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ARTICLE INFO ABSTRACT

Handling editor: D.-V. No. Vo Ammonia is a formidable chemical that has been investigated over 150 years for its use in the chemical pro-

cessing field. The potential of the molecule to be used in farming applications has enabled a demographic ex-

Keywords: plosion whilst its implementation in refrigeration technologies ensure continuous operation of cooling systems at

Ammonia combustion high efficiencies. Other areas have also benefited from ammonia, whilst the use of the molecule in fuelling

Eurga_ces applications was scarce until the 2010s. A combination of factors that include climate change and energy de-
o-firing

pendency have reignited the interest of using ammonia as an energy vector that can potentially support appli-
cations that range from small devices to large power applications, thus supporting the transition to a net zero
economy. Therefore, ammonia appears as a tangible option towards the reduction of emissions that can support a
truly carbon-free energy transition in the coming years. As the recognition of the molecule increases, research
areas based on combustion processes have also expanded towards the utilization of ammonia. The research
around the topic has considerably augmented not only in the academic community, but also across governmental
institutions and industrial consortia willing to demonstrate the potential of such a chemical. Therefore, this
review approaches the latest findings and state-of-the-art research on the use of ammonia as a combustion fuel
for furnaces. Different to other reviews, the present work attempts to gather the latest fundamental research, the
most critical technologies evaluating ammonia for system operation, and novel approaches that suggest various
breakthrough concepts that will ensure the reliable, cleaner consumption of the molecule as furnace fuel.
Further, the present manuscript includes the latest research from all corners of the world, in an attempt to
summarise the extensive work that dozens of groups are currently conducting. Finally, future trends and re-
quirements are also addressed, providing guidance to those interested in doing research and development in
ammonia-fuelling systems.

NOx emissions

1. Introduction

The International Energy Agency (IEA) has forecasted a continuous
increase in energy demand over the next decade, a demand that will
potentially reach a five-fold increment by 2050. The economic rises of
developing regions will be the main driver of this scenario, hence
increasing the stress caused on both ecosystems and the environment to
ensure that enough power is produced at the time. The picture denotes a
background where large carbon dioxide emissions are emitted, hence
posing one of the most critical challenges to humanity over its entire
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history.

Climate change, as documented and followed by the Intergovern-
mental Panel on Climate Change (IPCC), has been mainly caused by the
large production of carbon dioxide and other greenhouse emissions,
which have increased the planets temperature up to 1.2 °C. Estimations
and further calculations predict that the situation could lead to tem-
peratures reaching above 2 °C from the current averages [1], a situation
that can culminate in the irreversible destruction of ecosystems across
the world. Therefore, industrialization combined with continuous
emission of greenhouse gases will have a direct impact on living
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standards whilst also reshaping the global economy [2].

For this reason novel methods for energy generation have been
conceived. Mainly wind, solar and marine energy are now under scru-
tiny for the recovery of sustainable energy. Wind energy, in particular,
has received considerable support across nations due to its clean nature.
On the basis of rotating dispositives, wind turbines can produce elec-
trical energy when connected to electrical generators. According to the
International Energy Agency (IEA) [3], the total installed capacity of
wind energy was 467.4 GW in 2016, a trend that continues to increase
yearly reaching a 68 GW annual addition by 2022 [4]. The reduction in
production costs, increase in subsidies, and a well-known technology, all
have contributed to the increase in electricity generated via wind
sources [5-7]. Simultaneously, solar energy has gained extensive
acceptance. Solar photovoltaics (PV), solar thermal electricity and solar
heating-cooling are now well-established technologies [8-10]. The cu-
mulative installed capacity of solar thermal installations reached an
estimated 456 GWh by the end of 2016 [9] with a surging capacity of
Photovoltaic generation of 994 TWh by 2021 [11]. Finally, marine en-
ergy has also a great potential to support renewable energy. However,
due to the immature nature of the technology, only 0.5 GW capacity was
documented in 2018 [12], with an increase of 400 GWh from 2019 to
2020 [13].

However, wind and solar energy present a tremendous challenge.
Wind and solar exposition vary based on weather and seasonal condi-
tions, making these energy types intermittent in nature. Moreover, vast
amounts of these energies, stranded in difficult-to-access locations,
cannot be recovered economically using direct connections to the local
grids. In terms of marine energy, the high costs, complex market and
fluctuating energy production are still the main barriers to full deploy-
ment of marine-based technologies. These facts, combined with politi-
cal, social and public perception factors can halt the harvesting of
renewable energies capable of reducing both fossil fuel dependency and
climate change emissions.

Amongst the methods for energy storage that can be used to recover
these resources, chemical energy storage has been used for centuries.
Fossil fuels are testimony to our great dependence on chemical energy
storage. Thus, the use of chemicals with low or null carbon content
presents a unique solution for the recovery of renewable, intermittent
resources. Out of the possibilities, hydrogen storage presents an op-
portunity to use a chemical with zero carbon content and high gravi-
metric energy density. Unfortunately, hydrogen also presents challenges
associated to its intrinsic nature. The molecule, the smallest in the uni-
verse, tends to permeate a great variety of materials, whilst its control in
large power generation systems (ie. combustion-based) possesses sta-
bility issues. Finally, the explosive nature of the molecule combined with
fast burning velocities makes hydrogen a molecule difficult to handle
compared to other conventional sources. Simultaneously, it is estimated
that the costs of hydrogen storage for long periods can be economically
unviable for many applications, as the molecule needs to be cooled down
to cryogenic conditions below 20K (—253 °C). It is for these reasons that
other molecules are under assessment, hence supporting the concept of a
“hydrogen economy”.

Ammonia, a molecule that has been used for over 180 years, presents
a unique platform for hydrogen storage and renewable energy delivery.
Ammonia from coal distillation has been obtained since the 1860s for
fertilizing applications. Ammonium sulphate, a product of ammonia and
sulphuric acid, was produced to support a growing industry that at the
time reached ~140,000 tons/year [14]. Ludwig Mond, a German-British
chemist, discovered a new process to produce ammonia via the com-
bustion of coal with air and steam in 1889 [15]. His findings denoted
how low-quality coal could produce valuable gases when exposed to
superheated steam. Around 220,000 tons/year of ammonia were pro-
duced every week via this process, reaching efficiencies close to 80%
[16]. By 1923, 90% of all coke oven plants in the Ruhr district used this
process [17] hence making this one of the preferred methods of
ammonia production before World War II. It would be the onset of the
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Haber-Bosch (H-B) process that would see the era of coke-based
ammonia reach its end [18].

Currently, the main method for ammonia production is the Haber-
Bosch process [19] via super large scale plants capable of producing
between 2000 and 3000 t/day, a capacity that is expected to increase
substantially in the coming years. Overall, the synthesis of the molecule
follows a reversible exothermal reaction (R1) [20-22],

N> (g) + 3H, (2) S 2 NHj (g) AH® = —46 kJ mol ™! (R1)

As in (R1), ammonia from the H-B process can be produced with
hydrogen from any source. When hydrogen is produced using green
sources, the ammonia product is catalogued as “green ammonia”. If the
hydrogen comes from fossil sources, the final product is termed “grey
ammonia”. In case carbon capture and storage (CCS) is used as part of
the process of cleaning up the hydrogen, the final ammonia product is
considered to be “blue”. In cases where the hydrogen comes from coal or
waste, “brown ammonia” is produced. Finally, the production of
hydrogen and ammonia via nuclear energy will deliver “pink” chemicals
[23].

Irrespective of the type of ammonia that is produced, there is
currently a large infrastructure to move and distribute ammonia glob-
ally. It is estimated that around $200 Billion USD of ammonia are traded
across the world, mainly for fertilizer applications. However, and as
previously emphasized, climate change protocols are leading to the
deployment of either “green” or “blue” ammonia. Pink ammonia,
potentially feasible at a large scale with the maturity of technologies
such as fusion reactors, is still far away in most economic forecasts.

On those lines, several projects seek to establish the foundations for
the production, distribution, storage and utilization of green ammonia.
Recently, RWE announced the construction of an ammonia terminal in
Brunsbiittel, Germany. The company sees green ammonia as one of the
most competitive hydrogen vectors due to its technological maturity
[24]. In support of an LNG terminal, the green energy project will ensure
the transition to low-carbon molecules. The announcement has been
welcomed across the community and governmental bodies, especially
under the geopolitical situation of Europe in 2022. It is estimated that
300,000 tons/year of green ammonia will be distributed from the ter-
minal by 2026. The site will also operate an ammonia cracker, thus
delivering green hydrogen via dedicated pipelines [24]. On a similar
announcement, Gasunie, HES International and Vopak have joined
forces to develop an ammonia terminal in Rotterdam, the Netherlands.
The terminal will be complemented with ammonia crackers capable of
delivering hydrogen as a fuel by 2026 [25].

Japan, the leading country in the use of ammonia, has also ambitious
plans for the chemical in both the process and energy industries. NEDO
(New Energy and Industrial Technology Development Organization)
currently announced a ~$500 Million USD program dedicated to
ammonia R&D. Under that umbrella, JERA, Japan’s power utility
company, has recently launched an international bidding to procure
500,000 tonnes/year of fuel. The contract will run from 2027 to the
2040s. The fuel will be used for co-firing applications with coal in the
Hekinan power plan, which aims to demonstrate the co-firing of up to
20% ammonia by 2024 [26]. The project, in collaboration with IHI,
seeks to demonstrate up to 50% co-firing by 2030.

