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Abstract: Non-energy use of natural gas is gaining importance. Gas used for 183 million tons annual
ammonia production represents 4% of total global gas supply. 1.5-degree pathways estimate an
ammonia demand growth of 3–4-fold until 2050 as new markets in hydrogen transport, shipping
and power generation emerge. Ammonia production from hydrogen produced via water electrolysis
with renewable power (green ammonia) and from natural gas with CO2 storage (blue ammonia) is
gaining attention due to the potential role of ammonia in decarbonizing energy value chains and
aiding nations in achieving their net-zero targets. This study assesses the technical and economic
viability of different routes of ammonia production with an emphasis on a systems level perspective
and related process integration. Additional cost reductions may be driven by optimum sizing of
renewable power capacity, reducing losses in the value chain, technology learning and scale-up,
reducing risk and a lower cost of capital. Developing certification and standards will be necessary to
ascertain the extent of greenhouse gas emissions throughout the supply chain as well as improving
the enabling conditions, including innovative finance and de-risking for facilitating international
trade, market creation and large-scale project development.

Keywords: green ammonia; blue ammonia; natural gas; energy security; energy transition

1. Introduction
1.1. The Global Natural Gas Market Context and Prospects in the Energy Transition

Globally around 4 trillion cubic meters (m3) of natural gas are produced and consumed
every year. Gas consumption can be split equally between the energy end-use and the
energy transformation sectors. Around 45% of the total gas supply is used for heating
in industry and buildings, one third for electricity generation, 6% as feedstock for chemi-
cals/plastics production and 3% as transport fuel. Finally, 12% is for own use in the energy
industry and for use in other transformation processes [1]. Nearly three quarters of the
gas produced is consumed nationally with only about a quarter of it traded internationally,
through pipelines or as liquefied natural gas (LNG).

Future energy scenarios that investigate how a global net-zero emission pathway can
be operationalized suggest that global gas output in 2050 will be between 20% and 65%
lower than current levels [2–4].
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1.2. The Importance of Natural Gas for Global Ammonia Production

Natural gas is utilized in the steam methane reforming (SMR) process to produce
hydrogen which is subsequently combined with nitrogen to synthesize ammonia in the
Haber-Bosch catalytic conversion process. Ammonia is the key raw material for nitrogen
fertilizers such as urea and ammonium nitrate, which are critical for food supply chain.
Today much of the ammonia production is based on natural gas (a total of ~183 million
tons (Mt) ammonia was produced in 2020) where its production accounted for 20% of the
total gas used as fuel and feedstock in the industry, representing 4% of the total final global
natural gas consumption [1] (An average specific energy consumption (including the use
of fossil fuels as feedstock) of 46 gigajoules (GJ) per tonne of ammonia was assumed [5] to
produce 178 million tons (Mt) of ammonia in 2019 [6]). Ammonia production is typically
concentrated in countries with low-cost hydrocarbon feedstock availability since energy
and feedstock account for 40% to 70% of the total production cost (see Figure 1) [5]. Gas
markets witnessed dramatic turmoil during the first half of 2022. The Ukraine crisis has
resulted in one order of magnitude increase in gas prices in Europe from around Euro
20 to more than Euro 200 per megawatt-hour (MWh) [7], making energy price increase
the largest contributor to region’s record inflation [8]. This price hike during early 2022
has resulted in shuttering and curtailment of 50% of European ammonia manufacturing
capacity [9,10]. Global spot prices for ammonia have increased significantly in 2022. From
March 2017 to December 2020, ammonia prices stayed within United States dollars (USD)
200–400 per ton. But the price reached USD 1300 per ton in the first quarter of 2022 [11].
Average urea nitrogen fertilizer price increased from USD 230 per ton in 2019–2020 to USD
774 per ton April–June 2022 [12]. Consequently, rising fertilizer prices had a direct impact
on food production and food prices. Due to these geopolitical developments, there is an
increased interest in natural gas’ non-energy use applications.
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1.3. The Role of Ammonia in the Emerging Hydrogen Economy

183 Mt of ammonia production requires around ~33 Mt hydrogen annually. Therefore,
this makes ammonia a key commodity of the existing 94 Mt global hydrogen market.
Alternative clean production processes for hydrogen are receiving attention from policy
makers and industry actors as their costs have fallen in recent years [13]. Beyond its existing
use as fertilizer, ammonia may be deployed as shipping fuel, as fuel in power generation,
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and as hydrogen carrier. Ammonia may be the most economic and most efficient vector for
intercontinental hydrogen shipping [14,15].

1.4. Scope and Objective of This Paper

In order to reduce dependency on natural gas and reduce risks of natural gas price
shocks on the production costs of ammonia, there is a need to transition to low-carbon
feedstocks. Typically, renewable power and electrification of heating are key drivers to
reduce natural gas demand. However, in the context of ammonia production, this paper
focuses on a specific aspect that has received far less attention: low-carbon alternatives for
non-energy use of natural gas as a feedstock. In this context, this paper deals with ammonia
produced from renewable power-based hydrogen (green ammonia) and from natural gas
with CO2 storage (blue ammonia) based on a technology and economic assessment of their
potential and a discussion of their impact on the power system, international trade, and
the environment.

