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ω²Ƙȅ ƎǊŜŜƴ ŀƳƳƻƴƛŀΚ 

The dependence of the human population on the Haber-Bosch process. Dotted black 

line: World population (107). Gray line: Annual export of Chilean nitrate (103 kt/a). 

Black line: Ammonia Production by the HabereBosch process (107 t-N/a).

Thomas R. Malthus 

1798

publishes essay on 

population increase

and finite resources

of the planet

Sir William Crookes in 

1898 gave a landmark 

speech at the British 

Association for the 

Advancement of Science 

in Bristol, in which he 

argued that the world's 

population would starve 

by 1921 due to the 

depletion of natural 

nitrate fertilizer located in 

deposits in Chile. 

Crookes called on 

scientists around the 

world to develop a 

synthetic process for 

nitrogen fixation and 

many heeded the call.

Techno-Economic Challenges of Green Ammonia as an Energy Vector. https://doi.org/10.1016/B978-0-12-820560-0.00004-7
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Based on the Haber-Bosch process, generates 
twice as much CO2 due to the impacts of NH3 
~ 2% energy consumption
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Ammonia as fuel
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Volumetric energy density of a range of fuel options
Greenhouse gas emissions for chemicals
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Ammonia transport networks around the world
Estimated costs of transporting energy vectors
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Combustion 
projects 

developed in 
Japan
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ω New trends in ammonia production

Schematic process flow diagram of the demonstration plant in 
AIST FREA 

Photograph of the demonstration plant in AIST FREA (courtesy of AIST)



NH3 synthesis activity of various 1 wt% Ru/CeO2 catalysts prepared using the indi-catedcatalyst and 
support precursors. a NH3 concentration in the effluent gas. b Maximum NH3 concentration. Catalyst 
weight: 0.2 g, flow rate: 80 mL/min (H2/N2 = 3), ambient pressure, 325 °C

Ammonia as fuel



ω New trends in ammonia production

Schematic of SSAS systems using A) solid-state proton-conducting electrolyte and B) 
solid-state oxygen anion-conducting electrolyte. The inert carrier gas is omitted.

Solid state processes

Transactions of Tianjin University (2020) 26:67ς91
https://doi.org/10.1007/s12209-020-00243-x



ω New trends in ammonia production

Electrochemical synthesis 
of NH3 in molten 
electrolytes.
Scheme of the principle of 
electrolytic synthesis of
NH3 from N2 and H2 in 
molten salts of LiClςKClς
CsClcontaining
N3ҍΦ

Transactions of Tianjin University (2020) 26:67ς91
https://doi.org/10.1007/s12209-020-00243-x



ω New trends in ammonia production

C) Scheme of a lithium-

mediated step-by-step cycle 

process for sustainable 

production of NH3 from N2 

and H2O driven by renewable 

energy sources

Transactions of Tianjin University (2020) 26:67ς91
https://doi.org/10.1007/s12209-020-00243-x
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Transactions of Tianjin University (2020) 26:67ς91
https://doi.org/10.1007/s12209-020-00243-x

Nitrogen reduction pathways in 
heterogeneous CAT
ŘƛǎǎƻŎƛŀǘƛǾŜ ǇŀǘƘǿŀȅ ǿƘŜǊŜ ǘƘŜ b b ōƻƴŘ ƛǎ 
broken before hydrogenation.
Association pathways that include
B) distal or asymmetric hydrogenation
and C) alternating or symmetrical 
hydrogenation.



ω New trends in ammonia production

Transactions of Tianjin University (2020) 26:67ς91
https://doi.org/10.1007/s12209-020-00243-x

Combined volcano diagrams evaluating the onset potential (U) 
on different transition metals. Solid lines represent 
dissociative mechanisms and dashed lines represent 
associative mechanisms.