Similarly, Mitsubishi Power announced the development of 100%
ammonia-fed boilers for industrial heat applications. Demonstration of
the reliability of these systems will be conducted by JERA in their coal
power stations by 2028, in parallel to their Hekinan demonstration
project [27]. The initiative comes in hand with the announcement of the
first gas turbine running on pure ammonia. Mitsubishi Heavy Industries
communication rose stakes across Asia, delivering news that a 40 MW
H-25 Series power unit would employ solely ammonia to produce en-
ergy by 2025 [28]. The announcement came in conjunction with a 2 MW
IM270 gas turbine that IHI corporation intends to operate using liquid
ammonia [27]. Finally, all these works seek to have an impact on the
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ASEAN countries through collaboration agreements that will ensure that
ammonia-based technologies from Japan are implemented for carbon
reduction in the region. Evidence of these agreements is the MoU signed
between IHI, Kowa and Adani Power to perform feasibility studies of
ammonia-coal co-firing at the Mundra power plant in Gujarat, India.
From 20% ammonia, the study will seek to reach up to 100% ammonia
in the process burners [29].

Toward carbon neutralization by 2050, South Korea announced that
2.1% of total electricity generation would be conducted by hydrogen
and ammonia by 2030, and will increase to 7.1% by 2036 [30]. Due to
limitations in renewable sources, most green hydrogen should be im-
ported in the form of green ammonia. It shows that most combustion
applications such as thermal power, industrial boilers and furnaces will
be made by direct combustion of the chemical. In 2021, the Ministry of
Industry, Trade and Energy (MOTIE) launched a promotion team for
power generation demonstration purposes using hydrogen/ammonia.
The team includes Korea Electric and Power Corporation (KEPCO), five
public power generation companies and private companies related to
value chains of hydrogen/ammonia provision [31]. Industries such as
steel and cement are also performing feasibility studies and participating
in governmental R&D projects on ammonia combustion.

Co-firing to coal power plants is expected to be the first commercial
application using ammonia combustion. KEPCO and various public
power generation companies funded a $12 M USD (KRW 15.8B) project
that started in 2022 [32]. The project consists of four sub-projects:
Ammonia co-firing to (1) pulverized coal (PC) boilers, (2) circulating
fluidized bed (CFB) boilers and (3) gas turbines + (4) ammonia supply
chains. Major Korean boilermakers and chemical companies as well as
research institutes and universities are engaged in this project and are
conducting preliminary studies for two years. Successive to the project,
in 2023, MOTIE has funded a 5-year demonstration project aiming at
20% ammonia co-firing to four commercial-scale power plants: two PC
boilers including Shin Boryeong power plant (owned by Korea Midland
Power Co., 1000 MWe x 2 units) and two CFB boilers including Sam-
cheok power plant (owned by Korea Southern Power co., 550 MWe x 4
units). After the demonstration project, the 20% co-firing will be
extended to other 24 coal-power generation units which have enough
remaining life to fully characterise the advancement of using ammonia
as a fuelling vector for industrial power scales [31]. After successful
commercial operation of 20% co-firing, higher co-firing rates are plan-
ned after expected combustion system modifications.

Having a similar vision, China has recently jumped on the train of
ammonia energy. In January 2022, the Chinese government took a
significant step towards promoting the development of new energy
storage, releasing the “14th Five-Year Plan for New Energy Storage
Development Implementation Plan” jointly with the National Develop-
ment and Reform Commission (NDRC) and National Energy Adminis-
tration (NEA) [33]. Notably, ammonia was included as an energy
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storage medium for the first time. Later that year, the Ministry of Science
and Technology (MOST) and National Natural Science Foundation
(NSFC) announced at least three major national R&D projects to inves-
tigate the fundamentals of ammonia combustion and to develop
ammonia co-combustion technology with coal and natural gas. These
initiatives aim to decarbonise the primary energy sectors and represent a
further commitment by the Chinese government to sustainable
development.

China’s growing interest in ammonia energy can be attributed to the
spatial and temporal mismatch between green energy production and
consumption. As shown in Fig. 1, wind and solar resources are primarily
located in the northwestern areas of the Chinese mainland, while energy
consumption is concentrated in the south and east. Liu et al. [34] indi-
cated that the potential for wind and solar power in the northwestern
provinces exceeds 3000 TWh/year, while in the east and south, it is less
than 800 TWh/year. However, the projected electricity demand in the
east and south in 2050 is over 1000 TWh/year, necessitating the storage
and transportation of green energy over long distances. Such necessity is
also enhanced by the inherently unstable output of wind and solar power
plants due to variations in weather conditions. Hydrogen and ammonia
are both zero-carbon energy carriers that can be utilized for large-scale
energy storage and transport. In comparing the two, ammonia is widely
recognized as having further advantages over hydrogen because of the
easiness of its liquefaction as well as the already existing infrastructure
of ammonia handling and transportation as discussed previously.
Therefore, it is expected that ammonia will play an increasingly
important role in helping China achieve its “2060 Carbon Neutrality
Target” announced by the government in 2020.

As illustrated in Fig. 2, the majority of China’s CO, emissions are
generated through the combustion of hydrocarbon fuels for electricity
and heat generation from coal (45%), manufacturing and construction
industries (36%), and transportation (11%). The Chinese government
has enforced regulations to reach peak CO9 emissions before 2030,
mounting significant pressures on these industrial sectors to decarbon-
ise. As a result, technologies that can facilitate decarbonisation, such as
ammonia energy, are gaining increasingly more attraction in power
generation and manufacturing sectors. For instance, last year, the China
Energy Group, a state-owned mining and energy corporation, success-
fully demonstrated the co-firing of 35% ammonia with coal at the Yantai
coal power plant in Shandong Province [35] and Foshan Xianhu Labo-
ratory produced the world’s first ceramic tile in an industrial kiln using
pure ammonia as the fuel [36]. More cases and details on the application
of ammonia energy in industry will be discussed in Section 3.

Interestingly, current works and developments point to Asia as the
location where the dawn of an ammonia economy will occur. As pre-
viously raised, Japan, China, Singapore and South Korea are heavily
developing these technologies for decarbonisation purposes of many
processes, including coal power plants. India is also joining the race to
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Fig. 1. China’s wind and solar power potential and projected electricity demands in 2050 [34].
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Fig. 2. China’s CO, emission sources (from China Energy Statistical Yearbook 2020 [37]).

develop unique technologies capable of employing ammonia efficiently.
Environmental sustainability is critical for current and future genera-
tions, hence requiring programs where carbon-zero fuels such as
ammonia can be used to mitigate greenhouse emissions whilst providing
energy requirements of such growing economies. From advanced pow-
ertrains where ammonia/hydrogen combinations have been assessed to
determine emissions and performance impacts under a variety of con-
ditions (ie. compression ratios, ignition timing, blending percentage and
substitution, etc.) [38-40] to large power units modified to receive
ammonia [29], India presents a unique set of opportunities not only due
its formidable farming background, but also due its large ammonia
production capacity which represents 8% of the global production [41].
India’s excellent renewable potential (ie. with the lowest installed solar
PV cost globally at $591 USD/kW in 2021), farming infrastructure and
heavy industries capacity are ideal for the production of green ammonia
that can support global decarbonisation [42] whilst serving to power
many of the industries of the third largest economy of Asia [43].

Research and development agendas have also opened for the use and
demonstration of ammonia and hydrogen vectors to decarbonise heat,
power and cooling across Europe. A recent project worth $13.1 Million
USD was granted to a consortium led by Strathclyde University, UK. The
project seeks to demonstrate the feasible and economic production of
green hydrogen from offshore facilities, whilst delivering the chemical
via ammonia and other vectors to various locations of such a country.
Potential analyses have envisaged the production of green ammonia and
its distribution from Oakney, Scotland, to the Teesside Free Port, En-
gland, where further distribution to “ammonia city gate” terminals will
be studied for delivery of either cracked hydrogen to cities or fuel
ammonia to rural locations [44]. Similarly, a project granted by the
Department of Energy Security and Net Zero (DESZN) is pursuing the
development of industrial boilers that can be fired using ammonia
blends to replace propane gas. Although several studies have proposed
using ammonia as a vector for delivering hydrogen, this concept requires
the cracking of ammonia to hydrogen at the end-use site. This is an
energy-intensive, high-temperature catalytic process that increases costs
and/or carbon emissions of the supply chain. Ammonia-fueled boilers
remove the requirement for cracking, reducing costs and carbon emis-
sions compared to ammonia used to deliver hydrogen. With the phasing
out of fossil fuels (including propane), the approach will enable the
decentralization of heat and power generation in small communities and
small/medium farming and industrial complexes, thus opening the
possibility to decarbonise these locations without incurring in greater
costs product of the creation of hydrogen pipelines or electrical grid
connections. It is expected that units of 1.5 MW will operate under these
principles by 2025 [45].

Further announcements fill both social media and other dissemina-
tion sites. P2XFloater, the first floating production unit for green
ammonia has been conceived to extend the life of very large gas carriers
by converting them to floating ammonia plants. Using renewable sour-
ces, seawater will be desalinated onboard to feed 140 MW electrolysers
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and produce green ammonia. The chemical will then be transferred
directly to vessels, bunkering vessels or other onshore infrastructure
[46]. Marine systems might become the first technologies to commer-
cially use ammonia for fuelling purposes, hence projects such as those
led by Wartsila [47] with a multimillion support from the European
Union will see the advancement of two-stroke version engines retrofitted
to work with such a chemical by 2025. Innovative concepts such as
“subsea fluid storage systems” will support fuelling applications for
offshore ammonia storage and cargo [48]. It is clear that these and many
other projects currently ongoing across the world seek the development
of technologies capable of delivering green ammonia at affordable prices
and flexible conditions.

Finally, it has been recently announced that ammonia will also be
used in aerospace applications in the U.S.A. Previous announcements,
done by Reaction Engines, denoted the potential of using ammonia for
cracking purposes to deliver hydrogen into their engines [49]. Similarly,
a $10 million USD program between the University of Central Florida,
Georgia Institute of Technology, Purdue University, GE and Boing seeks
to use liquid ammonia for the production of hydrogen through cracking,
which will be combusted for propulsion purposes. Excess ammonia will
be used to reduce NOy emissions in a 737-8 Boing aircraft. The team
hopes that ammonia will be used commercially for these applications
between 2040 and 2050 [50]. Similarly, Aviation H2 in Australia have
selected liquid ammonia as combustion fuel towards the development of
hydrogen-powered aircrafts. Based on the existing Dassault Falcon 50,
the project aims to have a demonstrator by 2023 [51].