The findings of this paper are discussed in perspective of a wide range of literature in
the next sections whilst a brief review is presented here to pinpoint the paper’s objective
and value added. Green ammonia production potential and costs with different renewable
power supply combinations have been assessed in detail at country level by [16]. Several
other authors provided deep dive into country specific potential and costs [17–19]. This
paper provides new analysis by distinguishing the economic situation between countries
to provide a full comparison of the regional production costs of green ammonia with
grey (natural gas-based steam methane reforming (SMR) route) and blue ammonia. Based
on these findings, financing aspects are elaborated. Through an assessment of all three
pathways, new insights are gained into blue ammonia’s role in transition to widespread use
of green ammonia which is to date not addressed. In this respect, this paper also builds on
existing literature regarding the methane emissions from blue ammonia production and the
related uncertainties that have been subject to debate [20]. Natural gas combustion results
in the least amount of carbon dioxide (CO2) emissions per unit of primary energy supply
at around 56 kilogram (kg) per gigajoule (GJ). However, its production and transportation
can entail significant methane emissions. This can range from ~30 and ~83 times the global
warming potential (GWP) of CO2 on a 100-year and 20-year time horizon, respectively [21].
In this paper, the GHG emission impact of all ammonia production pathways has been
assessed based on review of available data from literature and a methane emission database
from the International Energy Agency (IEA) [22]. This comparison is critical for crafting
the policies needed in commercializing sustainable ammonia production pathways and the
enabling conditions to develop international ammonia trade in view of its new markets
and to complement other existing reviews [23]. The link between international trade
and economic assessment of ammonia production pathways and their environmental
impacts has not been fully made whilst several studies have assessed the supply chain
and trade aspects in detail [24,25]. Finally, this paper stresses the importance of systems
integration by coupling ammonia production with the power system and the need to think
across the full supply chain, including its role for minimizing the capital costs of vertically
integrated ammonia plants. For various countries the coupling of power system with
ammonia production have been assessed [26,27]. However, the growing policy debate on
additionality from hydrogen production in view of its potential impact on green hydrogen
output and capital costs remain not fully covered.

This paper is organized as follows: Section 2 provides insights into the latest devel-
opments in green ammonia production. Section 3 provides an overview of the costs and
the GHG emissions of various ammonia production options. Sections 4 and 5 discuss
the energy system and policy implications of accelerated green ammonia deployment,
respectively. Section 6 contains recommendations for policy makers how to create new
ammonia markets with low-carbon alternatives to non-energy use of natural gas. The
background data and the methodology of the analysis presented in this paper is provided
in the Appendix A.
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2. Latest Trends in the Global Ammonia Sector

Ammonia is one of the seven basic chemicals (Seven basic chemicals are high value
chemicals (ethylene, propylene, butadiene, aromatics), ammonia, methanol, and carbon
black) [28] and it is the second most produced chemical by mass after sulfuric acid. Nitrogen
fertilizers such as urea and ammonium nitrate represented about 80% of the total ammonia
market, and 2% of ammonia is directly applied in pastures. As such, ammonia sustains
food supply for half of the global population. The remaining 20% of the global ammonia
market was for industrial applications [5,29].

Existing ammonia markets are projected to increase by 20% to 2030. Overall ammonia
demand is projected to increase 3–4-fold from 2020 levels in a 1.5 ◦C aligned scenario
to 560–665 Mt per year by 2050 (see Table 1 and Figure 2). Availability of low-carbon
ammonia production is expected to drive this market growth. The highest share of ammonia
production from green hydrogen is according to the International Renewable Energy
Agency’s (IRENA) scenario which is estimated at 83% by 2050. In the same scenario, blue
ammonia’s share would be 11% with the remaining 6% estimated to be produced from
fossil fuels with no carbon capture (see Table 1).

Table 1. Overview of global ammonia production estimates to 2050 aligned with a 1.5 ◦C
compatible scenario.

Feedstock/Production Route
[14] [28] [30] 1

[Mt/Year] [Mt/Year] [Mt/Year]

Green hydrogen 550 400–450 387

Natural gas with CO2 capture storage/use 75 - 152

Fossil fuel with CO2 capture storage/use - - -

Biomass and other thermochemical - 100–150 17

Fossil fuel with no capture 40 100 -

Other - - 5

Total 665 650 561
1 Data provided in this table refers to the “Lowest cost scenario” of the study. Note: According to the “Net Zero
Emissions” scenario of [31], total annual ammonia production for current uses such as fertiliser is estimated
to reach around 230 Mt by 2050 where near-zero emission routes would represent more than 90% of the total
production. When new markets of ammonia are accounted for, such as its use as fuel for shipping and electricity
generation, production reaches above 550 Mt per year.

One option to reduce emissions is controlled long-term storage of CO2 in depleted oil
and gas fields and in deep saline aquifers. Some view the production of blue hydrogen as
an intermediate option for ammonia production that would allow utilizing the existing
capacity until green ammonia commercializes. A total of above 5 Mt new ammonia
capacity from 10 fossil fuel-based ammonia plants with carbon capture and storage (CCS)
has been announced, of which 5 already operational [14]. In September 2022, QatarEnergy
Renewable Solutions and Qatar Fertiliser Company have signed an agreement for the
construction of the world’s first large-scale blue ammonia plant to start operation in 2026
with a total annual production capacity of 1.2 Mt [32].

