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Article history: A potential enabler of a low carbon economy is the energy vector hydrogen. However, issues associated
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with hydrogen storage and distribution are currently a barrier for its implementation. Hence, other indi-
rect storage media such as ammonia and methanol are currently being considered. Of these, ammonia is
a carbon free carrier which offers high energy density; higher than compressed air. Hence, it is proposed

Keywords: that ammonia, with its established transportation network and high flexibility, could provide a practical
Ammonia next generation system for energy transportation, storage and use for power generation. Therefore, this
NH3

review highlights previous influential studies and ongoing research to use this chemical as a viable en-

Power generation ergy vector for power applications, emphasizing the challenges that each of the reviewed technologies

Renewable energy storage

faces before implementation and commercial deployment is achieved at a larger scale. The review covers
technologies such as ammonia in cycles either for power or CO, removal, fuel cells, reciprocating en-
gines, gas turbines and propulsion technologies, with emphasis on the challenges of using the molecule
and current understanding of the fundamental combustion patterns of ammonia blends.
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1. Introduction

Renewable energy is playing an increasingly important role in
addressing some of the key challenges facing today’s global soci-
ety, such as the cost of energy, energy security and climate change.
The exploitation of renewable energy looks set only to increase
across the world as nations seek to meet their legislative and en-
vironmental obligations with respect to greenhouse gas emissions.
There is broad agreement that energy storage is crucial for over-
coming the inherent intermittency of renewable resources and in-
creasing their share of generation capacity.

Thus, future energy systems require effective, affordable meth-
ods for energy storage. To date, a number of mechanical, electrical,
thermal, and chemical approaches have been developed for storing
electrical energy for utility-scale services. Storage solutions such as
lithium batteries or redox cells [1-3] are unlikely to be able to pro-
vide the required capacity for grid-scale energy storage. Pumped
hydro and methods such as compressed gas energy storage suf-
fer from geological constraints to their deployment [4-6]. The only
sufficiently flexible mechanism allowing large quantities of energy
to be stored over long time periods at any location is chemical en-
ergy storage [7].

Chemical storage of energy can be considered via hydrogen
or carbon-neutral hydrogen derivatives. One such example is am-
monia, which has been identified as a sustainable fuel for mo-
bile and remote applications. Similar to synthesised hydrogen, am-
monia is a product that can be obtained either from fossil fu-
els, biomass or other renewable sources such as wind and pho-
tovoltaics, where excessive electrical supply can be converted into
some non-electrical form of energy [1]. Some advantages of ammo-
nia over hydrogen are its lower cost per unit of stored energy, i.e.
over 182 days ammonia storage would cost 0.54 $/kg-H, compared
to 14.95 $/kg-H, of pure hydrogen storage [8], higher volumetric
energy density (7.1-2.9 MJ/L), easier and more widespread produc-
tion, handling and distribution capacity, and better commercial vi-
ability. Ammonia produced by harvesting of renewable sources has
the following properties [9-11],

1. It is itself carbon-free, has no direct greenhouse gas effect, and
can be synthesized with an entirely carbon-free process from
renewable power sources;

2. It has an energy density of 22.5M]/kg, comparable to that of
fossil fuels (low-ranked coals have around 20 M]J/kg; natural gas
has around 55 M]J/kg, LNG 54 MJ/kg, and hydrogen 142 MJ/kg);

3. It can easily be rendered liquid by compression to 0.8 MPa at
atmospheric temperature; and,

4. An established, reliable infrastructure already exists for both
ammonia storage and distribution (including pipeline, rail, road,
ship); today around 180 million tons of NH3 are produced and
transported annually.

