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ABSTRACT: Due to the global need to decarbonize, it is
increasingly clear that we are heading toward a new era of
massive renewable energy generation and utilization to
substitute fossil fuels. However, pragmatic means for renewable
energy storage, transportation, and utilization at a very large
scale are not yet fully developed and require careful scrutiny. In
this Focus Review, we will consider the thermodynamics,
kinetic barriers, material challenges, current science and
technology readiness, and geographical locations for green
hydrogen versus green ammonia as energy vectors for suitable
sustainability of our future economy.

■ GREEN ENERGY VECTOR
CANDIDATESAMMONIA/HYDROGEN/METHA-
NOL

The devastating consequences already being felt as a result of
greenhouse gas emissions from fossil-based fuels have triggered
tremendous efforts in the development of renewable energy.1,2

For instance, the coverage of solar panels and the installation of
wind turbines in China has increased 60-fold3 and 30-fold,4

respectively, compared to a decade ago. The inherent
intermittency and geographical/temporal mismatch of these
renewables has required the rapid development of energy
storage systems in order to ensure energy supply can meet
demand. The existing large-scale energy storage market is
presently dominated by pumped hydro and batteries, which are,
however, restricted by specific landforms, limited storage
capacity, short lifetime, or inability to transport the energy
over long disances.5−7 On the other hand, energy storage in the
form of chemicals has the potential to overcome these
shortcomings since they have a higher energy density and can
leverage the existing transportation network.
Although methanol and other synthetic carbon-based fuels do

receive attention in the literature, we do not focus on them here,
because in the long term, it may not be possible to obtain the
pure carbon dioxide streams needed for these fuels from
industrial emissions, and the cost of directly capturing carbon
dioxide from air is very high.
Green hydrogen and ammonia, on the other hand, have the

advantage of zero carbon content, meaning their use does not
contribute to the greenhouse effect. With established protocols
to produce green hydrogen and ammonia, these green fuels

appear to be the “end-game” of ultimate clean energy
solutions.8,9 In fact, there has been increasing market traction
in the utilization of hydrogen and ammonia as energy vectors,
and a multitude of industry reports and white papers have been
released to examine the safety and infrastructure aspects of these
green fuels.10−13 This Focus Review will therefore discuss and
compare the latest science and technology for hydrogen and
ammonia in terms of their production, location, storage, and
transportation from an energy provision viewpoint. Readers who
are interested in learning more about hydrogen and ammonia as
energy carriers can refer to recently published reviews.14−16

■ INTRODUCTION TO GREEN HYDROGEN AND
AMMONIA

Green hydrogen is the building block of chemical energy storage
vectors. To produce it, first renewable electricity is used to
dissociate water into hydrogen (and hence “store” energy in the
form of the chemical), followed by subsequent energy release
(through fuel cells or combustion) back to water. From a
thermodynamic perspective, water first undergoes an endother-
mic process to break out the highly energetic hydrogen gas and
eventually goes through an exothermic process to recombine
with oxygen from air to form water, completing the energy cycle
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in a simple step. Its production from water electrolysis with
excess renewable electricity renders the whole process emission-
free with no harmful byproducts. When N is used as a chemical
carrier for H in the form of ammonia, extra steps are required in
the above cycle, in which energy is consumed (Figure 1).
Beyond the power storage application shown in Figure 1,

green hydrogen is generally crowned as the fuel of the next
generationthe so-called “hydrogen economy”due to its
potential to provide clean power for sectors that are difficult to
decarbonize, such as manufacturing, transportation, and
chemical production.17,18 It can bridge the missing gaps of
direct electrification and renewable power storage in industries
such as maritime, aviation, long-distance coach/trucks, heavy-
duty transport, and steel manufacturing where high-energy-
density fuel is needed.19,20

However, practically, hydrogen’s flammability and its low
volumetric energy density (8 MJ/L for cryogenic liquid at −253
°C and 4.5 MJ/L for compressed gas at 69 MPa;8,15 see Figure
2) make it difficult to transport from remote production sites to
storage and consumption sites,21 creating a spatial mismatch
between demand and supply. Even getting hydrogen into a
portable state is highly energy intensive; liquefaction of
hydrogen using current technologies requires almost one-third
of its higher heating value. From this perspective, ammonia
appears to be a more promising hydrogen carrier, since it can be
easily stored as a slightly pressurized liquid and has a relatively

high volumetric energy density (12.7MJ/L8), despite the energy
required to synthesize ammonia from nitrogen and hydrogen.
This alternative path using ammonia as a carrier allows chemical
energy to be transported over long distances using typical
storage containers akin to liquefied petroleum gas (LPG) tanks
without cumbersome installations of insulating walls or
reinforced shells, which are required by hydrogen.22 Moreover,
by leveraging the existing distribution network of brown
ammonia, the value chain of green ammonia can be quickly
built up at lower capital investments.23