Although there is virtually no green ammonia production, it is gaining momentum.
In fact, in the early 1920s, ammonia was produced from alkaline electrolyzers fed with
electricity from hydropower [33]. By the 1960s, these plants were outcompeted by cost
competitive natural gas. Today, early-stage green ammonia projects typically have small
annual production capacities (<0.1 Mt) due to demand uncertainty. As of May 2022, more
than 60 green ammonia plants have been announced [14]. In less than 5 years, most of
these plants are planned from a combination of wind and solar energy, with a combined
annual capacity of 2–3 Mt/year of ammonia. The output would be utilized in existing and
new ammonia markets. Announced projects for renewable ammonia currently add up
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to 34.1 Mt/year by 2030, mainly in places with very low-cost wind and solar energy [34].
Other sources estimate much higher levels at 83 Mt green ammonia production to be
commissioned by 2030 [35]. There are many early adopters and movers towards investing
in green ammonia plants from publicly listed fertilizer companies in Australia, Europe,
Saudi Arabia, and the United States [36]. At the same time, several large-scale ammonia
plants are being planned or under construction in emerging and developing economies,
such as in the Middle East and Africa to be realized in the next few years [37–40].
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Intercontinental hydrogen shipping will be essential to utilize its potential. It is likely
that hydrogen will be converted to other products to facilitate shipping. Liquefaction, use
of liquid organic hydrogen carriers (LOHC), or conversion to hydrogen derived products
such as ammonia, methanol, steel, and synthetic fuels are options [41]. Each additional
conversion step means losses, thereby increasing the costs per unit of energy; however,
ammonia is regarded as an economically viable option for shipping where up to 100 Mt
ammonia per year could be used for this purpose by 2050. Currently, 65 active vessels
operate as an ammonia carrier (excluding liquefied petroleum gas (LPG) vessels that can
switch to ammonia) [42]. One key distinction of ammonia is that it liquefies at −33 ◦C and
atmospheric pressure as opposed to hydrogen that needs to be chilled to temperatures
lower than −253 ◦C for liquefaction [43]. As a result, ammonia shipping is much easier and
less costly than hydrogen shipping. The liquefaction of hydrogen with current technologies
is energy intensive, requiring more than one-third of its lower heating value [44]. The
hydrogenation and de-hydrogenation of liquid organic hydrogen carriers is still at a low
maturity phase [41]. While some of the shipped ammonia could be directly consumed,
including the production of materials that were initially targeted by green hydrogen, some
will be reconverted to hydrogen (‘cracked’) upon delivery.

New ammonia markets are being developed for commercialization in 2024 [45]. For
instance, recently, ammonia is considered a prospective fuel for oceangoing vessels [46].
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Ships typically have lifetimes of 20–25 years or longer, implying vessels should be able to
employ ammonia by 2030 to meet their ambitious net GHG emission reduction target of 50%
by 2050 compared to 2008 [47]. As of the first quarter of 2022, more than 40 ship technology
projects with ammonia have been announced [35,48]. An opportunity exists to retrofit LNG
ships with ammonia [49]. Estimates show that ammonia could represent by between 20%
and 99% of the total projected fuel mix of the shipping industry by 2050 [46,50,51].

Ammonia can also be used as fuel in power plants. Japan has included ammonia option
alongside hydrogen in its power sector transition roadmap to achieve 50–60% co-firing with
ammonia by 2050 with the first implementation and demonstration to materialize by 2024
in a 1-gigawatt (GW) coal-fired power plant at 20% rate [52]. This would result in a total
ammonia demand of 30 Mt for Japan by 2050 which would all be imported [53,54]. Besides
Japan, Republic of Korea has initiated a demonstration program to operationalize the
co-combustion of ammonia in over half the country’s coal-fired power plants by 2030 [55].

3. Technical, Economic and Greenhouse Gas Emission Estimates of Ammonia
Production Pathways
3.1. Energy Use and Greenhouse Gas Emissions of Ammonia Production

Green ammonia production requires 30–36 GJ electricity per ton ammonia with the
range depending on electrolyzer efficiency that range between 62% and 83% according
to literature (see Table 2). About 85–90% of all energy demand is related to hydrogen
production requiring about 50–55 kWh electricity per kg hydrogen. The remaining energy
demand is for air separation, hydrogen compression, and ammonia synthesis [16,17,56–59].
The slightly lower energy consumption of the SMR route compared to electrolysis is due to
more efficient hydrogen production and greater heat integration across the process.

Provided that all electricity is sourced from renewable power, green ammonia is
emission free (The production of renewable power equipment that requires steel and
other materials is currently produced from a mix of renewable and fossil fuels and other
upstream production processes result in GHG emissions in today’s situation. This results
in a wide range of cradle-to-factory gate emissions for green ammonia production from
as low as 0.2 to 1.3 tons of CO2-eq/t ammonia [60–62]. Although outside of the cradle-
to-factory gate system boundaries of the data presented in this paper, when transport
emissions are considered, up to an additional 0.2 tons of CO2-eq/t ammonia could be
emitted [60]). Gas- and coal-based ammonia production emits CO2 from the combustion
of fuels from as low as 1.51 t CO2-eq/t ammonia from the efficiency SMR route to as high
as 6.18 t CO2-eq/t ammonia from less efficient coal gasifiers. In addition to these direct
CO2 emissions, there are indirect emissions related to electricity supply for hydrogen and
nitrogen production as well as for ammonia synthesis which can be up to 1.05 t CO2-eq/t
ammonia [5]. Additional GHG emissions occur from gas production and operations,
and they include emissions from energy for extraction, vented CO2, methane emissions
from pipelines and LNG, upstream embedded emissions, and fugitive methane, and
downstream, during storage, transport, and distribution. On average, it is estimated that
a total of 0.015 tons CO2-equivalent (CO2-eq) per GJ gas production has been emitted in
2018 in various countries, equivalent to 32% of the carbon content of natural gas (A GWP
of 30 tons of CO2 per 1 ton methane is assumed for 100 years). Based on data from [63],
it is estimated that about 60% of these additional GHG emissions were methane related
from upstream and downstream gas operations and another 40% is related to energy for
extraction and vented CO2. When expressed in tons of ammonia production, upstream
and downstream methane emissions could contribute another 0.42 t CO2-eq/t ammonia on
average with a wide range of 0.19–2.40 t CO2-eq/t ammonia, on a 100-year GWP horizon.
These would raise SMR-based grey ammonia’s total GHG emissions from on average 1.51 t
CO2-eq (direct CO2 emissions related only to gas use) to a range of 2.29–4.27 t CO2-eq/t
ammonia (all emissions cradle-to-factory gate) (see Table 2).