Ammonia has gained considerable acceptance from the industrial
sector for the production of power, heat and propulsion employing
combustion systems. However, there are still unanswered questions that
require further research and development to reduce emissions such as
NO and N20, unburned ammonia and carbon monoxide when co-firing.
Concurrently, improvements in efficiencies for better economics are still
critical for the advancement of this technology. All these points, in
conjunction with better reaction mechanisms, better computational
models, a greater understanding of fundamental phenomena and prac-
tical implications of using ammonia, make this review an important
contributor to the dissemination of the latest research and development
in the field of ammonia combustion for furnace applications.

2. Combustion impacts on thermal systems
2.1. Materials

In the development of combustors and other high-temperature
components, both design, dimensions and materials selection are high-
ly dependent on the gas temperatures, compositions, flow rates and
stresses exerted by the combustion environment on the components.
However, literature towards the suitability of existing materials for
ammonia-based combustion is scarce. Properties of ammonia-based
blends vary considerably from traditional hydrocarbon blends, causing
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some of the following challenges in the utilization of existing component
designs and materials.

An interesting finding obtained by the U.S. Army program revealed
that Inconel 600 barely denoted deterioration whilst being exposed to
hot flows. Components such as nozzles, scrolls or liners resisted the
impact of these hot flows. Inconel X and 713C also showed satisfactory
resistance. Transient tests were inconclusive at the time [52]. Similarly,
initial tests conducted by AIST have demonstrated that the use of
ammonia can deteriorate various materials due to hydrogen embrittle-
ment, nitration and the impact of acids (ie. nitric acid) or bases (ie.
ammonium). However, the use of thermal coatings based on zeolites and
yttrium can be employed. Preliminary results [53] denote the higher
resistance of these coatings to avoid metal degradation during com-
bustion operations that are known to generate a series of species from
basic (i.e. NH}) to acid (HNOs3) environments. However, further ana-
lyses are required to fully understand the material science behind these
effects.

Ammonia is also frequently blended with hydrogen, which has a
higher laminar burning velocity and propensity for flashback (compared
to lean blow-off promoted by ammonia). Mashruk et al. [54] and Kha-
teeb et al. [55] have shown that adding ammonia in blends of premixed
ammonia/methane and ammonia/hydrogen decreases the range of
stable equivalence ratios, with the equivalence ratio at which lean
blow-out occurs increasing almost linearly, and then more rapidly above
a critical ammonia fraction. Cracking to produce a hydrogen/nitrogen
blend does not change the stability limits significantly to that of the
equivalent ammonia/air blend. Poor flame stability can lead to flame
detachment from the burner or flashback, both of which can cause
damage or overheating in the combustion device. This is similar to the
review of Nazari et al. [56] which highlights the issues of hydrogen fuel
flashback and its potential to cause damage, with the potential solution
of adding nitrogen as a dilutant to the fuel blend.

Recent work [57] studied the behaviour of nickel-base alloys
exposed to premixed hydrogen/ammonia/air flames finding that ~5
times higher hydrogen desorption from the metal compared to premixed
methane/air flames. The significance of metals to hydrogen in
ammonia-based flames (for example from fuel hydrogen or increased
water vapour content), is due to the ability of hydrogen to insert into the
metal and modify its mechanical properties. These modes can be clas-
sified into hydrogen embrittlement, stress corrosion cracking or
hydrogen-induced cracking. However, under the conditions of this
study, hydrogen exposure levels were too low to significantly impact
mechanical properties at room temperatures, warranting future studies
to further explore the effects of more extreme exposure conditions and
mechanical properties at elevated temperatures. Significant efforts have
been made to understand the impact of hydrogen desorption on
high-temperature materials, often through cathodic hydrogen polar-
isation at slightly elevated temperatures to accelerate the impact of
hydrogen concentrations at slightly elevated temperatures, Fig. 3.
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Fig. 3. TDA results for samples exposed to ammonia/hydrogen [58].
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Further studies conducted by Wang et al. [59] evaluated the use of
materials commonly employed for steel nitriding (SACM645) and for
structural/ducting components (SUS304 and SUS301S). The materials
were exposed to ammonia flames, showing deterioration caused by
nitriding effects, Fig. 4. The results were correlated to the diffusion of
nitrogen atoms that diffuse at various depths (ie. 25-50 pm under the
analysed conditions) depending on the crystallographic structure of the
material of interest with cubic-centred structures being more prone to
diffusion than face-centred ones. However, higher nitrogen atoms for
SUS were observed at the centreline of the experimental setup, a con-
dition attributed to the higher solubility of nitrogen atom in y-Fe (4.5 wt
%) than that in a-Fe (0.1 wt%). However, these are the first analyses of
its kind around the subject, requiring further studies to properly un-
derstand the impact of ammonia flames on various materials.

It is common practice to use ammonia solutions (such as ammonium
hydroxide) in boilers to increase pH, thus reducing corrosion in various
components. The injection of NH3 in these systems brings not only
brings to safer pH the solutions, but also limits the dissolution of cor-
rosive metal ions [60]. Interestingly, this diluted ammonia can also
change its corrosive nature depending on the exposure conditions. Going
from uniform corrosion, cracks, corrosion under stress, nitration, etc.
temperature and pressure play important roles in the impact of ammonia
on materials. Hence, it is critical that for operating systems such as
furnaces a good understanding of the effect of ammonia combustion is
acquired.

An interesting parameter considered for other systems but not for
fuelling yet is the corrosion that ammonia can cause when exposed to
carbon oxides. Ammonium carbonate, which starts forming with only
5ppmV of COx, has severe effects on the integrity of various materials.
Hence, the use of some steels is not desirable when operating with
ammonia flows. However, lower corrosivity at ambient temperature of
micro-alloyed carbon steels improves these characteristics, thus making
these materials the preferred option for ammonia storage tanks. Care
needs to be taken in the presence of residual stress, which can propagate
discontinuities and lead to fracture. The problem can be solved by
thermal processes that reduce the residual stress and by the addition of
small water quantities (circa 0.2%). Stress corrosion cracking (SCC) is
another recurrent problem that occurs under cold temperatures and the
presence of residual stress as a consequence of the anodic dissolution
caused by thin layers of iron oxides [61]. Oxygen content and carbon
dioxide also favour corrosion, hence requiring inhibitors and coatings
that can protect both metallic and ceramic layers.

It is also important to notice that ammonia can be easily contami-
nated by other molecules that industrially tend to be present in various
processes. For example, HCl and ammonia have a severe impact on the
integrity of containers [62]. Similarly, the addition of CO2, greater
water contents, oxygen, etc. can have damaging effects on carbon steels
even at atmospheric conditions. A recurrent material that is regularly
avoided when using ammonia is copper. Interestingly, copper alloys
would not be attacked by ammonia solutions under the right conditions
(ie. pH > 7.0 and the right potential, thus leading to material passivity),
forming protective oxides at slow pace without material detachment
[63]. However, and as expected, these conditions are very specific and
uncommon in regular practice. Under most conditions, water and
ammonia lead to the production of NH40OH which has an aggressive
nature towards copper-based materials. If residual stress is present, an
almost negligible 1ppmV of ammonium can lead to cracking of brass
components.

As previously pointed out, one of the main contaminants of ammonia
is oxygen, which at just 1ppmV can start corrosion. The issue becomes
more acute when the components exposed to these blends have been
welded or cold formed. If the steels contain Ni or Mo, these materials are
also very vulnerable to this corroding effect. Therefore, the presence of
small quantities of water (as previously depicted) can reduce the prob-
lem by mitigating the oxygen impact when present in up to 200 ppmV
concentrations.
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Fig. 4. Optical micrographs of the SACM645 and SUS304 test plate surfaces after being exposed to the NH3/02/N2 flame at 550 °C for 5 h [59].

Other materials suffer the impacts of ammonia-based solutions, such
as rubber or various plastics, hence requiring the change of these com-
ponents in practical applications for materials that can withstand the
impact of NH3. It must be remembered that for many applications,
especially those concerning furnaces, the study of these impacts is still
unknown. High-temperature flows comprised by unburned ammonia,
water streams, hot molecular and atomic hydrogen, and oxygen traces
can have various impacts that are still unaccounted for. Therefore, the
subject requires its own investigation and a dedicated line of research.

As previously mentioned, the science behind these effects is just
forming, hence requiring more robust programs to depict the impact of
ammonia combustion at the molecular level of various materials.

2.2. Emissions

One of the main obstacles in the deployment of ammonia as a fuel is
its proficiency in fuel NOy production. Fuel NOx is formed when nitro-
gen is chemically bonded to the fuel -which is the case for ammonia
(NHg)- through the production of intermediate products such as CN,
HCN, HNO and NHj, and further oxidation. Considerable amounts of
thermal NOy can also be generated with high enough flame tempera-
tures [64]. Nitrogen oxides present a significant risk to both health and
the environment. These emissions can affect drinking water distribution
[65], cause eutrophication [66] and aggravate lung diseases if inhaled
[67]. Nitrous oxide (N30), another prospective product of ammonia
combustion at certain operating conditions, has 280 times 20-year
global warming potential (GWPyy) than that of CO, [68]. Recent
studies [69] on ammonia/hydrogen blends have reported 240 ppm of
N-O emissions to have approximately equal global warming impact of
CO3 emitted from pure methane flame operating at dry low NOx (DLN)
scenarios.

