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Ammonia is the second-largest global chemical products, utilized as agricultural fertilizer, food production, industrial

materials, refrigerants, and additives. Recently, the utilization of ammonia as the energy carrier (secondary energy

source) has attracted many interests, due to its high volumetric hydrogen density, low storage pressure,  high

stability for long-term storage, high auto-ignition temperature,  low condensation pressure, and lower gas density

than air. in general,  ammonia production includes the currently adopted thermochemical (Haber–Bosch),

electrochemical, and photochemical cycle processes. 

ammonia  production  thermochemical  electrochemical

1. Introduction

Currently, about 200 Mt/y of ammonia is manufactured globally , making it the world’s second most commonly

produced chemical after sulfuric acid (H SO ). Similarly to hydrogen, ammonia can be produced from different

primary energy sources, including biomass, coal, natural gas, solar, wind, geothermal, hydro and nuclear sources.

Ammonia can be produced through different conversion technologies: thermochemical, electrochemical,

photochemical and plasma . However, with the consideration of technological feasibility and total energy

efficiency , in this work, three main conversion technologies (Haber–Bosch, electrochemical and

thermochemical cycle processes) are described. Furthermore, recent trends in the development of enhanced

systems in order to improve the total energy efficiency during ammonia production are also described.

2. Conventional Ammonia Production

The currently adopted ammonia production process basically employs the system invented by Fritz Haber and Carl

Bosch about 100 years ago . Therefore, this system is well known as Haber–Bosch process. About 85% of total

production of ammonia worldwide is produced by this process . The ammonia synthesis occurs according to

reaction (1).

3 H  + N  ⇋ 2 NH   ΔH°  = −46.35 kJ/mol

Ammonia synthesis is an exothermic reaction (negative enthalpy change), and it occurs spontaneously at low

temperatures (negative entropy change). Although it is favored at room temperature, the reaction rate at which the

reaction occurs at room temperature is too slow to be applicable for at an industrial scale. In order to increase the

kinetics of the reaction to achieve the targeted conversion rate, high pressure and temperature are required. To
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effectively synthesize ammonia from its main components (hydrogen and nitrogen), the reaction should be

performed at a relatively high temperature and pressure of 400–500 °C and 10–30 MPa, respectively, with the

assistance of an iron-based catalyst. This condition is demanded due to the high dissociation energy (941 kJ/mol)

of triple-bonded nitrogen. However, to bring the reaction under this high temperature and pressure, about 30

MJ/kg-NH  of energy is required .

The production of ammonia from natural gas is conducted by reacting methane (natural gas) with steam and air,

coupled with the subsequent removal of water and CO . The products of this process are hydrogen and nitrogen,

which are the feedstock for the main ammonia synthesis. During the process, the removal of sulfur and other

impurities is important, because they can reduce and damage the performance of the catalyst during synthesis. In

the ammonia synthesis process, both nitrogen and hydrogen are compressed to relatively high pressure to be fed

to the synthesis reactor, where the catalyst is immersed inside. The produced ammonia, together with the

unreacted hydrogen, argon and other impurities, is then cooled down for ammonia condensation in order to

separate the ammonia from the other gases. The unreacted hydrogen and nitrogen are then recycled back and

mixed together with the new feedstock. To avoid a build-up of impurities, such as argon, a small part of the gases is

purged from the process. Ammonia synthesis produces a small amount of heat, which is released from the reactor;

therefore, it can be recovered and utilized for other processes, such as steam and power generation. In general,

about 88% of hydrogen’s calorific value can be conserved .

Another challenge in the Haber–Bosch process is its low conversion rate; therefore, the process must be recycled

to achieve the expected production flow rate. However, at pressure of 30 MPa, the conversion rate from the

reaction is still low, no more than 25% . This stream recirculation causes some problems, including the need for

an additional recirculation system and a larger reactor, leading to high investment and operation costs.

When hydrogen is produced via water electrolysis, nitrogen can be supplied via air separation. Air separations for

nitrogen production can be conducted via membrane, cryogenic, absorption and adsorption technologies . For

large scales, cryogenic separation is considered more economical than other methods. In addition, cryogenic air

separation could produce a high purity of products .