Production of blue ammonia is estimated to reduce these total emissions by 16–45%
to between 1.26 and 3.59 t CO2-eq/t ammonia, but this is still far from carbon neutral
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production even at high CO2 capture rates as assumed in this paper at 90% (Current in-
dustry practice from Canada shows an average annual capture rate of around 80% [64]).
This is explained by the large share of remaining emissions from electricity use for am-
monia production and the indirect GHG emissions from gas use that are not captured (In
this paper, an average GHG emission reduction of 51% is estimated for blue hydrogen
(5.55 t CO2-eq/t H2) compared to grey hydrogen (11.38 t CO2-eq/t H2) production. These
estimates are comparable with the findings from other studies [65–68]. However, there
is a large difference with the estimates of [20] where the authors estimated only 9–12%
GHG emissions reduction, explained by the higher GHG emissions that occur from the gas
needed for CCS. The difference between this paper and the estimates of [20] is explained
by three main factors where in this paper (i) a higher capture rate of 90% is assumed [69] as
opposed to 65% (flue gas capture) and 85% (SMR process capture) capture rates, (ii) a GWP
of 30 tons of CO2 for 100 years per 1 ton methane is assumed [63] as opposed to 86 tons
for 20 years, and (iii) 40% lower methane emissions from upstream and downstream gas
operations and energy for extraction of 0.021 tons methane is estimated based on data
from [63] as opposed to 0.035 tons fugitive methane emissions per ton of natural gas). There
are additional emissions from the generation of heat and electricity for the CCS process.
Abating methane emissions across the gas value chain by replacing existing equipment
and improving operational techniques can provide additional emissions reductions [70].
Based on the methane emission reduction potential data according to the IEA [71], there is
an estimated potential of up to an additional 16% GHG emissions reductions compared to
blue ammonia production where methane emissions are unabated.

The cost of capture and storage of CO2 emitted from the SMR burners is much higher
because of low CO2 concentration in the flue gas. Therefore, oxygen-based systems such
as the new autothermal reforming (ATR) technology that avoids the use of such burners
is better suited for CCS as the process combines hydrogen production and heating in a
single reactor, resulting in a single concentrated CO2 stream [72]. This decreases the cost of
CO2 capture and increases the effective capture rate to more than 90% where ATR can be
combined with a pre-combustion carbon-capture technology [73,74]. Without CCS, the ATR
route has comparable total energy consumption with the SMR. With CCS blue ammonia
(ATR) route’s total energy consumption is estimated at 29 GJ/t which is less than the blue
ammonia (SMR) route of 33 GJ/t ammonia thanks to the ease of capturing emissions [14].
Blue ammonia (ATR) route is estimated to emit 0.65–0.70 t CO2-eq/t ammonia (including
0.46 t CO2-eq/t ammonia methane emissions) [75]. This results in total GHG emissions
mitigation of 57–82% compared to grey ammonia.

Table 2. Overview of energy use and GHG emissions of ammonia production.

Production Pathway Energy Use
(GJ/t Ammonia)

Cradle-to-Factory
Gate CO2 Equivalent
(t CO2-eq/t Ammonia)

Ammonia
Type References

Coal Gasification 56–64 Fuel: 5.32–6.18 Grey Fuel use and related CO2
emissions [76]

SMR and ATR (without CCS) 28–36

Fuel: 1.51–2.02
Electricity: 0–1.05
Methane: 0.19–2.40
Total: 2.29–4.27

Grey

Fuel use and CO2 related
emissions: [77–81]
Electricity and methane: See
Appendix A for background data

SMR + CCS 33 Total: 1.34–3.68 Blue See Appendix A for background
data

ATR + CCS 29 0.65–0.70 Blue [14,75]
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Table 2. Cont.

Production Pathway Energy Use
(GJ/t Ammonia)

Cradle-to-Factory
Gate CO2 Equivalent
(t CO2-eq/t Ammonia)

Ammonia
Type References

Renewables + Electrolyzer 30–36 (electricity) Green Own estimate based on
[16,17,56–59]

Notes: Absolute methane emissions reported by the [82] related to gas pipelines and LNG facilities, offshore gas
and onshore gas operations (fugitive and vented) as well as other emissions from oil and gas operations and
satellite detected large leaks by country have been converted to per GJ gas specific emissions for each country as
a ratio of the total methane emissions (assuming a 30 GWP of methane) and the total gas production. For the
blue ammonia (SMR) route, post-combustion capture CO2 technology is assumed to have a 90% capture rate
and total heat and electricity requirement of 2.5 GJ and 0.4 GJ per ton of CO2 captured, respectively. Additional
heat and electricity are generated by individual gas boiler and gas-fired power plant operating with 90% and
40% conversion efficiency, respectively. This has a total energy penalty of 10 percentage points over the hydrogen
production system efficiency (reducing the total efficiency from 86% to 76% based on lower heating value) [69].
Methane abatement technologies could offer estimated methane emissions reduction potential of more than 40%
based on data available from [82]. Country specific electricity generation emissions have been estimated based on
data from [1] by considering the generation from both stand-alone power plants and combined heat and power
plants. Based on stoichiometry of ammonia production reaction, it is assumed that 1 ton of ammonia production
requires 178 kg hydrogen and 822 kg nitrogen. See Appendix A for additional details of the background data and
the methodology.