According to the fact that flame stability control has an effective role
in combustion efficiency and pollutant emission, an experimental study
on the measurement of premixed ammonia-hydrogen-air mixtures flam-
mability limits was carried out and the effects of diverse ammonia con-
centrations and temperature on the flammability limits were perused
[70]. Results proved that the flammability limits of lean mixtures were
overall unchanged for temperatures between 673 and 873 K. As a com-
parison to premixed flames, the stability limits of non-premixed ammo-
nia-hydrogen-air flames were studied to investigate the effect of ammonia
substitution on the flame stability range and NOyx emissions [71]. Results
indicated that ammonia addition improved the safety of hydrogen
implementation and caused suitable quantities of NOy emission. Further
tests indicated the high efficiency of a porous burner in ammonia
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combustion systems. Probe measurements were also used to evaluate the
quantity of nitric oxide emission of methane-ammonia-oxygen-nitrogen
post-flame zone by Konnov et al. [72]. They revealed that the
maximum concentration of NOy occurred near stoichiometry conditions.
Increasing interests in non-premixed ammonia mixture flames caused
more investigations in this field. Woo et al. [73] examined non-premixed
ammonia-methane flame focusing on the effective parameters of NOy
formation. They showed a monotonous increase of NOy formation with
increasing ammonia concentration while the maximum NOy emission was
observed at an oxygen ratio of 0.7. Results proved that the NOy formation
process depends mainly on the reacting flow structure. Investigation of
premixed ammonia-hydrogen-air flame through a porous media was
carried out focusing on the flame stability limit [74]. Silicon-carbide was
used as the flame holder porous medium and the mixture was examined
with high ammonia concentrations at standard temperature and pressure
conditions. Decreases in flame stability limits were reported with
increasing the ammonia mixture fraction. The study revealed that the NO
formation decreased with increasing the equivalence ratio. Also, results
suggested decreases in ammonia content increased the upper and lower
flame stability limits.

Fuel NOy production routes from ammonia have been extensively
studied by many researchers [75-77]. Ammonia reacts with OH radicals
to produce NH; radicals in both rich and lean conditions, which convert
to HNO directly by reacting with O radicals and via NH radicals by
reacting with OH. Nitroxyl (HNO) is the main source of fuel NO pro-
duction in ammonia flame through reactions with molecular oxygen, H
and O radicals, as well as through disassociation processes [78]. NH
radicals also produce NO by reacting with molecular and atomic oxygen.
Substantial amounts of NO in the flame react with NH radicals to pro-
duce N2O which mostly converts to N, by reacting with H radicals and
through the third body reaction NoO(+M) < Ny + O (4+M). Other
prominent sources of NO reduction are through the chain branching
reaction NHz + NO « NNH + OH and the terminating reaction NHy +
NO < N3 + H,0 [79].

Other studies [80] dedicated to fuel-rich conditions have identified
NNH disassociation pathway to play an important role in producing N»
without forming NO under fuel-rich conditions. The initial work by Dean
et al. [81] led to the development of the NNH mechanism by Dean and
Bozzelli [82] which identified the reactions between NNH intermediate
and atomic O as follows: NNH + O < NH + NO, NNH + O < N,O + H,
and NNH + O < Nj + OH. Later on, Klippenstein et al. [83] calculated
reaction rates for these reactions based on an improved model by Miller
and Glarborg [84]. When it comes to the reaction of ammonia with
carbonaceous species such as methane, the production of CHx species
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critically impacts the production of NOy and COx emissions. Methane
mainly reacts with OH and H radicals to produce methyl (CHs) radicals
which mostly convert to singlet CH, by reacting with OH radicals which
can transform to triplet CHy. Substantial amounts of CHs directly
convert to CH,0 by reacting with O radicals or via CH30. HCO, a great
contributor to CO formation, is produced from the reactions between
CH20 and H/OH radicals. Some of the CH; directly converts to CO by
reacting with O radicals. Nearly all of this CO converts to CO, by
reacting with OH radicals. Some of the produced CO5 react with NH
radicals to produce HNO which is the biggest source of fuel NO forma-
tion as described earlier.

Recently, Mashruk et al. [54] investigated methane/ammonia/hy-
drogen ternary blends for the first time in a swirl burner at a constant
equivalence ratio of 1.2 under atmospheric conditions. With increasing
ammonia content (30/75 (vol%)) in the fuel mixtures, methane content
decreased (70%/0% (vol.)) and hydrogen content increased by a small
margin (10/30 (vol%)). Minimum N;O and NO, emissions were
observed for all the fuel blends at the rich condition. Significant NO
emissions were observed at high methane mixtures due to the OH radical
availability while NO emissions decreased significantly with increasing
ammonia content in the fuel due to the increased availability of NHy
radicals. NHj slip increased at first with decreasing methane content in
the mixtures due to reduced OH and H radical availability but then
dropped again as hydrogen content increased. At this stage, hydrogen
chemistry became dominant and finally significant increase in ammonia
slip was observed as ammonia chemistry took over.

Similarly, unburned ammonia emissions play an important role in
the emissions profile of these systems. Any unburned ammonia will be
part of any regulation, and therefore affect the design of these com-
bustors. Ammonia at the exhaust can precede the formation of particle
matter via ammonium sulfides and nitrates, hence deteriorating the
environment. This is a problem for combustion systems running on
ammonia at the planned power scales. Therefore, the systems need to be
designed to ensure that slip ammonia is mitigated, avoiding nuisance
caused by smells whilst ensuring the reduction of particle matter.
However, the science behind the mitigation of these emissions is still
being developed, with reaction mechanisms still showing discrepancies,
materials denoting a variety of impacts in the production of emissions as
third bodies, and conditions with various blends still waiting to be
discovered.

3. Combustion applications

The possibility of using ammonia in combustion systems such as
furnaces has been suggested since the nineteenth century. As a carbon-
free fuel, ammonia shows very promising applications in the future low-
carbon economy, motivating interest for ammonia combustion studies.
Table 1 compares some main properties of NHs (e.g., burning velocity,
auto-ignition temperature, and minimum ignition energy) with other
commonly used hydrocarbon fuels, such as hydrogen, methanol, and
gasoline.

A furnace is an “‘enclosed structure for intense heating by fire”. These
systems are the basic building block of industrialised societies, with the
main objective of reaching higher processing temperatures than those
obtainable in open fires. They can facilitate chemical processes and
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reactions, or support physical processes such as annealing or drying.
Overall, furnaces can be classified in many ways, although one
commonly used is based on the heat transfer concepts (sources and
sinks) which are highly dependent on geometries, fuel types and heat
transfer mechanisms [87]. Thus, ammonia furnaces can be separately
categorized from their fossil-based counterparts, as the use of ammonia
in these systems will present different sink/sources that will bring for-
ward new technological concepts, and concepts that are under current
evaluation by several companies. Examples include the development of
medium size units that will support chemical processes and steam pro-
duction in locations far from the grid, Fig. 5. Similarly, the use of
ammonia at a large scale has found a niche application in Japan, where
companies such as JERA are investing on R&D for the co-firing and
replacement of coal by ammonia in power plants. Large facilities such as
Hekinan Thermal Power Station are currently under development to
push the maximum ammonia concentration that can be replaced in these
systems. Particular to this site, it is expected that Unit 4 will switch to
20% ammonia by the late 2020s, requiring the process of up to 500,000
tons/year of ammonia [88].

Therefore, the point to address in this section is the use of furnaces
fed with ammonia-blends. Ammonia furnaces can be used for processes,
kilns and cement production, steam generation for power and chemical
reactions, and other industrial areas where high heat is required [89].
One of the great advantages of using a furnace is that they are more
robust and easier to operate than other energy production media with
flexible systems that enable high accessibility for maintenance and ret-
rofitting purposes, making these devices long-lasting. Although these
devices tend to have large dimensions and very robust structures, their
implementation across the industrial sectors make them a preferred
solution when it comes to simple heat recovery applications or the use of
alternative fuels such as ammonia.

Fig. 5. Commissioning of a 1.5MW unit operating with ammonia blends for
steam production. Cardiff University Centre of Excellence on Ammonia
Technologies.

Table 1
Key properties of ammonia and common fuels [85,86].
Ammonia Hydrogen Methane Propane Methanol Ethanol Gasoline

Lower heating value (MJ/kg) 18.8 120.1 50 46.4 19.7 26.8 44.5
Maximum laminar burning velocity (m/s) 0.07 291 0.37 0.43 0.50 0.47 0.47
Flammability limit (Equivalence ratio) 0.63-1.4 0.10-7.1 0.50-1.7 0.51-2.5 0.55-2.9 0.66-2.4 0.7-4
Auto-ignition temperature (°C) 651 571 537 450 470 365 230
Minimum ignition energy (mJ) 8 0.011 0.28 0.25 0.14 0.28 0.8
Density (g/L, 25 °C, 1 atm) 0.703 0.082 0.657 493 787 789 740
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3.1. Large scale furnaces

Ammonia has been a by-product of many processes, especially those
that concern the use of large quantities of fossil fuels. This is evident
especially in industries such as steel making, COG production, oil and
gas exploration/exploitation, gasification processes, etc. However, since
ammonia has not been considered as a viable fuel until recently, most of
these facilities tend to flare or discard the chemical to the atmosphere.
Therefore, several applications can be pursued to recover and employ
this “waste” ammonia for the production of heat to support processes or
the generation of steam for power applications.

Ammonia combustion in industrial furnaces has been conducted over
the years by the company Duiker Combustion Engineers. Their approach
seeks the use of ammonia as a heat source capable of raising water and
steam temperatures for additional power generation. The concept also
seeks to support processes such as Sour Water Stripping (SWS) in oil
refineries, as the fumes from those locations contain ammonia traces
with other chemicals that increase corrosion problems during the re-
covery of sulphur [90]. Since the removal of ammonia increases costs,
the chemical needs to be used for additional heat production to reduce
natural gas consumption on site, hence decreasing operation costs and
levelling the use of ammonia recovery systems. The furnace design is
based on the use of Stoichiometric Controlled Oxidation (SCO), which
through a couple of chambers ensures rich combustion followed by
leaner oxidation after quenching of the flame. The concept, similar in
nature to the use of Rich-quench-Lean (RQL) technology for ammonia
combustion in gas turbines [91], enables the stoichiometric control of
the flame at the source, ensuring that unburned ammonia from the first
stages is properly reacted with nitrogen oxides formed through the
combustion process. Large nitrogen, water, and any remanent reactants
(ie. ammonia and/or hydrogen) are finally combusted with the addition
of excess air in the secondary combustion zone, completing the reaction
and delivering high heating profiles. Results have ensured emissions
<80 ppm (vol%) and temperatures ranging from 2000 to 1100 K be-
tween sections [90], Fig. 6. Ammonia flowrates have reached up to
2.684 kg/h in the latest commercial systems commissioned by the
company.