The energy consumed during ammonia production, including conversion from primary sources, typically ranges

from about 28 to 37 GJ/t . An ammonia production system from any primary source, such as natural gas, is

considered complex, as it includes many combined processes. Figure 1 shows the schematic diagram of

conventional ammonia production from natural gas. The system consists of different processes: steam reformation,

the water–gas shift reaction, CO  removal, syngas purification, and ammonia synthesis and separation. Therefore,

efforts to reduce the total energy consumption require the improvement of the whole process involved. Due to high

energy intensity of ammonia production, ammonia synthesis emits a total of 289.8 Mt-CO  annually , which is

almost 0.93% of global CO  emissions .

3
[6]

2

[7]

[8]

[9]

[10]

[5]

2

2
[11]

2
[12]



Ammonia Production | Encyclopedia.pub

https://encyclopedia.pub/entry/1129 3/10

Figure 1. Schematic diagram of ammonia production from natural gas, employing the Haber–Bosch process.

Focusing on the Haber–Bosch process, many efforts to reduce its extreme conditions have been carried out. They

include the introduction of an extra component in order to inhibit the catalysis and the alteration of geometry and

electronic nature of the reacting components in order to optimize the energetics of catalysis . Ru-based catalysts

can basically facilitate ammonia synthesis under mild conditions (at a temperature of 300–450 °C and pressure of

4–15 MPa), which is significantly lower than the conditions required for iron-based catalysts. However, Ru-based

catalysts are expensive and suffer from hydrogen poisoning . Alkaline earth metal oxides and hydroxides

have been identified as promoters to improve the catalytic performance of Ru-based catalysts . Several

electrides (crystals in which electrons serve as anions), such as Ca N:e , which can be deposited in Ru

nanoparticles have the potential to facilitate ammonia synthesis at 200 °C . Transition metals (TM) can also

improve synthesis performance, including lowering the pressure and temperature. This is due to the existence of

scaling relations between the transition-state energy required for the dissociation of nitrogen and the adsorption

energy of all the intermediates . Furthermore, Kawamura and Taniguchi  have tested sodium melt as a

catalyst for ammonia synthesis. By using this type of catalyst, the synthesis could be carried out at reaction

temperatures of 500–590 °C and atmospheric pressure. However, further analysis and experimentation are

required to bring this method to the level of being applicable.

3. Electrochemical Processing

Although electrochemical processing is significantly under-developed compared to the Haber–Bosch process, it is

expected to realize higher energy performance. The energy consumed by this process is about 20% lower than the

Haber–Bosch process . Figure 2 shows the schematic flow diagram of electrochemical ammonia synthesis. The

process is considered simple; therefore, its application is considered to potentially reduce system configuration and

control complexity. In addition, the investment cost can be lower compared to currently adopted ammonia synthesis

systems.
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Figure 2. Schematic diagram of electrochemical ammonia synthesis.

The reactions at both cathode and anode in proton conducting cells are shown in reactions (2) and (3),

respectively. The reactions at each cathode and anode are basically reversible.

N  + 6 H  + 6 e  ⇌ 2 NH

3 H  ⇌ 6 H  + 6 e

Four different types of electrolytes are currently available: (a) liquid electrolytes, (b) molten salt, (c) composite

membranes and (d) solid state electrolytes. Liquid electrolytes can operate under atmospheric temperature and

pressure . There are some potential liquid electrolytes, including LiClO  (0.2 M) in tetrahydrofuran , LiClO  in

ionic liquid, LiClO  in H SO  and Li SO  in H SO  . Ammonia production of 3.68 × 10  mol/cm ·s could be

obtained, while the system efficiency can reach about 58%, indicating that about 58% of the current supplied to the

system is converted into ammonia. However, the research related to this issue is still limited to lab experiments, in

small dimensions of cells and limited operation times .