1.1. Interest in ammonia for power

Ammonia has recently started to receive attention internation-
ally as a consequence of the primary benefits outlined in the pre-
vious section. For example, Japan has been looking for renewable
alternatives for their energy consumption requirements over the
last few decades, due to lack of natural energy resource. Hydro-
gen has been presented as an attractive solution that could meet
their energy demands, accompanied by reduction in greenhouse
gas emissions. However, Japan has clearly recognised the potential
of ammonia to serve as the hydrogen carrying energy vector, and a
22-member consortium led by Tokyo Gas has been created to cu-
rate “Green Ammonia” promoted by the Cross-Ministerial Strategic
Innovation Program (SIP) of Japan [12], seeking to demonstrate hy-
drogen, ammonia and hydrides as building blocks of a hydrogen
economy, Fig. 1. The Japan Science and Technology Agency (JST)
has announced the intentions of the consortium to develop a strat-
egy for “forming an ammonia value chain” that promotes the lead-
ership of the country in the production and use of the chemical
worldwide. All consortium members have extensive knowledge of
handling ammonia, with multimillion projects in progress or un-
der consideration. For example, IHI Corporation and Tohoku Uni-
versity plan to invest $8.8 M in 2017 to set up a duel-fuel gas tur-
bine that co-fires one part of ammonia to five parts of methane
[13]; similarly, Chugoku Electric Power Company intends to con-
duct co-firing experiments with coal and ammonia (at 0.6%) at one
of their power plants, paying $373,000 for the implementation of
this project [14].

In the USA, the Advanced Research Project Agency-Energy
(ARPA-E), subsidiary of the Department of Energy, has recently
launched its “Renewable Energy to Fuels through Utilisation of
Energy-Dense Liquids” (REFUEL) program, whose aim is to develop
scalable technologies for converting electrical energy from renew-
able sources into energy-dense carbon-neutral liquid fuels (CNLFs)
and back into electricity or hydrogen on demand, thereby acceler-
ating the shift to domestically produced transportation fuels, im-
proving American economic and energy security, and reducing en-
ergy emissions [16].

ARPA-E announced that grants totalling $32.7M would be
awarded to 16 REFUEL projects of which 13 are focusing on ammo-
nia. From small scale ammonia synthesis using stranded wind en-
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Fig. 1. SIP energy carriers’ 10 focuses for R&D [15]. Courtesy of the Japan Science and Technology Agency (JTS).

ergy to improving the Haber-Bosch process, recognised academic
institutions and large industrial enterprises are directly involved in
this program [17]. Thus, commitment from the US Department of
Energy to use ammonia as an energy vector and its further imple-
mentation in fuelling technologies to convert it back into hydro-
gen or energy are materialising through programs such as these.
Significant work on the use of ammonia for future energy sys-
tems has been undertaken by other US institutions such as the
Iowa State University and the University of Minnesota. The Univer-
sity of Minnesota [18] has pursued new methods for distributed
ammonia synthesis whereby small plants are able to produce hy-
drogen from wind to manufacture ammonia for fertilizing applica-
tions and fuelling of internal combustion engines. The latter will
run on a mixture of up to 50% ammonia with thermal reformers
to improve combustion efficiency through partial decomposition of
the molecule. This work is supported by recent analyses [19] that
show the implementation of ammonia to US fuel light-duty vehi-
cles (LDV) could potentially mitigate up to 30% of the cumulative
CO, produced by LDV, eliminating up to 96% of carbon emissions
from the sector by 2040 (718 Mtco, per year). Furthermore, these
programs intend not only to develop new technologies but also for-
mulate public policies that motivated governmental agencies could
employ to encourage development and employment of such sys-
tems [18].

The UK has also shown strong interest in the use of ammo-
nia as a chemical energy store. Works performed by Cardiff Uni-
versity, Siemens, Oxford University and UK Science and Technol-
ogy Funding Council are underway to design and commission a
first “Green Ammonia Decoupled” device that will show how en-
ergy from wind can be converted to ammonia for its storage and
further release of energy via an internal combustion engine [20].
Similarly, Oxford University recently published an extended report
entitled “Analysis of Islanded Ammonia-Based Energy Storage Sys-
tems” [21]. The work assessed different technologies available in
the market and the potential economic implications of recovering
stranded, renewable energy in various sites, i.e. islanded and non-
islanded, through use of ammonia. The results demonstrated that
ammonia is economically viable for islanded regions where both