Similarly, Uber Industries Ltd, Japan, have used ammonia for the
production of cement in large production kilns [92]. Their program
demonstrated that waste ammonia can be used to support the produc-
tion of cement, whilst the final product (clinker) retains most properties
when using ammonia fuelling. It has been estimated that the replace-
ment of 1% of coal by ammonia in the sector could have massive CO2
reduction implications (up to 160,000 CO2 tons annually) [92].

Another tentative option for the use of furnaces is to employ oxygen
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enriched atmospheres. Oxygen, product of air separation units used for
nitrogen and ammonia production, could be employed to enhance the
combustion process and increase ammonia burning stability. Co-firing
ammonia with methane under oxygen-enriched atmospheres has been
attempted experimentally and numerically using small-scale burners
(10 kW). Emissions were controlled, whilst the combustion performance
was improved [93]. An important issue when using ammonia is its low
radiant heat flux due to no carbon. Thus, further work performed by
Murai et al. [93] using a calibrated FTIR-C-20-120 spectrometer and IF
fibres compared the radiation produced by pure ammonia, methane and
oxygenated ammonia blends. An increase of oxygen content up to 30%
(vol) considerably augments the radiation heat flux whilst bringing
upstream the highest radiation point, Fig. 7. Values of oxygenated
ammonia were even higher than those of methane, presenting a prom-
ising solution for furnace operation. Although the effect is mainly due to
the increase in temperature (thus wall radiation), the use of
oxygen-enriched ammonia for these processes is feasible for industrial
purposes. In addition, the same results were confirmed by a demon-
stration study using a 100 kW class model furnace, which is closer to the
practical scale of industrial furnaces used by industry [94].

Studies by Xiao et al. [95] also demonstrated that the use of the
technique increases laminar burning velocity, whilst NOx emissions
remain constant at oxygen values up to 40% (vol). Employing a reduced
version of Konnov’s mechanism, the study also demonstrated that the
reaction H + O2—0 + OH remains the most sensitive to the burning
velocity. However, the reaction HCO + M—CO + H + M contributes
more than NH,+NO—-NNH + OH under oxygen enriched conditions.
Further numerical analyses also denoted the impact of pressure, as
previously described. The increase from 0.1 to 1.7 MPa has a drastic
reduction in NO emissions, which are mainly produced via HNO. Simi-
larly, CO emissions from NH3/CH4 co-firing are considerably reduced
with the increase of pressure, Fig. 8. Methane consumed in the presence
of high O/OH seems to produce CHs, which through the production of
CH50 leads to large HCO pools that procure the CO emissions [95].
However, higher pressures tend to thin the flame whilst enhancing
reactivity at both the flame and post-combustion zones, reducing both
emissions. Further research running at ~40 kW denoted stable flames,
where fuel-rich conditions showed low NOx combined with large
quantities of steam and nitrogen production [96], a point discussed in
previous sections.

Numata et al. [97] also studied the use of ammonia in degreasing
steel sheets using an impinging jet burner. Due to the challenges of the
use of ammonia for these applications, an improved burner needed to be
design specifically for the use of ammonia-natural gas co-firing.
Different geometries, designs and arrangements were studied to
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Fig. 8. Emissions from oxygen enriched ammonia-methane co-firing [95]. (Reprint with permission).

improve the heating profile for degreasing purposes of galvanized steel
sheets used for the automotive, appliance and construction industries. It
was found that the appropriate design makes feasible the use of
ammonia for such an application, Fig. 9.

Ammonia combustion in furnaces has also been assessed as a sub-
stitute in coal power stations. The Japanese company Chugoku Electric
Power Co., engaged in a program to employ ammonia as a substitute of
ammonia in large boilers [98]. The Mizushima Power Station was ret-
rofitted to enable the use of ammonia for power generation. A 156 MW
unit was used for the test campaign. In order to use ammonia efficiently,
the chemical was pre-vaporized and accumulated before accessing the
boiler under the required flowrates. Up to 450 kg/h of ammonia
(equivalent to 400 kg/h of coal) were used to produce 1 MW power at a

mixing rate of 0.6%. The results denoted that a slight increase in
moisture content (~0.4%) was not detrimental to the combustion pro-
cess, whilst no corrosion in the system was observed. Further, the
recombination of ammonia in post-combustion sections reduced NOx
fumes, leaving the final emissions level similar to those without retro-
fitting (340 ppm in vol.). Finally, The demonstration test confirmed that
CO; emissions were reduced by the amount of NH3 co-firing.
Follow-up work from IHI corporation, Japan, demonstrated experi-
mentally and numerically the use of ammonia-coal co-firing in an
existing coal-fired boiler [99]. As previously raised, emissions and heat
flux on the boiler walls were the key topics of concern in the research.
NOx was evaluated using a 10 MW thermal input facility using an
ammonia-pulverized coal burner, Fig. 10. By injecting ammonia into the

.
#44
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SET T30

Fig. 9. Methane (left) and blended (right) combustion for degreasing steel sheets [97]. (Reprint with permission).

1605



A. Valera-Medina et al.

reduction zone, NO emissions were controlled, and it was confirmed that
up to 20% (calorific base) can be used to replace coal without major
detrimental to the process, emissions and combustion system. Concur-
rently, the heat flux on the wall was addressed numerically using a 1000
MWe power unit. Although the gas temperatures using ammonia
co-firing are lower than with coal, the difference between heat fluxes
were not too pronounced, Fig. 11. Ishihara et al. [100] conducted
further tests at various co-firing ratios (0-80%) using detailed chemistry
from Hashemi et al. model designed to simulate NOx formation and
reduction in coal combustion. Soot (C166) and char (C412N5) were also
included.

A reactor network, representing IHI burner, Fig. 12, and three
different modes of ammonia injection was used for that purpose, Fig. 13.
Results found that low CO2 and NOx could be produced by the reduction
of coal and various processes such as ammonia DeNOxing, lower tem-
peratures and char-NO reducing effects, respectively. Additional work
[102] showed that the increase of water content from ammonia com-
bustion could also reduce CO by the water gas shift reaction,

H;0 + CO — Hy + CO, (R2)

The work also addressed the difference in reaction paths between the
20% and 80% cases with the 40% and 60% scenarios, Fig. 13. NO
emissions are considerably reduced at 20% due to post-combustion re-
actions, whilst at 80% there are more effective reactions that do not
involve NO production and that lead to Ny via NH; recombinations.
Although 40% and 60% NO at the flame are kept low via reactions that
produce N2H; and NNH, the higher temperatures in the post-
combustion zone elevate thermal NOx.

Supporting works also took place by the Central Research Institute of
Electric Power Industry who investigated various methods to reduce
NOx emissions in several test furnaces employing ammonia-coal co-
firing [103,104]. Initial results denoted that with the increase up to 20%
of low heat value using ammonia the concentrations of NOx were just
slightly increased. It was also noted that the injection of ammonia in
specially localized ports can also decrease NOx emissions. Thus, results
demonstrated that strategic injection of ammonia in these systems has
the potential of reducing unwanted emissions whilst achieving high
combustion efficiency.

Further tests using various nozzle tips were conducted to see the
effect of the injection strategy on the production of emissions and un-
burned ammonia. Tamura et al. [105] from IHI Corporation numerically
and experimentally analysed the coal-ammonia burner, Fig. 10, using
different injection strategies (coal and ammonia mixed, injected sepa-
rately with diffusive ammonia injection, or injected horizontally) with
different nozzles, Fig. 14, at various ammonia co-firing ratios at 1.2
MWy, power. Results show that NOx emissions remain stable up to 30%
ammonia content when ammonia is premixed with coal, whilst NOx
increases from 35 to 47% co-firing. When ammonia is injected diffu-
sively, NOx levels are just slightly higher than under premixed

Pulverized Coal
+Primary air

Ammonia ,

Combustion air

Reduction zone

Fig. 10. IHI Burner [100]. (Reprint with permission).
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conditions. This suggests that co-firing ammonia below 30% leads to
similar NOx levels than burning pure coal. As for the use of different
nozzle tips, numerical results were run at 35% ammonia content. It was
evident that the geometry of the nozzle had a critical effect on both NOx
and unburned carbon content, Fig. 14. The differences were mainly
caused by the injection of ammonia into the recirculation central zone
(tip B) compared to the injection into the coal stream (tips A and C).
Further, the ammonia content in the recirculation zone increases the size
of the coherent structure, pushing the coal particles out into the com-
bustion air flow, and reducing unburned coal. Additional tests were
conducted for emissions such as NyO and unburned ammonia, and
radiative heat transfer analyses were characterised using premixed
coal-ammonia. Results show a sudden increase in NH3 emissions further
down the flame zone, although these emissions are finally reduced with
a slight increase of NO and total annihilation of N5O. In terms of radi-
ation, the higher ammonia content leads to the transition to a more
non-luminous flame. However, since temperatures are similar between
the pure coal and ammonia-coal co-firing cases, and the field has enough
carbon particles, it was believed that there was no acute change in
radiative heat transfer [105].

