapid advancements of this 
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strategic field. 
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Chapter 7 Policy Suggestions for Development of Ammonia-

Hydrogen New Energy Science, Technology and Industry  

Ammonia-hydrogen new energy technology offers an efficient solution to address 

two major bottlenecks faced by the hydrogen energy industry. One is hydrogen large-

scale storage and cross-regional transportation with low cost and high safety. The other is 

expanding new major application scenarios for hydrogen energy. Ammonia-hydrogen 

new energy technology is of vital importance for the deep decarbonization, upgrading and 

transformation of energy-intensive industries such as high-temperature manufacturing, 

transportation, metallurgy, construction, and power generation in China [1]. It is 

imperative for China to promptly incorporate ammonia energy into the national energy 

system, launch the project of "West Ammonia Transporting to East" and develop projects 

of offshore wind power for hydrogen and ammonia along southeast coast, embark on the 

"One Belt, One Road" international collaboration and establish demonstration projects on 

ammonia-hydrogen new energy. These actions are crucial in our pursuit of securing a 

dominant position in the global stage of ammonia-hydrogen new energy technology 

industry. 

7.1 Incorporating ammonia energy into the national energy 

planning and energy system 

Given that hydrogen energy has already been incorporated into the national energy 

system, we strongly recommended the prompt inclusion of ammonia as both an energy 

carrier and fuel in the national energy planning and system. In order to formulate China’s 

own medium- and long-term plans and an industrial application roadmap for ammonia 

energy, a comprehensive survey should be conducted to ensure national energy security 

by examining ammonia energy resources. Innovative technologies for ammonia energy, 

including its production, storage, transportation and application, need to be developed to 

cultivate sustainable and stable market demand and actively promote practical 
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applications of ammonia energy. Furthermore, safety detection technologies, safety 

evaluation methods, and standards and regulations for ammonia-hydrogen new energy 

should be developed. 

Presently, over 70% ammonia in China is synthesized from coal [2]. Globally, 

challenges persist in terms of cost and application scenarios for green ammonia 

production and ammonia dissociation technologies. We recommend that the central 

government promptly conducts a thorough survey and analysis of ammonia energy 

resources, including their sources, users, energy consumption, carbon emissions, storage 

and transport capacity, production capacity, enterprise status, national distribution, price 

trends, new technology development and application. Based on this survey, we suggest 

formulating medium- and long-term development plans and an industrialization roadmap 

for ammonia energy. To achieve this, we propose developing full-chain innovative 

technologies on ammonia energy, covering production, storage, transport and utilization. 

This can be achieved through dedicated research and development funds, the 

development of cutting-edge technologies with intellectual property rights, and 

collaboration with other countries. Key areas of technology development should focus on 

low-cost green ammonia synthesis, ammonia and ammonia-hydrogen combustion 

technologies, and one-stop ammonia cracking technology for producing and refilling 

hydrogen. Planning and constructing large-scale ammonia storage stations would 

facilitate centralized supply and distributed supply. The government should implement 

measures, such as tax reductions, subsidies, incentives, financing options, loans to 

proactively stimulate the adoption of ammonia and ammonia-hydrogen as alternative 

fuels to natural gas and promote widespread application of ammonia energy. The 

establishment industrial funds can further support this initiative. Moreover, there is a need 

to actively encourage enterprises, universities, research institutes to introduce ammonia 

energy to the general public by demonstrating its environmental benefits, safety attributes 

and high efficiency. 

The sstablishment of a national standard system for ammonia energy is crucial for 

its extensive industrial application. We propose that the government collaborates with 
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energy suppliers, equipment manufacturers, transport operators, and academic institutes 

to conduct research on safety monitoring technologies, safety assessment methods and 

mechanisms for ammonia-hydrogen new energy. This collaboration can help formulate 

relevant safety standards and regulations. By leaning from natural gas management 

methodologies, emergency management schemes and land-use policies related to both 

ammonia energy and ammonia-hydrogen new energy, including production, storage, 

transportation, and utilization should be devised and supported. Furthermore, the 

construction and management of one-stop hydrogen station by ammonia dissociation 

should be regulated and supported. 

7.2 Launching the project of “West Ammonia Transporting to East” 

and projects of offshore wind power for hydrogen and ammonia 

along southeast coast 

Launching the “West Ammonia Transporting to East” Project. The northwestern 

region of China possesses abundant renewable energy resources. The combined installed 

capacity of photovoltaic power and wind power has reached 128.28 GW, with an on-grid 

price ranging from 0.24 to 0.35 yuan/kWh. Despite this, the local capacity for consuming 

green electricity is insufficient, leading to frequent waste (abandonment) of solar and 

wind power in this region [3]. On the contrary, the southeastern coastal areas, being 

industrially developed, have a significant energy demand but limited access to 

photovoltaic and offshore resources. To meet the growing demand for ammonia-hydrogen 

new energy in those economically advanced regions, we propose that the government 

fully utilize financial support and policy guidance. Collaborative effort among scientific 

research teams and industries should focus on developing crucial technologies for 

producing large-scale, low-cost green hydrogen and green ammonia utilizing affordable 

green electricity. Additionally, the establishment of green hydrogen and green ammonia 

energy storage stations, coupled with the construction of liquid ammonia transportation 

pipeline networks from the west regions to southeastern coastal areas, is recommended. 
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Notably, liquid ammonia long-distance pipelines and waterway transportation 

technologies are well established, with transportation costs approximately 1/1000 of 

hydrogen transportation of via roads [4]. Examples include the US Gulf Central Ammonia 