When ammonia has arrived at the destination, it can be either
decomposed back to hydrogen or employed directly as a carbon-
free fuel for combustion in the end applications. It is especially
attractive for marine applications when coupled with established
fuel cell technologies such as solid oxide fuel cells. This can
decarbonize the shipping industry by replacing the use of heavy
fuel oil in marine engines and fulfill the decarbonization targets
set by the International Maritime Organization (IMO).
Consortia involving shipping giants and energy firms such as
Samsung Heavy Industries, MAN Energy Solutions, Equinor,
and Eidesvik are developing novel ammonia-powered shipping
vessels.24 In addition to energy applications, green ammonia is
also crucial to sustainable food production, since 80% of the
global ammonia production goes into fertilizer.25 For example, a
100 MW wind-powered electrolyzer plant is expected to
generate around 75 000 tpa of green ammonia, reducing

Figure 1. Thermodynamics considerations for green hydrogen and ammonia vectors.

Figure 2. Volume comparison between trucks powered by energetically equivalent amounts of ammonia and compressed hydrogen gas.
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emissions of carbon dioxide by 100 000 tpa.26 These promising

applications may lead to a new energy futurethe “ammonia

economy”in which green ammonia is being produced at a

scale that is significant in terms of global fossil fuel use.

■ H2 PRODUCTION BY
THERMAL/PHOTOCHEMICAL/ELECTROCHEMICAL
MEANS

Hydrogen is abundantly found on Earth in combination with
other elements like water and hydrocarbons but is rarely present

Figure 3. Hydrogen productioncurrent and future. (a) Schematic illustration of PEMwater electrolysis. (b) Schematic illustration of alkaline
water electrolysis. Panels (a) and (b) reprinted with permission from ref 30. Copyright 2019 KeAi Publishing. (c) Schematic illustration of
photothermal hydrogen production with performance tests on gas evolution amount and quantum efficiency. Reprinted with permission from
ref 39. Copyright 2020 Elsevier. (d) Schematic illustration of decoupled hydrogen and oxygen evolution reaction. Reprinted with permission
from ref 41. Copyright 2019 Springer Nature.
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in the atmosphere, which contains just 0.00005% by volume.
The production of hydrogen from hydrocarbon/water com-
pounds can be classified into three categories, namely “brown”,

“blue”, and “green”.27 Brown hydrogen is produced from H2O
by steam reforming of natural gas (or coal) at about 800−900
°C. The enthalpy required for H2 production is significantly

Figure 4. (a) Schematic diagram of (A) methane-fed and (B) electrolysis-driven Haber−Bosch ammonia production. Reproduced with
permission from ref 44. Copyright 2020 The Royal Society of Chemistry. (b) Dissociative pathway for N2 activation (above) and stepwise non-
dissociative pathway for N2 activation (below). Reprinted with permission from ref 46. Copyright 2019 John Wiley and Sons. (c−e) Various
strategies to carry out ammonia synthesis at low temperature and low pressure: (c) The use of electrostatically polar surfaces to alleviate
hydrogen poisoning challenges at low temperature. Reprinted with permission from ref 52. Copyright 2020 American Chemical Society. (d)
Dual-site mechanism to tackle nitrogen activation and hydrogen dissociation separately. Reprinted with permission from ref 54. Copyright
2020 Springer Nature. (e) Li-polarized surface to stabilize intermediates to carry out the more energy favorable non-dissociative pathway.
Reprinted with permission from ref 46. Copyright 2019 John Wiley and Sons. (f) A novel mechanochemical method to enable ammonia
synthesis at 45 °C and 1 bar. Reprinted with permission from ref 55. Copyright 2020 Springer Nature. (g) Direct eNRR via absorption of N2
onto the catalyst surface, followed by progressive proton and electron additions to produce a first, followed by a second molecule of ammonia.
Reprinted with permission from ref 56. Copyright 2018 John Wiley and Sons. (h) Indirect electrochemical N2 reduction to ammonia based on
lithium as a mediator, forming Li3N as an intermediate, and reaction with H2O on a copper substrate. Reprinted with permission from ref 57.
Copyright 2020 Elsevier.
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lower (less endothermic) than from thermal water spitting when
carbon oxides are formed. However, the process releases
tremendous amounts of greenhouse gases to the atmosphere.
Blue hydrogen production is akin to brown hydrogen but uses
carbon capture and storage; the carbon neutrality of this
approach is a matter of academic debate and depends on the
methane leakage in gas extraction and the fraction of carbon
dioxide in the waste and flue gas streams which are captured.28