Studies conducted by Xia et al. [106] report the flame propagation
mechanism for pulverized coal co-fired with ammonia. The research
team observed that ammonia/coal co-firing produced higher flame
propagation velocities than pure coal, whilst the use of pure ammonia
would be dependent on the equivalence ratio employed. The study
expanded on the explanation of the losses/gains during the combustion
process of these blends through three zones (coal combustion zone,
preheat zone, unburned mixture), Fig. 15. During lean combustion, most
of the ammonia reacts within the reaction zone between the coal com-
bustion zone and the preheat zone. However, rich conditions change
these dynamics, as most oxygen is consumed by the reaction with
ammonia and volatile matter in the reaction front. Coal particle devo-
latilization are within the reactions taking place in the process, whilst
the formation of soot is also enhanced at the reaction front. The coal
particle follows a sequence of heating up (by the reaction zone and ra-
diation), the release of volatile matter and its combustion, and char
combustion, all occurring simultaneously. Soot particles form as part of
a secondary pyrolysis process that comprises the consumption of volatile
matter. It was observed that using ammonia under lean conditions leads
to some positive effects (ie. radiation and volatile matter production)
that are greater than the heat absorption of the coal particles. However,
the increase of volatile matter, which increases the local equivalence
ratio, is detrimental under rich conditions. This results in lower flame
propagation velocities compared to pure ammonia. Stoichiometric
conditions show a balanced performance between these phenomena,
making pure ammonia and coal/ammonia flames similar in terms of
their propagation velocity.

Zhang et al. [107] numerically approached the influence of ammonia
(0-80% vol) in such a burner at 8.5 MWy, conditions using a refined
mechanism, Fig. 16. Excess air ratio and staging air ratio were kept
constant at 1.18 and 30%, respectively, over 7 different cases. Results
showed that the increase on ammonia content drastically shifts the
flame shape. When ammonia content exceeds 40%, the central recir-
culation zone is completely penetrated by the ammonia jet, hence
forming a long, thin flame. This affects the swirl number (S), bringing it
down to values between 0.2 and 0.3 S. Further, heat flux distribution on
the walls also changes passed 20% (vol) ammonia addition, whilst un-
burned ammonia content increases considerably from this point. While
the proportion of radiative heat decreases with ammonia, the proportion
of convective heat increases due to the amount and velocity of the gas.
Conclusions are drawn on the high potential of ammonia-coal co-firing
when ammonia content is below 40%.

Therefore, Stocks et al. suggests that displacing 20% of Japan’s
projected coal by 2030 would require around 22.7 Mtons of ammonia
annually. The avoided coal combustion would results in 40 Mtons of
avoided emissions per annum. Assuming that the ammonia comes from
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Australia, this would also lead to the reduction of fugitive emissions,
considerably supporting the zero carbon Japanese agenda [108].

As previously mentioned, China has also started an ambitious
campaign to work with ammonia as a substitute of fossil fuels. In
January of 2022, ammonia-coal co-firing of 35% ammonia was for the
first time successfully achieved in a 40 MW coal-boiler at the China
Energy Group Yantai coal power plant. Shandong province and further
work is underway to increase the ammonia content [35]. The test rig is
shown in Fig. 17. The work has demonstrated that stable ignition and
combustion of coal can be achieved with the addition of up to 35%
ammonia, with the co-firing combustion efficiency even higher than that
of pure coal combustion. Emission-wise, the use of staged combustion
technology with an over-fire-air ratio of up to 20% has shown the
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potential to reduce NOx emissions to a level lower than that of pure coal
combustion. Further increase in the over-fire-air ratio did not signifi-
cantly reduce NOx emissions, but did result in a decrease in CO and
carbon-in-ash, potentially improving thermal efficiency. More recently,
a 300 MW coal power plant in Anhui Province was co-fired with up to
35% ammonia at the Tongling Power Plant, Fig. 18 [109]. The project
was a collaboration between the Institute of Energy, the Hefei
Comprehensive National Science Center and the An Hui Wenergy
Company Ltd. An 8.3 MW pure ammonia burner was developed and
tested in the coal boilers. The power plant operated at a thermal load of
100-300 MW with 10-35% ammonia additions, resulting in a maximum
ammonia consumption rate of 21 tons per hour. The main conclusions
were that ammonia burn-off efficiency was greater than 99.99% (with
unburnt ammonia less than 2 ppm), NOx emissions were reduced to
lower than that of pure coal combustion, and thermal efficiency was
equivalent to that of burning coal. Moreover, the electricity generated
by the ammonia-coal co-firing was directly connected to the local
electricity grid for residential and industrial consumption, with a stable
electricity supply of 100-300 MW and an ammonia fraction of 35%
during the 2-h test period.

In support of these works, a vast number of research groups working
on ammonia combustion have joined the efforts to combust the fuel
whilst increasing efficiencies and reducing emissions. Xu et al. [110]
conducted simulations of a 600 Mwe coal power plant whilst replacing
coal at rations from 5 to 20% in increments of 5%. Using two different
scenarios that accounted for either identical Adiabatic Flame Temper-
atures or identical Excess Air Coefficients, their analysis evaluated the
impact of coal content in carbon dioxide reduction and ammonia impact
on the system’s exergy. The analysis depicted the reduction in unwanted
emissions (CO5 and SO,) with a considerable increase in water content.
Around 96 ton/hr of carbon dioxide were mitigated when a 20%
ammonia content (in heating value basis) was added to the blend.
However, the process also increased exergy losses product to irrevers-
ibilities during the combustion of ammonia. Exergy losses of heat ex-
changers and fans were lower with ammonia due to a decrease in heat
transfer temperature difference and reduced airflow into the furnace,
respectively. It was also observed that the identical Adiabatic Flame
Temperature scenario delivered lower exergy efficiencies, whilst the
increase of water also can improve the acid dew point of the flue gas, an
issue with corrosive implications that need further evaluation [110].

Studies conducted by Chen et al. [111] investigated the reduction of
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Fig. 14. Various ammonia tips (A, B, C from left to right) and emission results at 35% ammonia co-firing content (vol) [105].

NO by char/ammonia when using ammonia-coal co-firing. Initial
quantum chemistry studies evaluated the oxidation paths of various
species, showing that processes take place under homogeneous and
heterogeneous conditions. These calculations revealed the importance
of HNO and the formation path of N3O. Further, results also improved
the development of migration and transformation mechanisms of N
during the NHs-pulverized coal co-combustion. Additional analyses
depicted that rate-determining constants in NH-NO reactions are greater
than those in NH3-NO and NH2-NO heterogeneous reactions. These
findings strengthen the leading role of imidogen in ammonia denitrifi-
cation processes, but also provide clarity in the role that char plays when
supporting NO reduction by NH [112]. Further, it is observed that OH
located on the char surface is a key component in NO decrease by NH at
high temperatures. Other compounds such as Fe and CO were also
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examined [113]. As previously mentioned, char seems to be a reduction
agent for NO emissions. Using a high temperature tube-furnace and
quantum chemistry, the group found that iron-impregnated char pos-
sesses less reduction efficiency than demineralized char/ammonia as a
consequence of the not conducive adsorption of NH and NO of Fe.
Similarly, theoretical results exhibit CO as a promoter of a synergistic
effect with amino agents contributing to NO reduction. When char, NH,
CO and NO are combined, hydrogen atoms weaken the N-C bond, thus
promoting NO heterogeneous reductions. Carbon monoxide fills active
sites on the char surface, hence inhibiting NO reduction. Experiments
indicate that CO improves NO reduction in ammonia, char and NO
fields. Simultaneously, CO plays various roles in the reduction of NO by
NH (as previously mentioned), results that depict a greater contribution
to emissions reduction compared to NO reduction rates caused by
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Fig. 18. Tongling power plant, anhui province, China [109].

CO-coordinated char [114].

An important parameter in the use of coal is the production of vol-
atile and particle matter, as previously depicted. Zhu et al. [115]
employed coal pellets to evaluate the impact of having ammonia in the
reaction stream. They observed that using ammonia improved the
devolatilization of coal and the release of volatile matter, which led to
earlier ignition. The study, that evaluated the time-resolved evolution of
volatile matter and soot formation at various positions through the
flame, denotes a change in temperature profiles (ie. higher with
ammonia content) whilst emphasizing the reduced concentration of soot
when NH3 was injected in the reacting flow. This comes as a result of the
consumption of soot-forming species such as CoHy and C4Hs, inhibiting
the formation and growth of soot by competing carbon, an effect that
was more pronounced under lean conditions due to the excess of oxygen.

3.2. Small to medium scale furnaces

Further works are being led by Portugal in this front. The work of
[116] has looked at the use of ammonia-coal co-firing in fluidized bed
reactors both numerically and experimentally. With the potential of
using ammonia-coal co-firing to reduce up to 74% of COy emissions,
different ammonia-coal ratios were investigated (from 0 to 80% in mass)
to determine the impacts on heat release, carbon species, NO and un-
burned ammonia emissions. Air staging was also addressed in the study.
As expected, ammonia addition reduces CO2 emissions compared to
pure coal firing, whilst 10% ammonia substitution delivered similar NO
emissions to those of pure coal. Higher ammonia content increases NO
emissions, although air staging (at 20% flow rate) brought down the
pollutant by up to 50%. CO emissions are also considerably lower,
probably as a consequence of the enhancement of reaction (R2) above.
Conclusions showed that a 20% ammonia injection is attainable with
minor detrimental to heat flux and temperature, whilst NO abatement
can be achieved by the proper location of the ammonia injection sys-
tems. The research is complemented by further tests [117] using coal,
biomass and ammonia, attaining to eliminate coal (bituminous) from the
blend. It was found that CO and CO2 decrease with the use of biomass,
whilst NO emissions were also decreased since biomass contains less
nitrogen than coal and high volatile content can also reduce the
pollutant. Thus, the potential of this technology in low-emissions in-
dustrial systems is vast.