A molten salt type electrolyte is generally operated at a temperature range of 300–500 °C . There are some

potential chemicals for use as electrolytes, such as LiCl, KCl and CsCl, with dissolved Li N . The reported
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ammonia production rate is 3.3 × 10  mol/cm ·s, and the efficiency is about 72%. Moreover, the system with

composite electrolytes also includes solid electrolytes, which are combined with low melting salt, and have an

operating temperature of 300–700 °C. The electrolytes comprise the main ionic conducting phase and an additional

phase that is attached to the main phase to improve the electrical, mechanical and thermal properties . As the

representative of composite electrolytes, alkali metal carbonate (such as LiCO ) and oxide (such as LiAlO ) and

CeO  doped with Sm O  have shown the expected properties, including oxygen ion, carbonate ion and proton

conductivity . In addition, Amar et al.  have tested mixed Na, K and Li carbonates, in addition to the LiAlO , as

the electrolyte. They obtained an ammonia production rate of 2.32 × 10  mol/cm ·s at a temperature of about 400

°C. The system with solid electrolytes generally operates in very wide operating temperatures, from room

temperature to about 800 °C. There are different materials which can be included in this type of electrolyte. These

include perovskites (such as cerate and zirconate) , fluorites (such as doped zirconia, ceria and thoria),

pyrochlores (such as calcium doped lanthanum zirconate) and other materials (including brownmillerite, eulytite

and monazite) . The challenges of this type of electrolyte include their structural stability and the high sintering

temperature (up to 1700 °C) which is required to achieve a high density. By adopting this kind of solid state

electrolyte, the ammonia production rate of 3.1 × 10  mol/cm ·s could be achieved under the temperature of 570

°C, with an efficiency of about 75% .

4. Thermochemical Cycle of Ammonia Production

As an alternative process for ammonia production, a process employing the thermochemical cycle has been

developed . The system consists of two circulated processes: reduction (nitrogen activation) and steam-

hydrolysis (ammonia formation). Both reactions are summarized as follows:

Al O  + 3C + N  → 2 AlN + 3 CO        ΔH°  = 708.1 kJ/mol

2AlN + 3 H O → Al O  + 2 NH         ΔH°  = −274.1 kJ/mol

Figure 3 shows the schematic diagram of the thermochemical cycle of ammonia production. The primary energy

sources are pre-treated and converted to carbon before being fed to the thermochemical cycle process. In the first

reduction process (reaction (4)), the AlN is produced through the carbothermal reduction of Al O  and nitrogen.

This reaction is endothermic and occurs under a reaction temperature of about 1500 °C. Moreover, in the second

reaction, which is steam-hydrolysis (reaction (5)), the AlN produced in the first reduction process is reacted with

steam (H O) producing Al O . The produced Al O  from this second reaction is then circulated to the first reduction

process. Detailed reaction kinetics have been analyzed in detail in .
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Figure 3. Schematic diagram of the thermochemical cycle of ammonia production.

Unlike the Haber–Bosch process, this thermochemical cycle can be carried out at atmospheric pressure and

without a catalyst. The process allows independent reaction control for nitrogen activation (reaction (4)) and

ammonia formation (reaction (5)). Furthermore, as could be observed from reaction (4), the system can produce

ammonia directly from carbonized material, instead of pure hydrogen. Therefore, this system is expected to be able

to reduce the energy consumption during ammonia production. However, this system has the biggest challenge

related to its very high operating temperature, leading to limited heat sources and materials. Various ideas have

been suggested for the heat supply, including the utilization of concentrated solar heat.

Juangsa and Aziz  have developed an integrated system, consisting of nitrogen production, ammonia production

employing the thermochemical cycle and power generation. In their system, the heat required for reduction is

basically covered by heat generated by the combustion of fuel gases produced during ammonia production. The

system can achieve a high total theoretical energy efficiency of about 69%. In addition, they also stated that the

oxidation temperature has a significant role in the performance of the system.

Advanced Ammonia Production Systems

Due to increasing concern related to economic and environmental impacts, efforts to propose and develop an

advanced ammonia production system have been carried out intensively. These include both thermochemical and

electrochemical processes.