Green hydrogen is produced directly from electrolysis of water,
where the input power is renewable electricity.
Green H2 from electrochemical or photochemical means

requires a minimum potential difference of 1.23 V at ambient
temperature (or equivalent bandgap energy) for the decom-
position of water to H2/O2 over ideal catalysts without
activation barriers. But additional energy is lost to the significant
overpotential (required to overcome kinetic barriers) in all
cases; further losses are caused by internal resistance (for
electrochemical production) and the rapid recombination of
excitons before surface chemical reactions take place (for
photochemical production). Electrochemical means appear to
be more promising, since Pt-based catalysts have already been
identified and optimized for large-scale applications, whereas
photochemical production is still in the lab-scale development
stage.29 In general, electrolyzers on the market can be mainly
categorized as proton exchange membrane (PEM) or alkaline
(Figure 3a,b).30 Several large-scale projects have been
announced. For instance, project REFHYNE II, funded by the
Fuel Cells and Hydrogen Joint Undertaking (FCH JU), is
delivering the largest PEM electrolysis plant in Europe with a 10-
MW capacity, where the second phase can produce 1300 tonnes
of hydrogen per year.31 However, PEM electrolysis alone is not
sufficient to achieve the estimated total manufacturing capacity
by 2030 due to the scarcity, and hence low annual production
rate, of the required iridium and platinum catalytic materials
(current capacity of 3−7.5 GW versus an estimated required
capacity of 100 GW by 2030).32 Research efforts have been
made to maximize the atomic economy and reduce the use of
these noble metals in PEM electrolyzers to cut costs.33,34 On the
other hand, alkaline electrolyzers avoid the use of these materials
and are able to generate higher hydrogen production rates, but
they are limited by slow startup times, corrosion issues, and
complex maintenance procedures.35

High-temperature water electrolysis over a solid oxide
electrolyzer cell (SOEC) between 100 and 850 °C is more
attractive than that over a traditional low-temperature PEM
electrolyzer because the energy lost to overpotentials can be
recovered to heat the water prior to decomposition, which is
significantly more efficient. Also, the overpotential itself can be
lower, as the fundamental steps for electrolysis reactions proceed
more quickly at higher temperatures. In partnership with
Aquamarine, Haldor Topsoe claims that their SOEC technology
is more energy efficient than others on the market (30% more
output than standard PEM and alkaline electrolysis for the same
energy input).36 However, the selection of the materials for the
electrodes and electrolytes with industrial-grade durability in a
SOEC is highly challenging. Although a further increase in the
operation temperature may facilitate higher H2 production from
water decomposition, it may begin to exceed the capacity of
reinforced steels to resist corrosion. Because they operate at high
temperatures, these SOECs may be less operationally flexible
than PEM and alkaline cells, and their ability to operate using a
variable renewable energy source has yet to be commercially
demonstrated.

Despite the falling cost of green hydrogen stemming from the
reduction in renewable electricity price and improved electrode
designs to decrease overpotentials, the cost of green hydrogen is
still 2−3 times higher than that of blue hydrogen at present.32

Nonetheless, with the continuous improvement of renewable
electricity generation and advances in electrolysis facilities, it is
estimated that the cost of green hydrogen can reach an interim
target of $2/kg by 2025 and an ultimate target of $1/kg by 2030
in order to be cost-competitive against brown hydrogen.37 In
parallel to water electrolysis, a couple of novel hydrogen
generation methods with the potential for scaled-up production
have been proposed. Prior research from our group has
demonstrated that photothermal methods using a solar furnace
can make hydrogen from water with quantum efficiency
approaching 90%38,39 (Figure 3c). Some authors also claim
achieving lower overpotentials40 by generating hydrogen from
seawater or decoupling hydrogen and oxygen evolution
processes. The H2Pro Project, backed by Breakthrough Energy
Ventures, has developed an innovative decoupled technology for
a two-step water splitting that achieves 95% system efficiency
with a lower capital expenditure.42 Conventionally, water
oxidation and reduction reactions are coupled in both time
and space and take place simultaneously within the same
confined cell space. This results in a sophisticated cell structure
as well as costly PEMs in order to separate the gaseous products.
By breaking down the one-pot conventional process to a two-
step activation, water is first electrochemically reduced to
hydroxide ions and liberates hydrogen at the cathode, forming
an intermediate NiOOH structure at the nickel hydroxide
anode; then, at an elevated temperature of 95 °C, the NiOOH is
hydrolyzed back to nickel hydroxide and produces oxygen at the
second step (Figure 3d).41

■ NH3 PRODUCTION BY
THERMAL/PHOTOCHEMICAL/ELECTROCHEMICAL
MEANS

The basis for producing ammonia is the Haber−Bosch (HB)
process, an efficient thermal catalytic process over Fe-based
catalysts, which was developed in the early 20th century and has
not changed significantly after a century of efforts43,44 (Figure
4a). The HB process was one of the greatest technical
innovations of the 20th century; it has led ammonia to become
the second most produced chemical globally. However, this
large-scale N2 fixation releases considerable carbon emissions
and is unadaptable to the intermittency of renewable energy
sources.45 Although N2 reduction to NH3 using energetic H2 is
an exothermic process when compared to the high endother-
micity of the H2O cycle (see Figure 1), high pressure (>200 bar)
and high temperatures (>400 °C) are required to overcome the
intrinsic high kinetic barrier and break the triple NN bond by
a dissociative N2 mechanism.
Similar to hydrogen, ammonia production can also be

classified into three categories, namely “brown”, “blue”, and
“green”, based on the “color” of the hydrogen from which the
ammonia was synthesized.46 The HB loop for green ammonia
differs from that for brown ammonia by using an electrified HB
process and obtaining nitrogen from an air separation unit.
Production sites are typically located adjacent to green hydrogen
production areas. Compared to green hydrogen plants that are
relatively much more established in terms of infrastructure and
investment in the value chain, green ammonia plants are still at
an early stage, withmost projects working on the feasibility study
of plant construction.13 Generally speaking, green ammonia
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production is simpler in chemical processes than that of brown
ammonia production due to the absence of complicated gas
purification steps as well as without the use of excessively high
pressure in synthetic ammonia loops.45