ammonia for energy storage and fertilizer are combined, Fig. 2. Al-
though the current market is small and further development on
the synthesis of carbon-free ammonia is needed for further expan-
sion, the proposal shows that under the current scenario the use
of ammonia for these means is feasible. Special emphasis on this
point needs to be given to those small islands around the UK or
other islanded nations where such systems can successfully and
economically be deployed. Politics have also a role to play in the
use of ammonia, which has found support from Parliament in the
form of Lord Howell of Guilford, who recently wrote in ‘Jpn Times’
that ammonia will be a “revolutionary disruption coming to the
energy sector,” and suggests that using ammonia for energy stor-
age will prove to be “a game-changer at least on the scale of the
shale oil and gas revolution.” Lord Howell of Guilford served as
Secretary of State for Energy and for Transport during his thirty
years as a British Member of Parliament, and he is now chairman
of the House of Lords International Relations Committee [22].

In Australia a new chapter of the NH3 fuel association has been
recently opened, with industrial support from companies produc-
ing ammonia and hydrogen, hosted by Monash University. Repre-
sentatives of the NH3 chapter have discussed the interest that am-
monia has spurred over the last year after a large conference in the
US, emphasizing the need to start working closely with the hydro-
gen fuel community. The Australian chapter hopes to attract indi-
viduals and industries from Singapore, Malaysia and New Zealand
to increase awareness of the chemical, boosting the profile of the
use of ammonia for energy storage and power generation [23]. The
promotion of these works has led to one of the biggest projects
for the production of green ammonia from solar energy. Yara, the
second biggest ammonia producer, has announced its intentions to
build a demonstration plant that will produce ammonia from so-
lar energy in Pilbara, Western Australia. Hydrogen, product of the
electrolysis of water powered by solar energy, will be used for the
Haber-Bosch process in these facilities. Although this is not the
first project that uses solar energy to produce ammonia, this is
by far the biggest company to commission such a system to date.
The company believes that if the program is successful, “it could
grow to a full replacement of our current natural gas consumption
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by producing hydrogen with a solar field. In the long-term future
you could think about making it so big that it could be a multi-
ple of the current ammonia production. And then you could think
about integration of ammonia into the world market, but also in
the world market of renewable fuel production” [24].

Among all mainland European nations, the Netherlands are
leading the promotion of ammonia. The rationale for this fact is
that the Netherlands possess a substantial quantity of renewable
resources as a consequence of the high investment from govern-
ment and industry. Therefore, ammonia appears as an energy car-
rier that has the potential to provide the country with enough en-
ergy for its current demand, whilst allowing producing companies
to export any excess power. Companies including NUON, Gasunie,
Statoil and OCI Nitrogen are assessing the conversion of one of the
Magnum Power plant’s three 440 MW gasifiers with the intention
of using hydrogen, and eventually ammonia, in super batteries that
will feed the station by 2023-2030 [25]. Simultaneously, produc-
ers, distributors and naval designers seek the progression of the
technology in terms of storage in large ship containers that cannot
only mobilise ammonia but also can use it for fuelling purposes. C-
Job Naval and Proton Venture are part of a consortium that seeks
funding opportunities to develop a new generation of super vessels
capable to run on ammonia by 2040 [26].

Finally, and with a global interest in the use of ammonia for
power, the International Energy Agency (IEA) has recently become
a promoter of ammonia for a carbon-free future. The Renewable
Energy Division [27] has recognised that ammonia can be used to
tap into stranded energy produced from renewable sources (wind,
solar, tidal, etc.), and then be used to redistribute hydrogen prod-
uct from electrolysers connected to these systems. As evidenced in
their study, ammonia is much less costly to store for a long time
compared to hydrogen, i.e. 0.5 $/kg-H, for ammonia compared to
15 $/kg-H, for hydrogen over half a year, and at least three times

less costly to ship on sea or land [28]. However, the concept is
not directly competing with hydrogen, only with its mobility and
storage. Cedric Philibert, Senior Energy Analyst at the IEA, reflects
that the production of hydrogen from renewables dates from the
1960s, but it is only recently that the increasingly lower cost of re-
newables starts making these technologies competitive for produc-
tion of the chemical, thus conversion into ammonia for distribution
seems the most economically competitive alternative.