Cinti et al.  have proposed a combined system which consists of solid oxide electrolyser, nitrogen production

with pressure-swing adsorption and Haber–Bosch process. Moreover, the same group  also developed an

integrated system covering methane steam reforming and Haber–Bosch process. They mainly focused on system

integration and heat recovery to improve the total energy efficiency. Furthermore, Aziz et al.  have proposed an

integrated system for hydrogen conversion to ammonia with a relatively high total energy efficiency. Their system

includes cryogenic nitrogen separation with a single distillation reactor, the Haber–Bosch process and power

generation. The produced heat during ammonia synthesis, as well as the purged gas (containing a little hydrogen

and ammonia), is recovered and utilized for power generation. In addition, they employed both exergy recovery

and process integration in order to realize high energy efficiency .
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Other integrated systems for the production of ammonia from various kinds of primary energy sources have been

developed. Nurdiawati et al.  have proposed algae-based ammonia production by integrating algae drying,

gasification, chemical looping, ammonia synthesis (the Haber–Bosch process) and power generation. In their

system, the nitrogen separation process is omitted due to the utilization of nitrogen-rich flue gas from the chemical

looping. Their system is able to efficiently convert the algae to ammonia, with a total energy efficiency of about

64%, including an ammonia production efficiency of 63%. A different system has also been developed by the same

group , with the main difference in hydrothermal gasification and nitrogen production. Another combined system

to convert the agricultural waste from a palm oil mill has also been proposed and evaluated by Ajiwibowo et al. .

In their system, the supercritical water gasification of blended empty fruit bunch and palm oil mill effluent is

combined with syngas chemical looping and Haber–Bosch-based ammonia synthesis.

References

1. Hideaki Kobayashi; Akihiro Hayakawa; K.D. Kunkuma A. Somarathne; Ekenechukwu C. Okafor;
Science and technology of ammonia combustion. Proceedings of the Combustion Institute 2019,
37, 109-133, 10.1016/j.proci.2018.09.029.

2. Chengcheng Li; Tuo Wang; Jinlong Gong; Alternative Strategies Toward Sustainable Ammonia
Synthesis. Transactions of Tianjin University 2020, 26, 67-91, 10.1007/s12209-020-00243-x.

3. Abhishek Banerjee; Benjamin D. Yuhas; Eric A. Margulies; Yongbo Zhang; Yurina Shim; Michael
R. Wasielewski; Mercouri G. Kanatzidis; Photochemical Nitrogen Conversion to Ammonia in
Ambient Conditions with FeMoS-Chalcogels. Journal of the American Chemical Society 2015,
137, 2030-2034, 10.1021/ja512491v.

4. Klinsrisuk, S.; Tao, S.; Irvine, J.T.S. 18-Membrane reactors for ammonia production. In Membrane
Reactors for Energy Applications and Basic Chemical Production; Basile, A., Paola, L., Di, l., Hai,
F., Piemonte, V., Eds.; Woodhead Publishing: Cambridge, MA, USA, 2015; pp. 543–563. ISBN
978-1-78242-223-5.

5. Islam Rafiqul; Christoph Weber; Bianca Lehmann; Alfred Voss; Energy efficiency improvements in
ammonia production—perspectives and uncertainties. Energy 2005, 30, 2487-2504, 10.1016/j.en
ergy.2004.12.004.

6. Lu Wang; Meikun Xia; Hong Wang; Kefeng Huang; Chenxi Qian; Christos T. Maravelias; Geoffrey
A. Ozin; Greening Ammonia toward the Solar Ammonia Refinery. Joule 2018, 2, 1055-1074, 10.10
16/j.joule.2018.04.017.

7. W Avery; A role for ammonia in the hydrogen economy. International Journal of Hydrogen Energy
1988, 13, 761-773, 10.1016/0360-3199(88)90037-7.

[36]

[37]

[38]



Ammonia Production | Encyclopedia.pub

https://encyclopedia.pub/entry/1129 8/10

8. Izzat Iqbal Cheema; Ulrike Krewer; Operating envelope of Haber–Bosch process design for
power-to-ammonia. RSC Advances 2018, 8, 34926-34936, 10.1039/c8ra06821f.

9. Smith, A.R.; Klosek, J; A review of air separation technologies and their pdf. Fuel Process.
Technol. 2001, 70, 115–134.

10. Mathew Aneke; Meihong Wang; Potential for improving the energy efficiency of cryogenic air
separation unit (ASU) using binary heat recovery cycles. Applied Thermal Engineering 2015, 81,
223-231, 10.1016/j.applthermaleng.2015.02.034.