In the very recent past few years, industries and governments
have begun to launch large-scale green ammonia production
projects in an attempt to reduce CO2 emissions. This approach
may give an advantage to existing HB plants that can be
transitioned to this new hydrogen supply without major
disruption. This has led to high-profile demonstration projects,
for example, those from the Norwegian fertilizer giant Yara,47

Spain’s Fertiberia and Iberdrola,48 Asian Renewable Energy
Hub,49 and Australia’s Fortescue Metals Group.50 Identifying
efficient catalysts under mild conditions adaptable to renewables
is therefore the core to the success of this approach.
Green ammonia technology has been demonstrated at

practical scale by our group at Harwell, Oxford, in collaboration
with colleagues at Siemens.51 In this demonstration, we
employed a 13 kW wind turbine to produce H2 using a PEM
water electrolyzer in combination with N2 from air separation to
an agile HB reactor with a JohnsonMatthey Fe-based catalyst to
achieve an annual production of 11 tonnes of green ammonia.
Our group has also demonstrated that Li-doped, Ru-based

catalysts, operated at lower temperature/pressure and faster
flow, can provide an alternative pathway at mild conditions for
N2 reduction using a non-dissociative mechanism with
substantially lower kinetic barriers without breaking the NN
bond in its rate-determining step (Figure 4b,e).46 At a
temperature of 732 K and a lower pressure of 3 MPa, the
ammonia generated by the RuLi catalyst is 2.7 times more than
that generated using the state-of-the-art commercial Kellogg
catalysts optimized at 5 MPa. This provides extra flexibility to
adapt to the intermittent renewable powers as well as increases
the ammonia yield at a reduced energy input. Another strategy
to facilitate ammonia synthesis at mild condition is through the
alleviation of hydrogen poisoning, in which hydrogen atoms are
blocked at the transition metal active sites of the catalysts. Wu et
al. proposed the use of an electrostatically polar MgO(111)
surface to transfer the hydrogen adatoms from the metal sites to
the support, thereby altering the order of reaction with respect to
hydrogen from negative to positive (Figure 4c).52 On the other
hand, some researchers facilitated the use of non-noble-metal
active centers by relaying the roles of nitrogen and hydrogen
dissociation to two distinct sites.53,54 A prominent example by
Hosono et al. employs a LaN structure to generate nitrogen
vacancies for the binding and activation of dinitrogen, such that
the supported metal active center, in this case Ni, is only
responsible for the dihydrogen dissociation (Figure 4d).54 This
thus allows the use of non-noble metals in ammonia synthesis
that is otherwise dominated by Ru-based catalysts. On the other
hand, an interesting mechanochemical approach has been
proposed to carry out ammonia synthesis at 45 °C and 1 bar.
This is enabled by robust nitrogen dissociation by the active
defects on the surface of the activated iron catalyst generated by
repeated collisions. The violent impact produces additional
energy that facilitates the desorption of NHx intermediates
(Figure 4f).55 These fundamental studies may open new avenues
for the development of more efficient catalysts to adopt to
renewable energy sources at mild conditions.
Akin to hydrogen, one of the biggest obstacles for green

ammonia production is the limited and relatively high cost of
renewable power compared to the abundant and low-cost
natural gas. The SOEC electrolyzer cell described in the

previous section can reduce this energy demand; Haldor Topsoe
will deploy this approach on its green hydrogen plant, which will
include a HB loop to produce 300 tonnes of green ammonia per
day.36 The energy benefits from using SOECs for green
ammonia are even more significant than those for green
hydrogen, since the energy from exothermic HB can be
recovered to preheat the water for electrolysis, and heat
integration can be used to produce nitrogen, avoiding expensive
air separation units.
Green NH3 can also be produced from N2 and H2O

electrochemically and photochemically56−59 (Figure 4g,h). It
is important to differentiate the combined process (N2 is
reduced by H2 made from H2O in a two-step process) from the
direct N2 reduction by H2O. The former is still associated with
the challenges of H2 synthesis from H2O thermodynamically
and kinetically in the first step together with the additional
challenges for N2 activation to NH3 in the second step (Figure
1). On the other hand, the direct single-step N2 reduction to
NH3 by H2O using renewable energy without the production of
H2 can be an exciting direction. It has been shown that the
catalyst can catalyze NH3 formation from adsorbed N and H
species without H2 formation in the direct electrochemical
nitrogen reduction reaction (eNRR). Thermodynamically, the
enthalpy of the electrochemical reaction is less endothermic
than water splitting. The U.S. DOE target rate for a viable direct
electrochemical device for ammonia production is set at 7 ×
10−7 mol cm−2 s−1, which was derived from the REFUEL
program’s target current density (300 mA cm−2) and Faradaic
efficiency (FE, 90%). However, practically, eNRR in aqueous
electrolytes is very unfavorable for the fixation and reduction of
the unreactive N2 moleculethe hydrogen evolution reaction
(HER) from the competing proton reduction in an aqueous
medium gives poor activity and FE. The vast majority of reports
give values of 10−8 mol cm−2 s−1 or below with FE less than 10%,
which are far short of the DOE target.60 The low absolute rates
also make ammonia quantification challenging; consider that, at
1 × 10−8 mol cm−2 s−1, the upper end of reported rates, a 1 cm2