In this year’s edition of the Energy Technology Perspectives
2017 - Catalysing Energy Technology Transformations [29], for the
first time the EIA has featured ammonia in two major technol-
ogy transformations. First, ammonia production is shown making
a transition away from fossil fuel feedstocks and towards electri-
fication, using hydrogen derived from electrolyzers. Secondly, fol-
lowing this assumption that sustainable ammonia will be widely
available in the future, the IEA also classifies ammonia as an en-
ergy carrier, in the category of future electricity-based fuels (PtX
synthetic fuels). The inclusion of this pair of technology transfor-
mations represents a major step towards broader acceptance of
ammonia as an energy vector, from the perspectives of both tech-
nical feasibility and policy imperative.

Therefore, countries and international agencies have started
raising the awareness of the potential of ammonia for storage of
hydrogen, a rationale that has served to boost research in the area
of its use as energy vector and potential fuel.

1.2. Challenges for ammonia for power

A viable energy system based on ammonia faces four primary
barriers:

1. Carbon-free synthesis of ammonia,
2. Power generation from small to utility-scale size,
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3. Public acceptance through safe regulations and appropriate
community engagement,

4, Economic viability for integration of technologies and green
production of ammonia.

Current ammonia production methods are heavily reliant on
fossil fuels and consequently, barrier (1) is a challenging area that
still requires exhaustive research and will be treated as a separate
topic. Barrier (2) above is also critical, since most developments to
date have focused on improving small- to medium-scale devices
such as reciprocating engines. However, power output from such
units using ammonia is relatively modest, typically in the range
of 0.1-1.0 MW. Here, one of the main challenges is the reduction
of NOx emissions and unburned ammonia, contaminants that di-
rectly impact on climate change and are toxic to life, respectively.
It is recognised that NO, can aggravate cardiovascular and respi-
ratory diseases, with an estimate of 23,500 premature deaths per
year only in the UK alone [30]. Although considerable research has
been conducted understanding the formation process of this pol-
lutant [31], its formation and consumption during combustion and
post-combustion processes using ammonia are still at the core of
the research agendas of various research groups. Similarly, toxic-
ity of ammonia is one of the major impediments to deploy these
technologies, as public perception is very formative and perception
on the nuisance of its smell even at low concentrations is a critical
barrier (3) that requires further studies, understanding and innova-
tion. Thus, barrier (3) has played an important role even in small
devices, restricting the deployment of reciprocating engines, i.e. in
transport or small scale energy production. Therefore, any poten-
tial system based on ammonia needs to undergo health and safety
impact analyses and a review of current legislations, as well as tak-
ing into account public and end-user perceptions and tolerability.
Finally, the Economic viability (barrier 4) of such systems needs
to be proved, encouraging investors to set the foundations of both
industries and suppliers capable of delivering equipment and inte-
grated systems that produce green ammonia for its use in power
generation.

1.3. Significance of ammonia for power generation

A key step in the realisation of ammonia as a viable energy
vector is releasing the stored energy at the power levels required
for commercial or grid-scale applications. Existing fuel cells, cycles,
reciprocating engines and gas-turbine technologies and the under-
pinning science have been developed for use with hydrocarbons
or other fuel sources. Thus, the development of new devices and
techniques that can utilise green ammonia would have the follow-
ing advantages:

1. Reducing emissions. Being carbon free, ammonia offers the pos-
sibility of fuelling gas turbines, fuel cells and reciprocating en-
gines without direct CO, emissions. If the energy (and raw ma-
terials) used to synthesise the ammonia come from renewable
sources, the entire cycle can be made completely carbon-free.
Although the transition from current fuel sources to ammonia
will still produce carbon, a dual-fuel exchange strategy that in-
cludes carbon sources (i.e. methane, methanol) can potentially
lead to an order-of-magnitude reduction of carbon emissions
in the near term [32], ultimately leading to zero-carbon energy
systems.