11. Domenico Frattini; Giovanni Cinti; G. Bidini; U. Desideri; Raffaele Cioffi; Elio Jannelli; A system
approach in energy evaluation of different renewable energies sources integration in ammonia
production plants. Renewable Energy 2016, 99, 472-482, 10.1016/j.renene.2016.07.040.

12. Gilbert, P.; Thornley, P. Energy and carbon balance of ammonia production from biomass
gasification. In Proceedings of the Bio-Ten Conference, Birmingham, UK, 20–22 September 2010;
pp. 1–9.

13. Qianru Wang; Jianping Guo; Ping Chen; Recent progress towards mild-condition ammonia
synthesis. Journal of Energy Chemistry 2019, 36, 25-36, 10.1016/j.jechem.2019.01.027.

14. S Siporin; Use of kinetic models to explore the role of base promoters on Ru/MgO ammonia
synthesis catalysts. Journal of Catalysis 2004, 225, 359-368, 10.1016/j.jcat.2004.03.046.

15. David E. Brown; Terry Edmonds; Richard W. Joyner; John J. McCarroll; Steve Tennison; The
Genesis and Development of the Commercial BP Doubly Promoted Catalyst for Ammonia
Synthesis. Catalysis Letters 2014, 144, 545-552, 10.1007/s10562-014-1226-4.

16. Hubert Bielawa; Olaf Hinrichsen; Alexander Birkner; Martin Muhler; The Ammonia-Synthesis
Catalyst of the Next Generation: Barium-Promoted Oxide-Supported Ruthenium. Angewandte
Chemie International Edition 2001, 40, 1061-1063, 10.1002/1521-3773(20010316)40:63.0.co;2-b.

17. Masaaki Kitano; Yasunori Inoue; Hiroki Ishikawa; Kyosuke Yamagata; Takuya Nakao; Tomofumi
Tada; Satoru Matsuishi; Toshiharu Yokoyama; Michikazu Hara; Hideo Hosono; et al. Essential role
of hydride ion in ruthenium-based ammonia synthesis catalysts. Chemical Science 2016, 7, 4036-
4043, 10.1039/c6sc00767h.

18. Andrew Medford; Aleksandra Vojvodic; Jens S. Hummelshøj; Johannes Voss; Frank Abild-
Pedersen; Felix Studt; Thomas Bligaard; Anders Nilsson; Jens K. Nørskov; From the Sabatier
principle to a predictive theory of transition-metal heterogeneous catalysis. Journal of Catalysis
2015, 328, 36-42, 10.1016/j.jcat.2014.12.033.

19. Aleksandra Vojvodic; Andrew Medford; Felix Studt; Frank Abild-Pedersen; Tuhin Suvra Khan; T.
Bligaard; J.K. Nørskov; Exploring the limits: A low-pressure, low-temperature Haber–Bosch
process. Chemical Physics Letters 2014, 598, 108-112, 10.1016/j.cplett.2014.03.003.



Ammonia Production | Encyclopedia.pub

https://encyclopedia.pub/entry/1129 9/10

20. Fumio Kawamura; Takashi Taniguchi; Synthesis of ammonia using sodium melt. Scientific
Reports 2017, 7, 7-10, 10.1038/s41598-017-12036-9.

21. Lipman, T.; Shah, N. Ammonia as an Alternative Energy Storage Medium for Hydrogen Fuel Cells:
Scientific and Technical Review for Near-Term Stationary Power Demonstration Projects; Final
Report; University of California: Berkeley, CA, USA, 2017.

22. Akira Tsuneto; Akihiko Kudo; Tadayoshi Sakata; Lithium-mediated electrochemical reduction of
high pressure N2 to NH3. Journal of Electroanalytical Chemistry 1994, 367, 183-188, 10.1016/00
22-0728(93)03025-k.

23. Masayoshi Watanabe; Morgan L. Thomas; Shiguo Zhang; Kazuhide Ueno; Tomohiro Yasuda;
Kaoru Dokko; Application of Ionic Liquids to Energy Storage and Conversion Materials and
Devices. Chemical Reviews 2017, 117, 7190-7239, 10.1021/acs.chemrev.6b00504.

24. Kamer, P.C.J.; Vogt, D.; Thybaut, J. Contemporary Catalysis; The Royal Society of Chemistry:
London, UK, 2017; ISBN 978-1-84973-990-0.