electrode in 50 mL of electrolyte would take 1 h to give an
ammonia concentration of only 10 ppm. The error in these
measurements is then propagated into the current efficiency,
meaning this error can be significantly amplified if low currents
are found. Despite the low activity, it is demonstrated that a
single Fe atom catalyst on 2D MoS2 can give 27% FE for the
conversion of N2 to NH3 in aqueous medium.58 eNRR can be
carried out in Li-containing molten media without the
competing HER in aqueous solution, which is known to permit
direct N2 reduction to the nitride ion, N3−.61 This has been
applied to a cell which combines N2 reduction over a Ni foam
electrode, with N3− ion oxidation in the presence of H2, also at a
Ni foam electrode. The cell was shown to evolve NH3 at a rate of
3 × 10−8 mol cm−2 s−1 at 23% FE. However, we have recently
demonstrated that the previous assumption of a direct
electrochemical reaction of N2 and H2 in molten LiCl−KCl to
form NH3 with high efficiency is not correct. Detailed
investigation into the electrochemical mechanism has revealed
the existence of a number of rapid non-electrochemical reactions
of N3− with H2 to form NH3 along with NH

2− and NH2
−, which

are shown to be electrochemically active by cyclic voltamme-
try.62 An alternative strategy was recently demonstrated in which
Li metal was used to reduce N2.

63 First Li was produced from
reduction of molten LiOH/LiCl, before being isolated and
reacted with N2 to form Li3N, and then with water to re-form
LiOH and release NH3. Although high activity and total current
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efficiency above 88.5% can be reached, large overpotentials were
required.
So far, several thousand electro- and photocatalysts were

screened worldwide in the development of non-thermal NH3
synthesis.60 However, the present rates remain some orders of
magnitude away from minimal DOE targets. Continuous
research is required both for mechanistic understanding of the
reaction and in the development of routes to new materials. On
the other hand, it is worthwhile to note that experimental
artifacts, such as ammonia present in ion-conducting mem-
branes, might significantly affect the accuracy in the
quantification of the ammonia produced, especially when the
ammonia yield is very small in most of the cases.64 Therefore,
rigorous electrochemical ammonia synthesis protocols have
been suggested by researchers to rule out false positive
experimental results.64,65

■ STORAGE AND TRANSPORT
Hydrogen is the lightest element in the world; its mass is only
0.027% that of the same volume of gasoline under ambient
conditions. Energy-wise, liquid hydrogen can only carry 8MJ/L,
while gasoline can carry 32 MJ/L.66 As a result, high-density
hydrogen storage remains a challenge not only for on-board
applications, where footprint and headspace limitations are
critical, but also for delivery and distribution of hydrogen.67

In short or near terms, most hydrogen transportation is either
in the form of compressed gas at 700 bar or cryogenic liquid
storage at −252.8 °C. However, despite the higher volumetric
energy density of liquid hydrogen (71 kg/m3) when compared
to its compressed form (38 kg/m3), the liquefaction of hydrogen
itself is an energy-intensive process that consumes one-third of
the energy it can carry.68 To minimize the boil-off of liquid
hydrogen caused by the heat released during the ortho-to-para
conversion, catalysts will be required inside the heat ex-
changers.69 In addition, the high cost of sophisticated insulating
techniques for maintaining the cryogenic temperature of
hydrogen is also a key challenges that can be improved.70

Therefore, liquid hydrogen is usually employed only when high
storage density is required by the end application (for example,

during long-distance transportation or as a fuel source for on-
board shipping purposes).
For industrial storage of hydrogen at chemical plants, type 3

tanks, where the innermost layers are made of metallic liners and
the entire surface is wrapped by composite materials, are
employed,71 whereas for on-board hydrogen storage for mobile
applications with strict weight-to-fuel storage efficiency require-
ments, type 4 tanks, where the inner and outer layers are made of
high-density composite fibers, are used.72,6 An example of type 4
tank utilization is Toyota’s hydrogen fuel cell car Mirai. A hybrid
form of cryo-compressed hydrogen storage is under intense
research development. Material-based hydrogen storage is also a
promising option that can circumvent the safety and physical
limitations of molecular hydrogen. Metal-doped metal−organic
frameworks (MOFs) have attracted research focus due to their
unique cage structures to trap hydrogen;73−75 however,
hydrogen uptake usually requires a low temperature (below 77
K) and the adsorption volume is not yet scalable for large
applications.75 On the other hand, hydrides offer a high
hydrogen density comparable to that of liquid hydrogen.
Typical metal hydrides (Mx-Hy) have the advantages of
reversibility and high efficiency; however, their gravimetric
density is relatively low, given their strong H-bonding.76