2. Improving security of supply. Ammonia can be synthesised from
abundant raw materials, namely hydrogen (in water) and nitro-
gen (in air). Ammonia is already produced and transported in
considerable volumes (~180 Mtonnes/year [27]), and is there-
fore a practical and scalable fuel. With the capability of provid-
ing grid-scale energy storage, ammonia facilitates the increasing
exploitation of renewable energy sources.

3. Reducing costs of energy. Large (grid) scale energy arbitrage
can only be practically achieved by pumped hydro (in suit-
able dams/aquifers), compressed air energy storage (in suit-
able undergrounds cavities), and chemical energy storage (in-
cluding ammonia). The capital costs of ammonia energy stor-
age are comparable to or better than those for compressed air
and pumped hydro but without the attendant geological con-
straints, and substantially lower than other challenger technolo-
gies such as electric batteries [33]. Considerable infrastructure
already exists for the transportation and storage of ammonia,
along with well-established safe handling procedures, and this
reduces the need for investment in further infrastructure and
training [34,35]. Although the economic inertia of using fossil
fuels is entrenched globally, competitive scenarios can be cre-
ated by using such a fuel source that can be traded and moved
using existing infrastructure, build around liquid fuels [32].

These aspects require careful consideration, thus recognising ur-
gent further research needs for the realisation of a carbon-free am-
monia economy via storage of renewable energy.

At present, there is a range of existing mechanical, chemical,
thermal and electrical technologies for storing electrical energy
adaptable from small to large scale applications, Fig. 3. Of all these
technologies, only Compressed Air Energy Storage (CAES), Pump
Hydro and Chemical Energy Storage systems have enough commer-
cial maturity and the ability to store energy for large scale applica-
tions over long periods of time. The first two suffer the limitation
of site placement due to their geographic/geological requirements.
Thus, chemical storage via hydrogen and/or derivatives (such as
ammonia) and hydrocarbons present a viable option for practical
energy storage in the near term. Bearing in mind a desire to re-
duce carbon emissions, then only hydrogen and ammonia remain
as candidates to drive the storage of large quantities of energy with
flexible relocation of resources with a reduction on CO, emissions.
Finally, movement and storage of hydrogen has proved to be more
complex than for ammonia, for which a fully developed infrastruc-
ture has existed over a century, thus positioning ammonia as a
strong candidate to support the concept of flexible energy storage
at the largest scale.

Regarding ammonia transition, ammonia can be used to sup-
port power and heating processing with other fuels, thus increas-
ing its flexibility of usage. Ammonia blends have been assessed
and compared to conventional and higher hydrocarbon fuels, Fig.
4. These blends were analysed in terms of their Wobbe Index and
volumetric High Heating Value [36]. As observed, the Wobbe in-
dexes of the ammonia blends fall very close to that of town gas
(i.e. 31%CHy4, 49%H, and 20%C0O,) and likely similarly to other syn-
gases. Hydrogen, with a higher Wobbe Index, is closer to ammonia
than hydrocarbon based fuels with a similar volumetric high heat-
ing value, thus rendering conversion equipment simpler. Also, it is
evident that the increase of hydrogen in the ammonia blends (from
0% to 75% in this comparative study [36]) does not show a greater
increase in Wobbe Index, a point to be considered when devel-
oping distribution and combustion systems for ammonia-hydrogen
blends, which on this basis could be well started from the prece-
dent of town gas systems.