3.2. Production Costs of Ammonia

Today’s cost of producing green ammonia is estimated to range from United States
dollars (USD) 400 to USD 1670 per ton ammonia (global average USD 730/t ammonia)
with the assumption that renewable power will be generated and supplied on site by dedi-
cated wind and solar energy plants (see Figure 3) (Background data and methodological
details to estimate the production costs of ammonia from various routes are provided in
the Appendix A. The impacts of sale/purchase of electricity from/back to the grid and
the subsequent impact on the greenhouse gas emissions are excluded from this analysis
assuming that there is sufficient and optimized renewable power capacity for ammonia
production at all hours synthesis takes place). In few countries that offer a combination of
good solar and wind resources and favorable economic conditions (cost of capital < 8%),
the cost of producing green ammonia is estimated at USD 400/t ammonia (e.g., Australia,
some Middle Eastern countries). This is cost competitive with grey ammonia production.
In this paper (see Appendix A), the choice was made to reflect the current differences in
the cost of capital between countries [83], therefore the cost of capital has a profound effect
over renewable electricity generation costs. In these countries, the estimated production
cost of green hydrogen is around USD 2/kg, which accounts for on average 86% of the total
green ammonia production cost. Other studies show that this production cost level can
be achieved in more countries by 2030 [84,85]. In countries with less favorable economic
conditions (8–15% cost of capital) or low capacity factors, estimated ammonia production
costs vary between USD 500 and USD 800 per ton (e.g., South Asia, Western Europe, North
Africa). In countries characterized by high cost of capital (>15%), but with relatively high-
capacity factors, production costs reach USD 1000 per ton and above (e.g., Sub-Saharan
Africa). These findings are comparable with those from other studies (e.g., [16,86]). A
study by [84] showed that the tipping point for green ammonia at production costs of
around USD 400/t ammonia is found with power plant capacity factors below 25% when
compared with dispatchable sources including fossil fuels, biomass and systems retrofitted
with post-combustion CCS.
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The estimated green ammonia production cost is three to four times higher than the
estimated grey ammonia production cost that ranges between USD 175 and USD 810 per
ton ammonia based on a gas price range of USD 1–15/GJ (global average production cost
is estimated at USD 470 per ton). Energy costs account for just below 60% of the total grey
ammonia costs, split between 45% gas and 13% electricity and are the determining factor
of both grey and blue final production costs where there is a linear relationship between
them (see Figure A1). Electricity’s share is considerable, particularly in regions with high
industrial electricity prices. Overall, hydrogen production cost is estimated to account for
70% of the grey ammonia total production cost where in natural gas producing countries
with low gas prices (USD 1–2/GJ) the estimated production cost of hydrogen from the SMR
route is USD 1/kg hydrogen and below which compares with a production cost of above
USD 2/kg hydrogen in high gas price countries (>USD 10/GJ). By comparison, global
average blue ammonia (SMR) is estimated at around USD 600 per ton.

Green ammonia production cost is characterized by a 78% share of capital costs of
renewable power technologies and electrolyzers (see Figure A2). A combination of high
gas prices, low discount rates or low capital costs of electrolyzers can enhance competitive
green ammonia production (see Figure A1).

For the global average, a gas price of USD 8/GJ and a 10% cost of capital were
assumed. At USD 17/GJ gas price, the cost of producing grey ammonia is equal to the
average global green ammonia production cost. At a 2% cost of capital, green ammonia
production is cost competitive with grey ammonia at USD 400/t. In regions with good
wind and solar resource potential with renewable electricity generation costs of USD
2.5 cents per kWh and more than a 50% reduction in the electrolyzer capital costs (from
USD 750 to USD 350/kW), green ammonia production cost is estimated at USD 400/t.
Indeed, the choice of the electrolyzer technology has impacts on electricity demand and the
final production cost. The analysis presented in this paper assumes alkaline electrolyzer
technology for hydrogen production close to the low end of its electricity consumption
range (50–78 kWh/kg hydrogen) and the average of its current capital cost range (USD
500–1000/kW). Polymer electrolyte membrane (PEM) electrolyzers have similar electricity
demand but come with a much smaller facility footprint and operate with higher current
density and output pressure. Current capital cost of PEM electrolyzers are, however, higher
than alkaline ranging between USD 700 and USD 1400 per kW. Assuming PEM electrolyzer
use, the estimated green ammonia production cost would increase from USD 726 to USD
810 per ton due to higher capital requirements. Solid oxide systems are much more
efficient with an average electricity demand of 50 kWh/kg hydrogen, but they are still at
development phase. One can argue that in the future the gap in capital costs of electrolyzers
and renewable power between regions will close with technological learning and the cost
of capital and the risk associated with building new technologies will also decrease across
the world [87]. Different electrolyzer technology costs are projected to converge towards
similar costs of less than USD 200–300/kW and electricity demand below 40 kWh/kg
hydrogen by 2050 [88]. The combination of these reductions would make green ammonia
cost competitive with today’s grey ammonia production costs. The future cost of producing
green ammonia should then be largely driven by renewable energy resource quality and
any differences that may remain in the cost of capital due to non-technology risks.

4. Discussion of System Implications and Technical Constraints in Utilizing
Green Ammonia
4.1. Interactions with the Power System

To increase production of ammonia by a factor of four by 2050, the energy system
impacts need to be understood. The 560–665 Mt of green ammonia to be produced by 2050
would be estimated to need up to 1100 GW electrolyzer capacity and 2300 GW of renewable
generation capacity to supply up to 5500 terawatt-hour (TWh) per year electricity. This
equals to a fifth of today’s global electricity generation.
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The typical production capacity of an ammonia plant is on average 1000 tons per day
which would require 1.5 GW co-located renewable power capacity. The total capital cost of
such system would range between USD 5 to 7 billion per Mt of annual ammonia production
capacity. This roughly translates up to USD 4 trillion investments across the green ammonia
value chain between now and 2050 assuming today’s technology costs. According to
Figure 4, renewable power and electrolyzers would have the largest contribution to the
total capital cost requirements.