Graphene offers a large surface area onto which hydrogen can
be physically adsorbed, but the weak hydrogen binding force
means that the adsorption needs to be carried out at low
temperature and high pressure.77

Meanwhile, ammonia being the second highest produced
chemical commodity in the world,78 the transportation and
handling of green ammonia from an agile HB process can be
leveraged through the existing distribution network of brown
ammonia and the extensive connections with auxiliary
industries.79 Protocols have been developed for health and
safety regulations, and a complete value chain has been
established comprising, for instance, component manufacturers,
spare part suppliers, ammonia sensors, and detector vendors.80

The most common mode of ammonia transportation is
through its liquid form. At ambient temperature, ammonia can
be compressed to liquid at 8 bar. Practically, it will often be

Figure 5. Future green fuel economy: hydrogen or ammonia?
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compressed to higher pressures of 18 bar in Type-C tanks to
accommodate temperature variation.81 In some cases, ammonia
will also be transported in unpressurized containers at a lower
temperature of −33.4 °C.82,83 Additionally, the high auto-
ignition temperature and low flammability of ammonia (650 °C,
14.8−33.5% in air) when compared to hydrogen (520 °C, 4−
74% in air) offer an extra layer of safety.15 As a result, ammonia
transportation has simpler requirements than that of hydrogen.
For instance, ammonia can be safely transported via pipelines at
low costs; such pipelines are already in use in the U.S. railroad in
insulated tank cars (152 m3 of liquid anhydrous ammonia per
car), and road trailers can also be used over short distances, given
the high capacity the vehicles can carry.80 For instance, 2.8 high-
pressure hydrogen containers would be needed to deliver the
same amount of energy as one container of ammonia. For local
regions without access to pipelines, river barges are alternative
options, where each unit can carry around 1000 tonnes of
anhydrous ammonia. To reduce the toxicity risk and avoid the
pressure/temperature requirements of ammonia, it can also be
transported in solid form through the reversible combination
with a metal amine complex such as Mg(NH3)6Cl2, with a
substantial 9.1% hydrogen by weight.84 Ammonia can then be
subsequently released by desorption at 60 °C from the metal
amine complex on demand.

■ DEBATE: GREEN HYDROGEN VERSUS GREEN
AMMONIA

From a simple thermodynamic point of view, it is energetically
sensible to directly cycle between Earth’s abundant H2O and
carbon-free H2/O2 to capture, transport, and utilize renewable
energy without introducing extra chemical steps using nitrogen
as a hydrogen carrier and thus incurring energy losses in the
addition steps. While hydrogen has the highest gravimetric
energy density of all known fuels and can be produced emission-
free from well-developed technology, its low volumetric energy
density and flammability will hinder its wide deployment. In
contrast, ammonia can potentially circumvent the technical
shortcomings of hydrogen by having a high energy density by
volume and narrow flammability range to allow an interim
“ammonia economy”, but it is toxic and is, at present, energy
intensive to produce and decompose. The adoption of hydrogen
and ammonia can lead to the transition to a carbon-free
economy, in which the best of both worlds can be combined to
deliver a decentralized renewable energy network (Figure 5).
Green hydrogen production has been industrialized for years,

with the cost of electrolyzers and renewable electricity having
dropped dramatically over the past decade.85 Green ammonia
production, on the other hand, is a relatively new technology
where large-scale demonstration projects have just begun to be
considered. For example, the most significant projects built by
government and industry giants such as Yara and Engie are still
in the planning phase, and it is expected to take 4−5 years to get
the projects up and running.86−90

Moreover, to enable green ammonia to be produced in a
decentralized fashion via renewable electricity, it is also
necessary to retrofit the energy-intensive HB process to an
agile and flexible cycle using non-Fe-based catalysts under non-
steady conditions that can adapt to the intermittency of
renewable power.44,45 Currently, the high temperature and
high pressure required by the HB process imply complex heat
integration and management settings as well as recycle loops for
the reactors, meaning the time for the HB process to transition
between states is large.91 On the other hand, the development of

robust catalysts to rupture the ultra-stable dinitrogen molecule
in a non-dissociative manner and adsorbent materials to shift
thermodynamic equilibrium can significantly bring the reaction
temperature and pressure down.46,53,54,92