Recent Life Cycle Assessments (LCA) conducted by Bicer and
Dincer [37] show how the use of ammonia for transportation and
power production can have considerable advantages for the miti-
gation of environmental impacts such as global warming potential,
abiotic depletion, etc. The study uses ammonia produced via wind
energy-based water electrolysis using molten salt electrolytes. It
was shown that vehicles reduce their greenhouse gas (GHG) emis-
sions from 0.270 to 0.100 kg/km. Similarly, the production of 1M]
of electricity using ammonia results in a reduction of CO, emis-
sions from 0.130 to 0.083 kg CO, eq (with a time horizon of 500
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years, GWP500). For power generation, the main global warming
potential in natural gas power plants is based on the combus-
tion process (i.e. 97% production of GHGs), while in the ammo-
nia power plant the majority of GHGs (i.e. 93%) is due to the pro-
duction of ammonia, with only 6% of gases with global warm-
ing potential being produced by the combustion system. Although
acidification (kg SO, eq/M]) was two orders of magnitude greater
for ammonia due to potential leaks, ozone layer depletion was
half the value when compared to natural gas power systems, i.e.
2.74 x 1072 and 5.92 x 1079, respectively. Therefore, the greater po-
tential of ammonia for cleaner power can mitigate the production
of unwanted GHG emissions and contaminants.

In discussing ammonia storage, comparison with pure hydrogen
is always a point of contention. However, here the potential for in-
troduction of ammonia is presented as a complementary enabler
of the hydrogen economy, rather than a contender. Hence, the aim
of current research groups is to enable the distribution and usage
of hydrogen in a safer, more economically viable manner. There are
indirect and direct hydrogen storage solutions, with the latter be-
ing direct ways to recover hydrogen after heating or pressurisation,
while the former need various steps before hydrogen is recovered.
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Fig. 5. Hydrogen densities in hydrogen carriers [40]. Courtesy of Prof. Yoshitsugu
Kojima, Hiroshima University.

The best known direct solutions for hydrogen storage include
metal and complex hydrides, whilst indirect solutions include
steam reforming of hydrocarbons or methanol, hydrolysis of hy-
drides and decomposition of ammonia [38]. Organic hydrides such
as methyl cyclohexane (MCH) have also emerged as serious candi-
dates for storage of hydrogen. However, MCH also presents chal-
lenges, as it requires a complicated system for returning the base
fuel toluene from the point of consumption to the point of pro-
duction while carrying a low gravimetric mass of hydrogen [39].
Similarly, most current technologies for direct storage fall short for
higher gravimetric hydrogen density, and in particular, for those
that allow hydrogen desorption at sufficiently low temperatures at
fast rates [38].

For indirect solutions, methanol and ammonia currently appear
the most viable options, especially when related to full cells and
distribution systems, although ammonia presents an extra advan-
tage as it offers the possibility of truly carbon-free energy.

Recent investigations [40,41] have considered the development
of new materials for hydrogen storage, Fig. 5. Ammonia possesses
one of the highest gravimetric hydrogen densities (17.8 wt%) with
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the highest volumetric hydrogen densities (0.107 kg-H, /L), Fig. 5.
Thus, efforts are focused on exploiting this quality to create new
technologies for ammonia conversion into hydrogen. Some results
demonstrate good feasibility for almost complete cracking of NHj
into pure hydrogen [40], presenting the former as an enabler for a
hydrogen economy.

Distribution of the fuel is also a critical parameter to con-
sider. Transportation of ammonia is now a mature technology af-
ter over a century of development. Recent distribution methods
have appeared to reduce complexity and the potential for toxic
leaks. Metal amines are solid salts in which ammonia is attached
to a metal ion. From these, hexa-ammine-magnesium chloride has
been considered in some detail as an indirect hydrogen carrier
since it has both high gravimetric and volumetric hydrogen con-
tent. Furthermore, it is prepared from magnesium chloride, which
is abundant, inexpensive, binds ammonia reversibly, and can be
considered safe [38]. This material can be also compacted into
a dense material, which holds approximately 615kg-NH3/m3, or
110kg-H,/m3, almost the same volumetric ammonia content as
that of liquid ammonia. Due to a much lower ammonia vapour
pressure (200Pa) and release rate at room temperature, it is actu-
ally possible to handle this material safely at ambient conditions.
Thus, hexa-ammine-magnesium chloride (Mg(NH3)gCl,) and simi-
lar materials now present a commercially viable option to mitigate
the toxicity and corrosivity that liquid ammonia presents, justifying
further the distribution of hydrogen via ammonia [42], although
current developments are based on applications such as NOxX re-
duction.