In case variable solar and wind power are used, it is critical to identify sites where both
have complementary production profiles. In many coastal desert locations, temperature
differences in the evening and at night cause high wind speeds. This complements the
sunshine during the day. The combination yields high-capacity factors for electrolyzer
operation, e.g., up to about 70%. It is therefore no surprise that first proposed green
ammonia plants are in desert locations such as in Red Sea area, Oman and Australia.
Therefore optimal design of renewable power capacity and generation is essential to reduce
ammonia plant investment costs. Particularly important is ensuring additionality to prevent
the use of existing renewable power plants for green hydrogen production that are initially
built to decarbonize the power system [89].
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Figure 4. Breakdown of total investments of a co-located renewable energy, electrolyzer, and green
ammonia plant. Note: For the higher end of the range USD 7 billion splits to USD 4.7 billion for
renewable power plants, USD 0.02 billion for desalination, USD 1.6 billion for electrolysers, USD
0.1 billion for hydrogen storage, USD 0.1 billion for transport, and USD 0.5 billion for the ammonia
synthesis plant and the air separation unit.

Figure 5 depicts an illustrative daily case to show the impact of renewable power sup-
ply over green hydrogen production when electricity is produced on site at all hours from
a co-located stand-alone renewable power plant (Figure 5A–C) and when grid-connected
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electricity is supplied (Figure 5D–F). For the sake of simplicity, in this paper the assumption
was made to source electricity from stand-alone systems dedicated for green hydrogen
production as shown in Figure 5A. Total capital cost and daily hydrogen production (tons
per day) have been used as indicators to show economic viability (In optimum design of
real projects, the assessment presented in this illustrative case should be carried out for the
entire lifetime of projects at an hourly resolution. Additionally, each one of these options
should be evaluated in view of their potential impacts on green ammonia production
costs [90] besides total capital costs).

In the case where all electricity need is generated on site, renewable power plants are
generally designed with some degree of overcapacity (see green dashed lined) to ensure
electricity demand of the electrolyzer (see red dashed line) is met at all hours with no
disruptions (Figure 5A). While this ensures 100% green hydrogen production, it requires
significant investments and may only be possible in cases when there is a renewable energy
investor to co-finance the project or an established power market and/or guaranteed
consumer for the hydrogen producer to sell any surplus power. Adjusting the capacity
of the electrolyzer and the power plants can optimize the total capital costs and the load
factor of the electrolyzer. In that case, the power plant has a lower generation capacity,
thereby reducing green hydrogen output and reducing the economic viability of the system
as electrolyzer is operated with lower capacity factors (Figure 5B). This can be overcome by
installing on-site energy/hydrogen storage and store power and/or hydrogen during times
when there is surplus power and utilize these during shortage of renewable power supply
(Figure 5C). However, energy/hydrogen storage must be designed carefully in view of the
choices for renewable power supply and the electrolyzer capacity since it can have a high
contribution to the upfront investment costs.

In the case where a share of the total electricity need is supplied from the grid, the non-
renewable electricity share can be offset with the surplus renewable power generated on
site which will depend on renewable energy capacity, the electricity mix in the grid at that
time as well as on the accounting methodology for green hydrogen eligibility. Additionally,
green hydrogen output will decrease when renewable power capacity is lower (compare
Figure 5D with Figure 5E). Grid-connected electricity could allow for higher utilization
rates of the electrolyzer capacity, however, to ensure production of hydrogen is green,
demand must be coupled with supply at all hours. Depending on the hour of the day,
supplying electricity from the grid could also be very expensive. Tradeoff between grid
electricity price, high-capacity factors of electrolyzers and green hydrogen output need to
be carefully assessed.

In zones where there is a significant renewable generation surplus, grid-connected
electrolyzers could procure renewable power from the grid which may otherwise be
curtailed or utilized by energy storage systems and other users. However, availability of
curtailed power may be insufficient, and it may be more cost effective to utilize it with
other flexibility options. Alternatively, a renewable energy power purchase agreement
(PPA) with other electricity suppliers can be signed to increase renewable electricity supply
to complement the sourcing from on-site renewable electricity capacity (see Figure 5F). The
electricity supplier may have a business case if power can be sold at more times instead of
only for several hours for complementing the renewable power supply shortages. Thus,
PPAs for few hours could be expensive.
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Total investment: USD 2 128 million
Including RE Power assets: USD 1 978 million (93%)

Hydrogen production: 96 t
Including green hydrogen: 96 t (100%)

Risk of significant value loss 
of curtailed electricity.

Significant overcapacity of 
RE assets to guarantee full

load of the electrolyser

Total investment: USD 862 million
Including RE Power assets: USD 712 million (83%)

Hydrogen production: 96 t
Including green hydrogen: 77 t (80%)

Limited overcapacity of RE assets due to daily 
accounting of RE volumes for green hydrogen eligibility

Total investment: USD 986 million
Including RE Power assets: USD 791 million (80%)

Hydrogen production: 77 t
Including green hydrogen: 77 t (100%)

Variable profile of electrolyser electricity 
consumption and increased size of the 

electrolyser to produce the same 
amount of green hydrogen while 

minimising curtailment.

Total investment: USD 717 million
Including RE Power assets: USD 567 million (79%)

Hydrogen production: 96 t
Including green hydrogen: 57 t (60%)
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market prices

Exposure to electricity 
market prices

Total investment: USD 1 205 million
Including RE Power assets: USD 1 055 million (88%)

Hydrogen production: 96 t
Including green hydrogen: 77 t (80%)

Significant overcapacity of RE assets

Total investment: USD 1 714 million
Including RE Power assets: USD 1 318 million (77%)
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Including green hydrogen: 96 t (100%)
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helps to run the electrolyser at full load.