To transport hydrogen over long distances, it is often
common to convert the gaseous hydrogen to its liquid form
that has higher volumetric energy density. However, it is worth
noting that the energy for such conversion has the same, if not
more, energy losses as synthesizing ammonia. On the other
hand, for stationary applications, compressed gaseous hydrogen
is more appropriate, given the space constraints are small. For
instance, it may be used in large-scale industries (like aluminum,
steel, and cement), because they can be linked to renewable
power generation and are often in isolated locations. Gaseous
hydrogen is also the present state of choice for hydrogen fuel cell
vehicles, which contributes the bulk of the use-cases besides its
role in industrial chemical processes. When it comes to long-
term energy storage and relevantly long-distance transport,
liquid hydrogen will compete against ammonia, particularly over
oceans where pipelines cannot be used. Liquid hydrogen
benefits from not requiring ammonia cracking, and if significant
energy efficiency improvements are realized in the long term, it
may be more efficient than ammonia production. Meanwhile,
ammonia benefits from being more efficient to produce than
liquid hydrogen at present, having higher density than liquid
hydrogen, and being cheaper to store (due to much less boil-off
and milder conditions to facilitate storage in tanks). Cheap fuel
storage also translates to cheap transport, and ships for ammonia
transport are already in wide use, whereas ships for liquid
hydrogen require very complex designs. Again, technological
advances (i.e., cheap cracking, turbines which directly combust
ammonia, the eNRR discussed earlier in this paper) could give it
the edge over liquid hydrogen.
For the ammonia transport route, although it can be

combusted cleanly, in principle, to produce nitrogen and
water for energy use at the destination, in practice it can
contribute NOx emissions and ammonia slip from internal
combustion engines. Even at small quantities, these emissions
are toxic and environmentally more damaging. It is absolutely
crucial to combine advanced emission abatement technologies,
monitoring, and management policies in tandem to ensure that
we do not replace the carbon problem with a nitrogen
problem.93 Besides, the energy conversion efficiency using
internal combustion technologies is lower than that using fuel
cells. Reliable technologies may be required at the destination
(depending on the use case) to convert the fuel back to
hydrogen for low-temperature PEM/alkaline fuel cells or high-
temperature solid oxide fuel cells internally at a low energy cost.
In the former, cracking relies on active catalysts as well as

Green ammonia is clearly a comple-
mentary energy vector to green hy-
drogen and may play an important role
in long-term energy storage and long-
distance energy transportation. The
two chemicals are not so much in
conflict as in concert, with technology
improvements in one facilitating
growth in others.
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catalytic membrane reactors that can decompose ammonia at a
low reaction temperature since power management is the key to
high energy efficiency.94,95 The longevity and reliability of the
catalysts with respect to impurities, including surface hydrogen
adatoms that lead to the notorious hydrogen poisoning effect at
mild conditions, are also crucial factors for a stable and secure
hydrogen supply from ammonia.96 Low-temperature ammonia
cracking in the former case can also avoid the installation of
cumbersome thermal insulation materials and complex heat
exchanger/recycle loops, thereby reducing the size and volume
of the reactor.97 Cracking of ammonia is an endothermic
process, and the extent of reaction is also equilibrium limited.
That means a higher temperature will give a higher degree of
ammonia conversion to H2/N2 and lower ammonia concen-
tration at equilibrium. Some of the hydrogen product will be
used to generate the heat for the cracker (fuel cells/
combustion). Using higher applied temperature (with heat
loss) would mean an unnecessary waste of energy, but using too
lower temperature gives lower kinetics for hydrogen production
and higher degree of ammonia slip to be treated (can poison
catalytic processes downstream). Similar to the ammonia
synthesis, developing new but active catalysts for ammonia
cracking is prerequisite in this area. Also, compromises in energy
efficiency, rate of reaction, and separation challenges are
required in a working cracker from renewables. For example,
Oxford Green Innotech, a clean energy start-up company, has
patented a new catalytic solution that can oxidatively decompose
ammonia at near-complete conversion at a low temperature of
300 °C (versus 500−600 °C for typical Ru-based catalysts) in
combination with separation of equilibrium ammonia from a
H2/N2 stream, which is currently implemented in a novel
ammonia marine propulsion system developed by Ocean
Infinity and Shell.98 The exothermicity provided by the
introduction of a small amount of oxygen to the system can
push back the limit of thermodynamic equilibrium, enhance the
kinetics for hydrogen production, and hence reduce the energy
input of ammonia cracking. To some extent, it may be possible
to overcome the challenges of renewable power intermittency
through the use of more stable and reliable resources. One
option for more stability could come from connection to
national electricity grids; analysis from our group shows that,

although this somewhat increases the carbon intensity of
ammonia produced, it can meaningfully reduce costs (∼10%)
by improving plant operational stability.99