Slefarski et al. [118] detailed experimental trials where ammonia
was used for the replacement of methane. Ammonia was replaced in up
to 10% concentration with N and CO; as diluents, respectively, whilst
NOx and CO emissions and temperature profiles were obtained. As ex-
pected, high levels of emissions were observed particularly under stoi-
chiometric conditions. However, the use of either nitrogen or carbon
dioxide threw some interesting findings as the latter produced more
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NOx. Surprisingly, the opposite was initially thought from the use of
nitrogen, which under thermal reaction was initially seen as another
source of nitrogen oxides. It was conceived that the phenomenon was
based on the recombination of NOx emissions and amino radicals such
as NH; in combination with greater heat removal for carbon dioxide (ie.
1.3 vs 1.2), hence affecting dissociation mechanisms in a different per-
centage. The group continued works aiming at the use of 50% replace-
ment in such a unit [118]. Further analyses conducted by Jéjka and
Slefarski [119] were performed under lean methane conditions (ie.
equivalence ratio 0.71) to observe the impact of ammonia doping (up to
5% vol) and preheated conditions (473K). The group also used different
swirl values by changing blade angles to observe the effect of this
parameter on CO and NO emissions. It was found that the change in
blade angle, thus Swirl number, had a considerable impact on NO
emissions, changing from 1950 to 1585 ppm (vol) at the highest
ammonia concentrations. Doubling power from 15 to 30 kW did not
seem to have a major change in these high levels of emissions. It was
concluded that the shorter residence time and high local temperatures
near the wall tend to increase NO formation.

Hewlett et al. [121] demonstrates that the use of ammonia from the
product of coke production (which account for quantities as high as 32%
in the waste streams) in combination with the coke oven gas obtained
from the process (which is rich in hydrogen and carbon monoxide) at
concentrations between 10 and 20% (vol) can be a viable solution for the
production of power. Results show that at high equivalence ratios ~1.2
the emissions obtained from the combustion process tend to be lower
than those established as a threshold in current legislation, with values
below 96 ppm, Fig. 19. The products of combustion could be employed
to power a gas turbine, which in combination with a bottoming Rankine
cycle can generate >4 MW at efficiencies close to 48%. Further studies
conducted by Hewllet et al. [120] also depict the potential of using
humidified ammonia in these processes. Experimental results, Fig. 19,
show the shift of reactions by the addition of water in blends that use
COG (15% vol) and anhydrous ammonia or humidified (60% water)
ammonia blends. Although NO emissions follow the same trend, NH3
measurements at the exhaust have a higher slope when largely humid-
ified ammonia blends are employed. This is believed to be a conse-
quence of the lower rate of reaction caused by the inhibiting presence of
water in the fuel. Thus, it is evident, that water content in the com-
bustion of ammonia can shift the reaction to lower equivalence ratios,
likely a consequence of greater H/OH/O pools that are highly reactive
with ammonia, whilst higher concentrations can be detrimental to the
final operation of the system.

Recent work performed at Foshan Xianhu Laboratory in Guangdong
province of China has shown that ammonia is a promising substitute for
natural gas in the industrial production of ceramic tiles [36]. In order to
achieve stable ignition and combustion, low NOx emissions, and high
combustion efficiency, a swirl burner was developed and tested for
ammonia combustion in the laboratory, Fig. 20. Stable combustion of
pure ammonia was achieved over a wide range of operating conditions,
as demonstrated in Fig. 20(a), by optimizing the swirlers and other
major burner components. Based on the promising laboratory results, 15
different industrial burners with a power output of approximately 45 kW
were designed and further tested in an experimental tile kiln. An opti-
mized burner, as shown in Fig. 20(b), enables easy ignition of pure
ammonia, and stable combustion with adjustable heat power output in a
wide range of 3-45 kW. To address NOx emissions, which is a key
concern in ammonia combustion, a staged combustion technology was
implemented by injecting a secondary air flow into the combustor nozzle
downstream of the primary flame. This technique effectively reduced
NOx emissions to below 100 ppm (normalized to 18% O- as specified by
the regulatory standards of the Chinese ceramic industry), as compared
to the single-stage combustion, which can result in NOx emissions of
300-500 ppm (18% O5).

Throughout 2022, a consortium comprised of the Foshan Xianhu
Laboratory and two local industrial companies, DLT Technology Co. Ltd
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Fig. 20. Laboratory scale burner (~5 kW) (a) and tile kiln swirl burner (~40 kW) (b) developed by Cheng’s group at the Foshan Xianhu Laboratory for

ammonia combustion.

(a tile kiln manufacturer) and Foshan Oceano Tile Co. Ltd (a ceramic tile
manufacturer) worked collaboratively to modify a pilot tile production
kiln. As seen in Fig, 21(a), the 30-m-long kiln was originally designed for
natural gas combustion. The original 36 natural gas burners in the kiln
were replaced with the newly designed ammonia burners. An ammonia
supply system, including a liquid ammonia supply station, an ammonia
evaporator, pipelines, pressure regulators, flow meters and ammonia
sensors, were constructed to provide sufficient ammonia fuel safely. An
in-situ flue gas measurement system based on the laser absorption
technique was developed and installed to monitor the emissions (un-
burnt ammonia and NOx) in real time. To make sure the NOx and un-
burnt ammonia emission levels met the regulations, a SCR system was
built in to perform the final NOx reduction in the flue gases. On
December 18, 2022, the world’s first ceramic tiles fired by 100% carbon-
free ammonia fuel were produced, Fig. 21(b). Results confirmed stable
ignition and combustion for pure ammonia throughout the two-day
operation, and achieved excellent properties for the floor tiles of 750
x 750mm in size. The successful application of ammonia energy in
producing “green tiles” has drawn wide attention from the Chinese
industry.

For the ammonia-fired ceramic production, the greatest challenge
was to control the fuel NOx emission to meet the regulations. Fig. 22
shows the strategies taken by the team to achieve a very low NOx
emission. Firstly, the air-staging combustion burners could reduce
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40-70% of NOx generated in the combustion. Along the kiln, there exists
a region around 800-1150 °C, where gaseous ammonia was injected to
perform Selective Non-Catalytic Reduction (SNCR) of NOx emission. By
the SNCR, around 20% of the NOx emission from the staged combustion
burners could be further mitigated. Finally, at the exhaust outlet of the
kiln, a Selective Catalytic Reduction (SCR) system is applied to bring the
amount of NOx emission well below the regulation level. Experimental
results show that the NOx emission is lower than 15 ppm (18% O) in all
of the cases; at the same time, the NH3 emission was controlled below 5
ppm. This work has demonstrated that the so-called multi-level De-NOx
strategy works very well in the ceramic tile kiln as it has sufficient space
to apply the different De-NOx techniques.

In parallel, the combustion research team at Korea Institute of In-
dustrial Technology (KITECH) performed an experiment on ammonia
co-firing using a pulverized coal combustion system in their 80 kW scale
furnace. Fig. 23 shows pictures of the combustion test rig and ammonia
co-fired burner installed into the furnace. The system used a swirl-type
burner, and the team tested several ammonia injection nozzles
through the burner, obtaining NOx concentrations between 150 and
1000 ppm (at 6% O3) without ammonia slip. Side wall injection for
various axial locations was conducted for 20% ammonia co-firing and
ammonia slips between 0 and 5 ppm were observed in the combustion
gas. Overall, the team showed that up to 20% ammonia co-firing can be
achieved through minimum burner modification for ammonia injection.
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Fig. 21. Manufacturing ceramic tile with pure ammonia fuel: (a) modifications of a pilot tile production kiln for pure ammonia combustion. (b) the world’s first

“zero-carbon ammonia fuel made tile” rolling out of the kiln.

Currently, the research group is testing ammonia co-combustion into
another industrial burner where pulverized coal and coke oven gas are
simultaneously combusted. KEPRI is performing a similar experiment in
their 700 kW-scale down-fired furnace. They have obtained similar re-
sults up to 30% co-firing and combustion optimization of the burner is
ongoing. Through experiments in bench-scale facilities, up to 20-30%
co-firing of ammonia was revealed to have a minor effect on combustion
efficiency and NOx emission, using minor modification and optimiza-
tion of existing burners.

Regarding bench-scale developments in Circulating Fluidized Bed
(CFB) combustion facilities, KIER (Korea Institute of Energy Research)
has performed an ammonia co-firing test in their 100 kW circulating
fluidized bed (CFB) combustion facility using up to 20% ammonia rates.
They obtained similar or lower NOx concentrations in the flue gas when
they introduced ammonia by mixing the chemical with primary air
(fluidizing air). KEPRI is currently performing a similar experiment in
their 100 kW (CFB) combustion facility by testing various methods of
ammonia co-firing. They will develop a new combustion guideline for
plant operators, and have a plan to extend the ammonia co-firing to
industrial CFB boilers. They are also considering using start-up burners
for ammonia co-firing as a suppoting extra method, whilst bench-scale
experiments are under plan, expecting the success of a 100%
ammonia-firing burner. For a commercial-scale application using coal
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boilers, Doosan Enerbility has been developing a 3 MW scale ammonia
co-combusted burner. They plan to start testing by 2023 to prepare
commercial-scale demonstration systems scheduled by 2026-2027. BHI,
a Korean boilermaker which owns the boiler business of Foster Wheeler,
is also developing an ammonia co-fired burner, with plans to apply their
burner technology at a utility scale. Currently, KEPRI is leading the
commercial-scale demonstration of CFB burners, whilst Hyundai power
system (HPS) is also participating in the program in collaboration with
Doosan Enerbility and BHI. Fig. 24 shows pictures of the Shin Boryeong
power plant and the Samcheok power plant, respectively, which are
considered as candidates for the demonstration site.

Technologies such as those based on Moderate or Intense Low-
oxygen Dilution (MILD) have been also recently employed to evaluate
the use of ammonia for fuelling applications in furnaces. MILD com-
bustion uses elevated temperature reactants and low temperature in-
crease during the combustion process, thus ensuring that emissions such
as thermal NOx are minimised [122]. In terms of ammonia, it is known
that lower reaction temperatures promote the path
NH3—-NHy—NH—-N>, thus minimizing emissions. However, to fully
assess this parameter and the impact of the technology whilst using
ammonia, several experimental and numerical campaigns have been
dedicated to the study of ammonia blends. Recent analyses [123]
evaluated the use of gases at moderate temperature close to 1450 K and
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short residence times (<0.5s), confirming that at equivalence ratios
between 1.1 and 1.7 the final NOx emissions were below 10 ppm.
Findings also revealed that low inlet temperatures <900K produced
higher NOx profiles. The phenomenon can be linked to the DeNOxing
effect of hot unburned ammonia, which reached high concentration
values > 100 ppm for these conditions [124].