Optimisation of battery capacity as a 
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Figure 5. Impact of stand-alone and grid-connected power supply on green hydrogen production.
Notes: Illustrative charts showing the operation in a single day. Hydrogen production is expressed
in tons per day. Capital costs of solar PV, onshore wind and offshore wind have been assumed as
USD 800, USD 1800 and USD 3740 per kW, respectively. Li-ion battery capital cost is USD 350/kWh
and electrolyser capital cost is USD 750/kW. Electricity prices for self-consumption/PPA and grid
average have been assumed as USD 62 and USD 162 per kWh.
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4.2. Ammonia Production Aspects

Cost effective green ammonia production will require an optimum system operation.
The ammonia synthesis reactor operates continuously at elevated temperatures of above
400 ◦C to maintain a high rate of reaction. While the heat of reaction is sufficient to
realize the required process temperatures, the heat management of the reactor is critical
to maintain this, which is impacted by the temperature of the system inlet and outlet
feeds. With variable renewable energy supply, the steady-state operation and recycle loops
(essential to feed the unreacted reactants back to the reactor) may be adversely impacted
because green hydrogen supply can be intermittent. It will be important to understand the
flexibility of reactors and the operational limitations to avoid interruptions, shutdowns,
overheating and most importantly catalyst damage that is prone to reactor temperature [91].

Hydrogen storage may be needed between the electrolyzer and ammonia synthesis
reactor. Low-cost solutions can be offered by underground storage at salt caverns, aquifers,
and depleted gas fields. These options provide large and safe capacity for storage [92].
The salt cavern option is proven with years of experience that offers safe and fast cyclic
storage at various sites [93]. Caverns can be up to 2 km deep and offer up to 1 million
m3 volume [94]. The Teesside in the United Kingdom operated by SABIC since 1972
stores in total 210,000 m3 hydrogen at 45 bar across three sites. In the United States, more
than 1.7 million m3 hydrogen is stored in another three salt caverns [95]. The world’s
largest project for storing hydrogen in two salt caverns with a total capacity of 0.3 TWh
in central Utah has started in June [96]. More research and development is needed to
assess the geological feasibility whereas new pilot and demonstration projects can help to
commercialize hydrogen storage in gas fields and aquifers [97]. Several pilot projects are
underway in Austria (SunStorage) [98] and in Argentina (HyChico) [99] to utilize gas fields
for hydrogen storage but availability of underground salt deposits is limited only to certain
regions in the world [100]. Trials in gas fields have pointed to technical constraints such as
the chemical and bacteriological reactions, alterations in the mechanical and permeability
properties of the reservoir due to interaction with hydrogen, and the embrittlement of
hydrogen [101]. Additionally, aquifers and depleted hydrocarbon reservoirs need to have
good reservoir properties for injection and good quality cap rock to prevent migration
of stored gas. In aquifers, hydrogen injection causes the formation of gas-liquid mixture
which affects the withdrawal process. Additionally, undetected leakages (migration) and
reactivity of hydrogen with reservoir minerals are other issues that warrant attention.
Overall, these hydrogen storage options still have lower technology readiness level and
require more research for commercialization [102].

Ammonia production efficiency ranges between 57% and 69% which is a fraction of
the ammonia lower heating value and the total electricity demand to produce ammonia
(30–36 GJ). Nevertheless, the cycle efficiency of using ammonia as a hydrogen carrier is
lower at about 49% considering the value chain from renewable energy input for hydrogen
production and synthesis of ammonia to its cracking (see Figure 6 for conversion of 1 kWh
electricity to ammonia). Although the conversion of hydrogen to ammonia and to convert it
back to hydrogen may initially be regarded inefficient and costly due to storage, transport,
and cracking steps, it is currently economically the most feasible transport way since
hydrogen is difficult to ship. Estimates show that it is 25–70% cheaper to produce, store,
transport and crack ammonia to hydrogen compared to the liquefied hydrogen route [41].
Additionally, there is transportation infrastructure available for ammonia logistics today,
which is not the case for hydrogen [103,104]. Losses from hydrogen to ammonia make
up a small share of the total losses in ammonia production where in large-scale plants at
least 99% of the produced hydrogen is converted to ammonia [105]. Technically, cracking
is the most challenging step in the value chain. This reconversion step called ammonia
cracking requires net energy of 1 GJ/t ammonia, equivalent to about 5% of ammonia’s
total energy content. Besides reconversion energy, there are thermal energy losses in
the cracker of 4–7% when accounting for this 15% hydrogen loss in cracking, more than
5 GJ/t ammonia is needed [106], resulting in an overall efficiency on a H2 mass basis of
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about 75% [107]. Potential areas of research for commercializing ammonia cracking are the
development of efficient catalysts (determined by the heat requirements and the subsequent
process temperatures), hydrogen purification with membranes and PSA & associated heat
integration with the ammonia cracker reactor, and novel reactor technologies that are more
efficient and flexible [108].

Sustainability 2023, 15, 1623 16 of 28 
 

 
Figure 6. Cycle efficiency of using ammonia as an energy carrier. 

During green ammonia production, 1.4 tons of oxygen is produced as a by-product 
per ton of ammonia arising from the electrolysis and air separation steps. High purity 
oxygen can be used in several markets, including niche applications in the medical sector 
as well as in industrial processes, such as nitric acid plants in downstream fertilizer 
facilities, the steel industry and electricity generation, provided that green ammonia is 
produced in proximity with other oxygen using production processes thus making it case 
specific. Using pure oxygen helps to improve the efficiency of the process since 
combustion temperature is higher and CO2 capture is easier as it has a higher partial 
pressure in the combusted gas mixture [105]. So far this oxygen potential is not utilized in 
plant designs, it may offer further optimization potential. In fact, oxygen could be used in 
the ATR-based blue hydrogen production processes. 

5. Discussion of Prospects for Green Ammonia Trade and Required Policies 
5.1. Prospects for International Trade 

The capacity to store ammonia seasonally and the high maturity of its transportation 
and distribution technologies yield a viable pathway compared to other hydrogen 
shipping options. Moreover, shipping ammonia has the advantage of requiring the lowest 
total amount of capital for a fixed hydrogen capacity, about 20% lower than the total 
investment needed for liquid organic hydrogen carriers and 50% lower than for liquid 
hydrogen [41]. Currently more than 10% of all ammonia production is globally traded 
using pipelines and ships [41]. In a 1.5 °C aligned climate scenario, ammonia trade is 
estimated to grow by nearly 25 times [2] with its trade for hydrogen transport alone to 
reach 127 Mt by 2050 [14]. 