A second alternative would be to pursue production of green
ammonia not on land but instead in the ocean, since in some
marine environments the wind resource is extremely reliable.
Unquestionably, floating ammonia production could be a
technical challenge, which would require floating wind turbines
(and possibly solar panels) and ocean platforms on which
hydrogen and subsequently ammonia could be synthesized.
However, no individual component of the process is untested
floating wind turbines have already been installed off the coast of
Scotland, and offshore chemical processing is common in the oil
and gas industries, whose expertise could be translated into this
new green product.
The potential benefits of marine production are consid-

erablealongside the cost reductions that could be achieved
using the excellent wind resource, these plants (i) would have
easy access to water for desalination; (ii) may pose a less
significant biodiversity threat compared to large-scale land
coverage; (iii) may face lower ammonia transport costs than
plants located far inland, which could require large pipelines;
and (iv) would not pay land costs, which in some cases could be
considerable. Although limitations on land availability for
renewable energy are rarely discussed in the literature, they
merit due consideration. For instance, Fasihi et al. conducted an
investigation into the global capacity for ammonia production
on land.100 They reported that if all the best locations in the
world were available, the global ammonia demand of ∼180
MMTPA could be produced for slightly more than 500 €/t;
however, if we (generously) assume only 10% of land is available
for production, then costs rise further to almost 600 €/t. If we
more realistically assume only 2% of land is available (since
current ammonia production represents around 2% of global
energy demand,101 and competition with other energy uses must
also be considered), then the cost is 625€/talmost 20% higher
than the cost if land in no way limits production), at which point
marine production may begin to become worthwhile.
Figure 6 represents the cost of wind-based ammonia at both

land and ocean sites. Even though the cost of ocean-based
turbines is approximately 250% that of land-based turbines,

Figure 6. Global heat map of levelized ammonia cost from wind only; for marine sites, fixed-bottom turbines are used for depths <50 m, with
floating turbines used at greater depths. Where no color is shown, the model was not able to converge (indicating a very poor wind resource).
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there are still many locations (particularly in the latitude band
between −40° and −60°, and in the Atlantic Ocean) where
ammonia can be produced at a price which is competitive with
land-based applications, because of the quality of the marine
wind resource. As increasing industry experience drives down
the cost of floating turbines, these ocean sites will become
increasingly competitive.

Where land limitations come into play, requiring offshore
production, or even production in extremely isolated locations
(such as inland deserts), the energy cost of converting hydrogen
to ammonia is likely to be justified. For marine production,
larger storage volumes are likely to be required between ships
which collect ammonia, which will be technically simpler and far
cheaper if energy is stored as ammonia compared to compressed
or liquified hydrogen. For isolated production in both marine
and onshore environments, large transport distances are likely to
be required; ammonia’s superior volumetric energy density
(50% greater than liquid hydrogen) and comparatively mild
temperature will therefore be preferable.
However, where only short-term energy storage is required

(e.g., to match the temporal gap of local energy supply and
demand), hydrogen is likely a better choice, since the low-
temperature water electrolysis process has a quick start-up time
and fast response to demand variation.102 At large time scales,
though, the energy loss for keeping the liquid hydrogen at a
cryogenic temperature becomes significant, with considerable
associated costs.103 Because hydrogen liquefaction also has not
been significantly practiced at industrial scale, it will, at least in
the short term, be considerably more expensive than densifying
hydrogen by nitrogen fixation.104

As a result, it would be very bold to conclude at present that
either green hydrogen or green ammonia will dominate the
other as a carbon-free fuel in the future.105,106 Breakthroughs in
research could happen to overcome the kinetic barriers for H2
production fromwater and be able to chemically store H2 in new
materials at high volume density to facilitate its transport
limitations. On the other hand, direct production of NH3 from
N2/H2O, akin to biological systems, via electrochemical/
photochemical means over new catalysts at large scale may
offer higher productivity and higher energy efficiency than
existing HB methods. Besides the above technoeconomic
evaluations and new potential breakthroughs, one should also
consider the life cycle assessment (LCA) to fully evaluate the
environmental impacts of products or services during their
entire life cycle. Clearly, the challenge of considering green
hydrogen or ammonia as an energy carrier lies not only in the
technoeconomic complexities but also in the environmental
impacts of implementing large-scale production, storage,
transport, and ultilization (fresh water supply, emissions from
associated processes, etc.) which must be identified and
overcome. There are some very recent LCA studies on green
hydrogen107 and ammonia108 in the literature, and we refer
interested readers to those articles.

In conclusion, this Focus Review has critically compared
green hydrogen and ammonia using energy provision criteria
considering thermodynamics, practical kinetics limitations, the
current state-of-the-art status, and possible geographical
location in production, storage, and transportation of these
carbon-free fuel vectors. The key takeaway from this paper is
that green ammonia, using N as a H chemical carrier, is clearly a
complementary energy vector to hydrogen and may play an
important role in long-term energy storage and long-distance
energy transportation. Because the two chemicals are
interchangeable via HB and cracking, they are not so much in
conflict as in concert, with technology improvements in one
facilitating growth in others. Within the context of the above
discussions, we anticipate that a green hydrogen economy and a
green ammonia economy will likely take place concurrently for
our diverse use of clean energy at large scale in the foreseeable
future.
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(99) Salmon, N.; Bañares-Alcántara, R. Impact of grid connectivity on
cost and location of green ammonia production: Australia as a case
study. Energy Environ. Sci. 2021, 14, 6655−6671.
(100) Fasihi, M.; Weiss, R.; Savolainen, J.; Breyer, C. Global potential
of green ammonia based on hybrid PV-wind power plants. Appl. Energy
2021, 294, 116170.
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