Pipelines, operational for 50 years over a span of 3,057 kilometers, and the 2471 km liquid 

ammonia pipelines from Tolyatti, Russia to Odessa, Ukraine, in operation for 40 years, 

transporting 1.3-3 million tons of liquid ammonia annually [5,6]. Green hydrogen produced 

in regions like the Middle East, Australia, and Latin America is already transported to 

destination countries via liquid ammonia [7]. However, in China, while there are 780,000 

kilometers of natural gas pipelines (at a construction cost of approximately 201 million 

yuan per 100 kilometers) there exist only 161.7 kilometers of liquid ammonia pipelines 

(at a construction cost of about 224 million yuan per 100 kilometers) [8]. Thus, the 

construction of build liquid ammonia transportation pipelines from west to east deemed 

imperative. 

Launching offshore wind power projects for hydrogen and ammonia along the 

southeast coast. China’s southeastern coastal areas possess abundant offshore wind 

power resource, with a total installed capacity of 30.61 GW, including 8.04 GW in 

Guangdong, 3.4 GW in Fujian, and 3.55 GW in Zhejiang. Predictions indicate that, by 

2030, offshore wind power costs may  reduce to less than 0.2 yuan/kWh. However, due 

to the challenges of integrating offshore wind power into the grid, economically 

developed southeastern areas are unable to fully utilize this inexpensive green electricity. 

To meet the urgent demands for ammonia-hydrogen new energy in these developed areas, 

we propose the government maximize financial support and policy guidance. 

Collaboration among scientific research teams and industries should focus on developing 

key technologies to produce large-scale, low-cost green hydrogen and green ammonia 

utilizing offshore wind power. Additionally, establishing green hydrogen and green 

ammonia energy storage stations, coupled with the construction of liquid ammonia 

transportation pipeline networks within the southeastern coastal areas, is recommended. 

For instance, taking Hainan province as an example, nearly 50 GW wind power plants 
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could be established within 100 kilometers offshore, potentially producing 3.5 million 

tons of green hydrogen and 19 million tons of green ammonia annually. In comparison, 

in Guangdong province, with its power generation, ceramics and metal processing 

industries, could consume 200 million tons of zero-carbon liquid ammonia fuel (where 

the current annual production of liquid ammonia in Guangdong is less than 0.1 million 

tons). 

7.3. Launching international joint projects on ammonia-hydrogen 

new energy with countries along the “One Belt, One Road”  

Some countries along the “One Belt, One Road”, historically reliant on fossil fuel 

exports, are actively seeking opportunities to transition from exporting fossil fuels to 

exporting clean energy [9]. For instance, Saudi Arabia’s ambitious ‘Vision 2030’ aims to 

replace oil exports by exporting ammonia-hydrogen energy, with aspiration to build a 

trillion-dollar new energy market. Notably, liquid ammonia marine transport technology 

is highly developed, with over 120 liquid ammonia transport terminals worldwide [10]. We 

strongly recommend that China enhances international collaboration in energy sector and 

establishes international connections between the ‘One Belt, One Road’ initiative and the 

new energy policies of countries along this route (such as Saudi Arabia ‘Vision 2030’). 

This collaboratin would ensure a long-term and stable supply of ammonia energy for 

China. 

7.4. Implementing key regional demonstration projects of 

ammonia-hydrogen new energy 

The key regional demonstration projects for ammonia-hydrogen new energy are 

comprehensive initiatives utilizing ammonia-hydrogen as the primary energy source. 

These projects employ advanced technologies to build complete scenarios, encompassing 

industry, transportation, consumption and ecology considerations, aiming to reduce 

regional carbon emissions or achieve zero-carbon emissions. We recommend that the 
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government strengthens the policy guidance and issues comprehensive policies outlining 

the overall objectives, key tasks, key regions, regulatory mechanisms, financial strategies 

and incentives for these key regional demonstration projects in ammonia-hydrogen new 

energy. It is of great importance to provide guidance and encouragement to regions with 

strong economic foundations and abundant resources to prioritize the implementation of 

regional demonstration projects of ammonia-hydrogen new energy based on their unique 

local realities. These regional demonstration projects will actively foster the integrated 

application and innovation of ammonia-hydrogen new energy technologies, including 

green ammonia production, zero-carbon combustion of hydrogen-ammonia, 

establishment of large-scale ammonia storage stations and one-stop ammonia cracking 

stations for hydrogen production and hydrogen refilling, and utilization of ammonia-

hydrogen fuel cells. The success of these projects will significantly contribute to the swift 

transformation of the national energy structure and promote higher economic 

development.  

7.5 Establishing special funds on the development of ammonia-

hydrogen new energy 

We propose the establishment of specialized funds dedicated to advancing ammonia-

hydrogen new energy. These funds should cover various aspects, including the R&D of 

low-cost and large-scale green ammonia synthesis technology, zero-carbon combustion 

technology for ammonia-hydrogen in high-temperature industries, zero-carbon aircraft 

engines, gas turbine technology, zero-carbon heavy commercial vehicles and shipping 

equipment, as well as safety technology and standards for this emerging field. These 

allocation of these funds will play a crucial role in propelling China’s advancement in this 

disruptive industrial technology, positioning the country as a frontrunner in the global 

arena of ammonia-hydrogen new energy technology industry. 
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