Partial Pourbaixdiagram for the N2ςH2O system. The 
red line represents the reduction of N2 to NH4 + or 
NH3, while the blue line denotes oxidation of N2 
ƻȄƛŘŀǘƛƻƴ ǘƻ bhо ҍΦ 5ŀǎƘŜŘ ƭƛƴŜǎ ŀ ŀƴŘ ō ǊŜǇǊŜǎŜƴǘ 
reduction of H2O to H2 and oxidation to O2, 
respectively.
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Transactions of Tianjin University (2020) 26:67ς91
https://doi.org/10.1007/s12209-020-00243-x



Ammonia Electrolysis (Hydrogen production)

The ammonia electro-oxidation reaction (AOR) is

discussed as a means for energy application either by

electrochemical decomposition for in situ hydrogen

generation or by direct employment of ammonia as fuel in a

direct ammonia fuel cell. . The development of a robust and

stable AOR catalyst is critical for both applications, along

with the development of high-performance HER and ORR

catalysts.



Ammonia Electrolysis (Hydrogen production)



ω Ammonia fuel cells
Ammonia fuel cells can be divided into external decomposition and 
direct utilization according to the working gas.

External decomposition breaks ammonia into nitrogen and hydrogen 
using additional apparatus, adding complexity and cost to the system. 
In contrast, the direct ammonia fuel cell does not require external gas 
reforming, leading to a simplified system and better cost 
effectiveness. Direct ammonia fuel cells are divided into two main 
types, namely, alkaline electrolyte types (alkaline solution, molten 
hydroxide, alkaline membrane) and solid electrolyte types.

are summarized in the following Table
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ω Ammonia fuel cells

Journal of Power Sources 476 (2020) 228454



ω Ammonia fuel cells

Synthesis and characterization. (a) Schematic 
illustration of the preparation process of ternary 
NiCuFealloy by solvothermalsynthesis. (b)
XRD patterns of Ni4Cu5/C, Ni4Cu5Fe0.5/C, 
Ni4Cu5Fe1/C, Ni4Cu5Fe3/C and Ni4Cu5Fe5/C. (c) 
Raman spectra of Ni4Cu5/C, Ni4Cu5Fe0.5/C,
Ni4Cu5Fe1/C and Ni4Cu5Fe3/C. (d) SEM image, (e and 
f) TEM images and (g) HRTEM image (inset: FFT 
pattern of the corresponding nanoparticle)
of Ni4Cu5Fe1/C sample. (h) HAAD-STEM image and 
corresponding EDS elemental mappings of Ni, Cu, Fe 
and C.

J. Mater. Chem. A, 2022, 10, 18701



ω Ammonia fuel cells

(a) The current density of 50 wt% Ni50Cu50/CNT; (b) The current density of 50 wt% Ni/CNT; (c) 

Comparison of power density between various catalysts for AOR; (d) The maximum power density for 

the ammonia fuel cell made with NiCu/C and single-phase perovskite oxide

J. Mater. Chem. A, 2022, 10, 18701



ω Ammonia fuel cells

Fuel Processing Technology 235 (2022) 107380
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ω Ammonia fuel cells

Fuel Processing Technology 235 (2022) 107380

Representative schemes and 
components of ammonia 
decomposition technologies
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ω Ammonia fuel cells

Fuel Processing Technology 235 (2022) 107380
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ω Environmental Impact

Formation and transformation of reactive nitrogen and impact on the 

environment: effect of ammonia fuel on ammonia fertilizer

ISBN 978-981-19-4766-7
ISBN 978-981-19-4767-4 (eBook) https://doi.org/10.1007/978-981-19-4767-4



ω¢ŜŎƘƴƻ-economic aspects

ISBN 978-981-19-4766-7
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ω Health, safety, and security

explosions and cylinder damage, respectively. 
Ammonia gas cloud in Seward, Illinois. Cause: ruptured hose



Millennium Institute on Green 

Ammonia as an Energy Vector -

MIGA



MIGA's goal is to provide the framework to produce green ammonia using a 

less energy-intensive process than Haber-Bosch (H-B) for Power-to-X 

applications.

This challenge is addressed with an interdisciplinary approach, which narrows 

the current technological gaps, to advance in knowledge and technology, 

generating interdisciplinary training in the area for new generations of 

researchers for Chile and the international community.
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