Nevertheless, the use of hydrogen carriers other than ammonia
are being investigated. Despite the fact that in most industrial sec-
tors one solution among multiple options usually tends to achieve
a position of dominance, here it is conjectured that two or more
chemical storage technologies could co-exist for various shares in
the market. Although this is rare in most circumstances, hydrogen
carriers and ammonia can complement each other very well, hence
instead of competing, together supporting the transition of a car-
bon free economy. Thus, for ammonia to contribute to this eco-
nomic transition, new technologies need to be developed for its
consumption while allowing recovery of hydrogen with increased
efficiencies. This review, for that reason, presents various methods
of conversion from ammonia to power which seek to reduce in-
efficiencies across the whole process of conversion, transport and
recovery of hydrogen.

2. Background
2.1. General characteristics

Ammonia is a colourless gas with a sharp, penetrating odour.
Its boiling point is 239.8K, and its freezing point 195.5K, with a
density of 0.73kg/m3 and an auto-ignition temperature of 930K
(compared to methane, 859 K) under atmospheric conditions. With
an octane number of ~130, it has a high heat of vaporization
(1371 kJ/kg compared to ~271Kk]/kg of gasoline) and can be han-
dled as a liquid in thermally insulated containers. The ammonia
molecule has a trigonal pyramidal shape with the three hydrogen
atoms and an unshared pair of electrons attached to the nitro-
gen atom. It is a polar molecule and is highly associated because
of strong intermolecular hydrogen bonding. The dielectric constant
of ammonia (22 at 239.2K) is lower than that of water (81 at
298.2K), so it is a better solvent for organic materials. However,
its dielectric constant is still high enough to allow ammonia to act
as a moderately good ionising solvent. Ammonia also self-ionises,
although less so than water [43]. The combustion of ammonia is
challenging, due primarily to its low reactivity, but yields nitrogen
gas and water, with a stoichiometric Air Fuel Ratio (AFR) of 6.06

by weight,
4NH3 4 302 — 2N2 + 6H20 + heat (1)

Liquid ammonia is used extensively as a non-aqueous solvent.
The alkali metals as well as the heavier alkaline-earth metals and
even some inner transition metals dissolve in liquid ammonia.

It is transported and contained in tanks under modest pressure,
similar to propane. Production of ammonia as a transport vector
for renewable energy and its subsequent reconversion to hydro-
gen are energy intensive steps but the handling and shipping in-
frastructure including regulations for transportation are already in
place. It is potentially hazardous to inhale. However, ammonia is
readily detected by its odour, and being lighter than air it rapidly
dilutes in a spill. The energy content of ammonia is 18.8 MJ/kg
(LHV), while hydrogen’s is 120 M]/kg [43].

Ammonia is known to have an indirect impact on ozone de-
pletion through the formation of nitrous compounds in the atmo-
sphere. These are currently considered a negligible contribution to
ozone depletion [44], but will need to be considered for large scale
ammonia utilisation especially considering NOx production.

2.2. Health and safety

Although the H&S issues associated with the use of ammonia in
electricity/power generation are minimal when compared to trans-
portation, Table 1, several considerations need to be taken into ac-
count. In addition, the increase in risk management legislation, in-
dustrial cases of dangerous circumstances, and human injuries in-
volving ammonia release [45] need to be taken into account.

The National Fire Protection Association (NFPA), USA, has clas-
sified ammonia as a toxic substance, thus making it a chemical of
high risk for health [46]. However, due to its low reactivity, the
hazards it presents from accidental combustion or explosions are
much lower than other fuel gases and liquids, Fig. 6.