Concurrently, it is known that hydrogen and other doping agents
promote the reaction of ammonia at high temperatures. However, the
role of these doping agents on the oxidation process of ammonia for low-
intermediate temperature regimes (900 K < T < 1350 K) required
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further investigation for their implementation in MILD combustion
processes. Manna et al. [125] investigated numerically and experi-
mentally a Jet Stirred Flow Reactor (JSFR) in the range of 1200 K < Tj,
< 1350 K at 0.14 MPa in a wide equivalence ratio ranging from 0.2 to
1.2. High dilution (up to 90%) was achieved with up to 15% (vol) Ho
content in the fuel. Results show how hydrogen moderately enhances
the reactivity of the system under these conditions, whilst lean, stoi-
chiometric and rich cases behave similarly within the low-intermediate
temperature regime. Notably, NO emissions under lean conditions and
low H, content increase at lean conditions, whilst under rich cases NO
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Fig. 24. Left) Shin Bo-ryeong power plant (1000 MWe X 2); Right) Samcheok power plant (550 MWe X 4).

remains similar between different hydrogen contents. Thermo-kinetic
instabilities were also assessed. It was observed that as Hs is added to
the mixture, the damped oscillations window becomes narrower and it is
shifted towards lower inlet temperatures, Fig. 25. It is notorious that
under fuel-rich conditions >1.0 there are no instabilities. Simulta-
neously, various mechanisms were used to reproduce the observed
conditions. From those used, Zhang mechanism [126] was shown to be
the one closest for validation. Modelling denoted the high reactivity
between ammonia and OH, thus partially inhibiting the direct oxidation
of hydrogen, which also reacts with NHy to reconvert back to NHs.
However, it was evident that models were not able to properly repro-
duce the NO trends under these conditions, probably due to the un-
certainties involved in the NO production route through NH; (ie. NH; —
HoNO — HNO — NO) and the concurrent NH; pathway to NoHy species,
a point that requires further consideration by reaction kinetic de-
velopers. Finally, it was concluded that the mutual inhibiting interaction
between ammonia and hydrogen vanishes at high temperatures where
NH,, gets involved in faster reactions, decoupling the oxidation chem-
istry between the former species [125].

Further studies [127] using ammonia-methane showed stability and
operability limits under MILD combustion conditions, denoting the
impact of methane on the operability of the system. Similarly, NOx
emissions were observed at various conditions, with peaks located in the
intermediate regions of 25%-50% ammonia content. Finally, chemical
kinetics showed that methane boosts the production of OH radicals, thus
sustaining the ammonia conversion rate. It was also observed that OH

consumes NH; along the methane conversion path, thus limiting the
DeNOxing effect of NHy via NHo+NO — Hy0 + Ny, increasing NO
emissions.

Other findings that are of practical interest have also been obtained
using various types of confinement materials whilst burning ammonia.
Manna et al. [128] demonstrated through various experimental cam-
paigns that the use of various materials can have a variety of responses
to the production of emissions when ammonia is used. The work was
based on the use of quartz and metals to confine the combustion rig. The
results showed that there is a difference in the kinetics of various species
as they react through different heterogeneous surface reactions. This is a
critical parameter that needs to be addressed and that not only will
impact combustion features but also material wearing, as previous
described in the previous sections.

4. Future trends

Based on common practices for ammonia production and decar-
bonisation agendas, it is predicted that green ammonia production will
surpass other methods of ammonia production (ie. blue, brown, etc.) in
the near future. Due to its special properties, using ammonia in sectors
such as processing industries, transportation, power generation and
heating will extend quickly, hence supporting the development and
optimization of systems for implementing ammonia-based fuels. As part
of this vision, a great variety of concepts and ideas have been conceived
for their utilization in furnaces, as presented in the previous sections.
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Fig. 25. Experimental maps of behaviour for various ammonia/hydrogen blends with 86% nitrogen dilution (colour areas show periodic oscillations, whilst dashed

regions denote damped oscillations) [125].
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Each of them has important paths towards further development and
progression. Some of these paths are briefly addressed in this section to
provide a vision of the topics and areas that will require further research,
development and investment.

Much contemporary research has focussed on the development of
detailed chemical reaction mechanisms to simulate the behaviour of fuel
blends. A range of fuels can be mixed with NH3 to enhance reactivity,
and from a design perspective, it is important that chemistry can be
accurately represented in numerical simulations, particularly with re-
gard to the formation of NOy. More research will be published to vali-
date the co-combustion of NH3 with other fuels, and autoignition delay
time measurements are an essential component of these studies. There
may be scope to evaluate the potential impact of NOy reduction con-
cepts, such as reactant humidification, on reactivity and any changes in
autoignition delay time. This has significance for the practical applica-
tion of NHs mixtures, and there will also be increased work at specific
system-relevant conditions. There will also be enhanced work in the
field of improving NHj3 flame stability, and there is scope to increase the
fraction of NH3 that can be achieved in both small- and large-scale
systems. This may require enhancements in both reactant and
combustor ambient temperatures, and under such conditions, NOy for-
mation presents a significant barrier to the wider implementation of
pure NHj as a future zero-carbon fuel. It is a crucial challenge for re-
searchers to develop and employ advanced combustor concepts with
NHj, whilst reducing NOy emissions. Several concepts previously
addressed can bring down NOy and unburned ammonia, including but
not limited to a) humidification that can shift the reactions whilst
bringing down temperatures that can enhance DeNOxing regimes; b)
stratified fuel injection and control to ensure the production of radicals
that can interact between themselves to reduce fugitive ammonia whilst
consuming early produced NOy; ¢) multi-stage combustion for the staged
consumption of species; d) use of SNCR with reduced utilization of SCR
to cap emissions whilst ensuring lower running costs; e) flow control and
increase recirculation via buffers or swirling flows; f) amongst many
others.

Similarly, novel studies on the impact of ammonia combustion in
various materials are required. Currently, the use of steels appears to be
settling some of these inconveniences, whilst nickel-based compounds
might also be resistant to the aggressive atmospheres produced when
combusting ammonia. However, longer running times and a diversity of
demonstrators are still needed to elucidate more insights into the phe-
nomena occurring at a molecular level between ammonia, emissions,
radicals, hydrogen radicals and material structure.

The current trend shows an increasing interest in retrofitting coal
furnaces for their use with co-firing ammonia. Although methane and
propane are also on track to be displaced by ammonia for decarbon-
isation purposes in medium size furnaces, ammonia injected in large
coal power systems is directly proportional to the reduction of carbon
dioxide emitted to the atmosphere, hence making very attractive the use
of this fuel to keep running coal-based large thermal cycles. However,
the increase in ammonia content can also trigger the production of
larger CO emissions combined with greater NOy formation, reducing the
benefits of using a zero-carbon fuel. Therefore, future trends will see the
onset of novel, improved technologies similar to those developed
recently as part of a trend of incipient methods to efficiently burn
ammonia. A better understanding of the combustion process of multi-
phase reactions using coal and ammonia will expand with further
studies in the field. Similarly, the use of other ammonia combinations
(ie. butane, heavier hydrocarbons, etc.) will start appearing in the
literature as a method of transitioning towards clean electrofuels’
combustion. Processes such as cement production, glass and steel
making, raw materials cleaning, etc. will be all within the technologies
that will likely evaluate ammonia as a fuel for combustion. Finally, the
use of the chemical in such applications will depend on the performance
of the combustion units, their environmental features (ie. pollution
formation), and the impact on components and materials that hot
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ammonia can produce. These points, combined with the right economics
and ammonia production methods (ie. since the production of ammonia
would need to ramp up several times from current rates), will make
ammonia as one of the preferred molecules to decarbonise furnaces in
the near future.

5. Conclusions

A comprehensive review of recent trends in ammonia combustion for
furnaces was represented in this article. Experimental techniques and
tools in the field of ammonia-based fuels combustion were investigated
and several recent reports were presented. Emissions such as NO, NO,
and N,O are also brought up to depict the challenges of burning
ammonia with its nitrogen-bonding nature. Other emissions were also
mentioned, whilst material impact demonstrates that there is a lack of
critical research still needed for the use of ammonia in fuelling systems.
A large compilation of data around the use of NHjs in state-of-the-art
systems seeking for novel injection solutions, operating regimes and
innovative designs capable of using ammonia furnaces was presented.
Furnaces using ammonia and fuel co-firing were explored as a solution
to minimise the consumption of fossil fuels whilst delivering high
heating rates needed for several industrial processes. Although CO and
unburned ammonia are still generated with high NOy levels, these
emissions appear to be below national standards, hence generating
positive perspectives for the development of these technologies. It must
be emphasized that these national/local thresholds will be lowered as
time passes by, hence requiring further research to unravel the phe-
nomena behind ammonia combustion and emissions traces coming from
these systems. It was found that several sectors and the large energy
requirements across Asian countries are driving the industrial use of
ammonia, whilst combustion fundamentals using coal and other solid
particles are still needed to avoid the production of unwanted emissions.
Large-size furnaces are already demonstrating the potential for the uti-
lization of ammonia under efficient combustion conditions, although
higher ammonia contents are still in need of further demonstration. As
for the medium to small-size units, novel designs employ concepts that
range from swirl stabilization, to gasification and humidified conditions,
all combined with either SCR or SNCR methods to decrease NOy pro-
duction, hence making the use of ammonia feasible for these applica-
tions. Finally, the future challenges in the field of ammonia-based fuels
within combustion systems needed to reach both optimum and
improved systems were discussed, addressing the need for these systems
and the high potential of seeing large furnace facilities running on NH3
in the near future.
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