25. Tsuyoshi Murakami; Tokujiro Nishikiori; Toshiyuki Nohira; Yasuhiko Ito; Electrolytic Synthesis of
Ammonia in Molten Salts under Atmospheric Pressure. Journal of the American Chemical Society
2003, 125, 334-335, 10.1021/ja028891t.

26. Sarbjit Giddey; Sukhvinder P.S. Badwal; A. Kulkarni; Review of electrochemical ammonia
production technologies and materials. International Journal of Hydrogen Energy 2013, 38,
14576-14594, 10.1016/j.ijhydene.2013.09.054.

27. Ibrahim Amar; Rong Lan; Christophe T.G. Petit; Valeria Arrighi; Shanwen Tao; Electrochemical
synthesis of ammonia based on a carbonate-oxide composite electrolyte. Solid State Ionics 2011,
182, 133-138, 10.1016/j.ssi.2010.11.009.

28. H Iwahara; Technological challenges in the application of proton conducting ceramics. Solid State
Ionics 1995, 77, 289-298, 10.1016/0167-2738(95)00051-7.

29. Grigorii Soloveichik; Electrochemical synthesis of ammonia as a potential alternative to the
Haber–Bosch process. Nature Catalysis 2019, 2, 377-380, 10.1038/s41929-019-0280-0.

30. María Elena Gálvez; M. Halmann; Aldo Steinfeld; Ammonia Production via a Two-Step Al2O3/AlN
Thermochemical Cycle. 1. Thermodynamic, Environmental, and Economic Analyses. Industrial &
Engineering Chemistry Research 2007, 46, 2042-2046, 10.1021/ie061550u.

31. Gálvez, M.E.; Frei, A.; Halmann, M.; Steinfeld, A; Ammonia production via a two-step Al2O3/AIN
thermochemical cycle 2. Kinetic analysis. Ind. Eng. Chem. Res. 2007, 46, 2047–2053.

32. Firman Bagja Juangsa; Muhammad Aziz; Integrated system of thermochemical cycle of ammonia,
nitrogen production, and power generation. International Journal of Hydrogen Energy 2019, 44,
17525-17534, 10.1016/j.ijhydene.2019.05.110.



Ammonia Production | Encyclopedia.pub

https://encyclopedia.pub/entry/1129 10/10

33. Giovanni Cinti; Domenico Frattini; Umberto Desideri; Gianni Bidini; Elio Jannelli; Coupling Solid
Oxide Electrolyser (SOE) and ammonia production plant. Applied Energy 2017, 192, 466-476, 10.
1016/j.apenergy.2016.09.026.

34. Muhammad Aziz; Aditya Putranto; Muhammad Kunta Biddinika; Agung Tri Wijayanta; Energy-
saving combination of N2 production, NH3 synthesis, and power generation. International Journal
of Hydrogen Energy 2017, 42, 27174-27183, 10.1016/j.ijhydene.2017.09.079.

35. Arif Darmawan; Muhammad W. Ajiwibowo; Kunio Yoshikawa; Muhammad Aziz; Koji Tokimatsu;
Energy-efficient recovery of black liquor through gasification and syngas chemical looping.
Applied Energy 2018, 219, 290-298, 10.1016/j.apenergy.2018.03.033.

36. Anissa Nurdiawati; Ilman Nuran Zaini; Mohamad Amin; Dwiwahju Sasongko; Muhammad Aziz;
Microalgae-based coproduction of ammonia and power employing chemical looping process.
Chemical Engineering Research and Design 2019, 146, 311-323, 10.1016/j.cherd.2019.04.013.

37. Agung Tri Wijayanta; Muhammad Aziz; Ammonia production from algae via integrated
hydrothermal gasification, chemical looping, N2 production, and NH3 synthesis. Energy 2019,
174, 331-338, 10.1016/j.energy.2019.02.190.

38. Muhammad W. Ajiwibowo; Arif Darmawan; Muhammad Aziz; Towards clean palm oil processing:
Integrated ammonia production from empty fruit bunch and palm oil effluent. Journal of Cleaner
Production 2019, 236, 117680, 10.1016/j.jclepro.2019.117680.

Retrieved from https://encyclopedia.pub/entry/history/show/55792