Human exposure limits of ammonia depend on the legisla-
tion and exposure time. The limit is set between 25 and 50 ppm
with dangerous consequences for exposure to concentrations above
300 ppm. For instance, the UK Health and Safety Executive (HSE),
establishes an 8hrs Time-Weighted Average (TWA) of 25ppm,
whilst its short-term exposure limit (STEL) is 35 ppm, compared to
a 20ppm TWA and 50 ppm STEL for Europe [47,48]. Table 2 pro-
vides some exposure guidance according to the NFPA. The vari-
ances clearly show that there is a need for research establishing
more accurate values for industries and a variety of potential users.
Interestingly, CO concentrations of 35 ppm TWA are recommended
by the Occupational Safety and Health Administration (OSHA) [49].

A further set of recommendations for industrial interests is
given by the Environmental Protection Agency (EPA), USA, and is
known as Acute Exposure Guideline Levels (AEGL), which is used
for ammonia. There are 3 categories, Table 3 [50].

AEGL-1 is the airborne concentration above which it is pre-
dicted that the general population, including susceptible individ-
uals, could experience notable discomfort, irritation, or certain
asymptomatic, non-sensory effects. However, the effects are not
disabling, and are transient and reversible upon cessation of ex-
posure.

AEGL-2 is the airborne concentration of a substance above
which it is predicted that the general population, including sus-
ceptible individuals, could experience irreversible or other serious,
long-lasting adverse health effects or an impaired ability to escape.

AEGL-3 is the airborne concentration of a substance above
which it is predicted that the general population, including suscep-
tible individuals, could experience life-threatening health effects or
death.
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Table 1
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Comparison between ammonia in transportation and electricity/power generation [46]. Courtesy of NH3 fuel

association.

Transportation Electricity generation
Safety Very Critical Not as critical
Cracking Cracking reactors heavy/expensive Easily done

Storage tank weight Critical

Storage tank robustness

Need to be “indestructible”

Not an issue
Existing storage tanks are suitable

Distribution Complicated Relatively simple
Start up Problematic Not many start ups
Operational Pumps operated by non-professionals Delivered/handled by professionals
Substance Health | Flammability | Reactivity - T . )
- < Hydr 0 _LPGNG Fire/Explosion
. o ydrogen
Ammonia 3 | 0
Gasoline/Methanol o
Hydrogen 0 8| 0 3 o Toxicity 1
. . =)
Gasoline | 3 0 §
LPG 1 4 0 g 4
Natural Gas 1 4 0 = ,
Ammonia
Methanol 1 3 0 L °
0=No hazard, 4=Severe hazards " .
0 1 2 3 4
Health

Fig. 6. Toxicity and Fire/Explosion comparison of different fuels [46]. Courtesy of NH3 fuel association.

Table 2
Exposure guidance [46]. Courtesy of NH3 fuel association.

Effect

Ammonia concentration in air (by volume)

Readily detectable odor
No impairment of health for prolonged exposure

Severe irritation of eyes, ears, nose and throat. No lasting effect on short exposure

Dangerous, less than ' hours of exposure may be fatal
Serious edema, strangulation, asphyxia, rapidly fatal

20-50 ppm
50-100 ppm
400-700 ppm
2000-3000 ppm
5000-10000 ppm

Table 3
EPA AEGL guideline [50].

Ammonia 7664-41-7 (Final) Expressed in PPM

10 min 30 min 60 min 4 h 8 h
AEGL 1 30 30 30 30 30
AEGL 2 220 220 160 110 110
AEGL 3 2700 1600 1100 550 390

According to some key points in the Compendium of Chemical
Hazards of ammonia from the Health Protection Agency (UK) [51],
ammonia has the following characteristics:

Fire

Anhydrous ammonia is non-flammable. Ammonia vapour in air
is flammable and may explode when ignited

Chemically stable under normal conditions

Emits poisonous fumes when heated to decomposition

Use fine water spray and liquid-tight protective clothing with
breathing apparatus

Health

Exp