The prospect for green ammonia trade as a hydrogen carrier will be driven by the 
production cost difference between regions and the cost of transportation. The estimated 
production cost difference is a factor between 1.4 and 2.2 times for countries with good 
economic conditions, but with differences in the capacity factors of wind and solar energy 
(e.g., Australia versus Italy and Japan, respectively), equivalent to USD 175–450 per ton 
ammonia (see Section 3). By comparison, the production cost difference is close to the high 
end of this range between countries with similar quality wind and solar energy resources, 
but with different economic conditions (e.g., Australia versus Egypt). As the disparity in 
economic conditions widen, the production cost difference increases up to USD 1000 per 
ton or about 4 times between countries (e.g., Australia versus most sub-Saharan Africa 
countries). 

This analysis suggests that green ammonia production can start in countries with 
good renewable energy resource availability and favorable economic conditions such as 
in Australia and the United States. The renewable electricity generation cost in these 
countries are close to the low end of the estimated range of USD 2–12 cents per kWh 
(global average: USD 4.6 cents per kWh). The future cost difference in green ammonia 
production will be driven by renewable energy resource quality or the capacity factors of 
power plants, as the differences between the capital cost of equipment and the cost of 
capital are expected to narrow over time. At the same time, investment decisions are being 
taken by emerging and developing economies for new green hydrogen and green 
ammonia plants. Based on their credit rating, these countries are, however, characterized 
by high cost of capital in this paper, implying high green ammonia production costs. In 
reality, the risks associated with high cost of capital can be overcome through private 

Electrolysis: 51 
kWh/kg H2

(efficiency: 65%)

Ammonia 
synthesis:

0.0195 kg H2
converted

(efficiency: 99%)

Ammonia 
cracking:

0.0110 kg NH3
converted
(efficiency: 

99.9%)

Hydrogen 
conversion

(efficiency: 75%)

Electricity input:
1 kWh

(3.60 MJ)

H2 output:
0.0197 kg

NH3 output:
0.111 kg

H2 output:
0.0195 kg H2 recovered:

0.0146 kg
(1.75 MJ)

Figure 6. Cycle efficiency of using ammonia as an energy carrier.

Another aspect for green hydrogen production is that solar and wind produce DC
electricity, which is converted into AC electricity and subsequently again reconverted into
DC electricity for electrolysis. Significant energy losses and cost increases occur because of
these conversions. If such conversion steps can be avoided, this could reduce the overall
systems cost significantly. When accounting for such losses and all other energy inputs in
the green ammonia value chain, the efficiency decreases to about 28% since about 0.745 MJ
additional energy is needed during the conversion of 1 kWh electricity to 1.75 MJ recovered
hydrogen (see Figure 6):

• About 2% of the total electricity input is consumed at the inverter control system (0.072 MJ)
• Compression of hydrogen requires 4.32 MJ/kg hydrogen (0.085 MJ to compress

0.0197 kg hydrogen) [107]
• Nitrogen production (0.091 kg nitrogen is required for the equivalent amount of

hydrogen compressed) requires 265 kWh/kg nitrogen electricity (0.087 MJ)
• Ammonia synthesis requires 600 kWh/t ammonia (0.238 MJ)
• Transport of ammonia over a 3000 km distance requires 0.936 MJ/kg ammonia (0.103 MJ)
• Cracking and purification steps require 0.4 kWh/kg ammonia (0.159 MJ) [107]

The losses due to limited efficiency of electrolyzers are compensated by the character-
istics of the electrified ammonia production process. Various electrolysis processes produce
hydrogen at different pressures. This determines the need for additional compression [109].
Instead of steam turbines, compressors are powered with efficient electric motor systems.
Electrolysis and ammonia production can provide flexibility services that facilitate variable
renewable energy (VRE) integration. Although start/stop flexibility of ammonia synthesis
reactors is limited, electrolysis process can react much quicker than the heat integrated
methane reforming process, offering additional benefits [105]. At the same time, attention
is needed to manage the complex operation of electrolyzers that may require additional
energy, thereby reducing the overall system efficiency. Typically, the whole installation
needs to be flushed with nitrogen after a standstill and before a gradual restart for security
reasons, which results in additional energy demand to produce additional nitrogen. This
also impacts the flexibility of the electrolyzers since continuous operation even at low
levels helps to avoid such security measures. During the electrolysis process, excess heat is
produced and ventilated without any recovery. This creates cooling demand that reduces
the system efficiency. Systems especially overheat when they operate with high loads [103].
Heat recovery systems can reduce the additional energy demand for cooling [110].

During green ammonia production, 1.4 tons of oxygen is produced as a by-product
per ton of ammonia arising from the electrolysis and air separation steps. High purity
oxygen can be used in several markets, including niche applications in the medical sector as
well as in industrial processes, such as nitric acid plants in downstream fertilizer facilities,
the steel industry and electricity generation, provided that green ammonia is produced in
proximity with other oxygen using production processes thus making it case specific. Using
pure oxygen helps to improve the efficiency of the process since combustion temperature
is higher and CO2 capture is easier as it has a higher partial pressure in the combusted
gas mixture [105]. So far this oxygen potential is not utilized in plant designs, it may
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offer further optimization potential. In fact, oxygen could be used in the ATR-based blue
hydrogen production processes.

5. Discussion of Prospects for Green Ammonia Trade and Required Policies
5.1. Prospects for International Trade

The capacity to store ammonia seasonally and the high maturity of its transportation
and distribution technologies yield a viable pathway compared to other hydrogen shipping
options. Moreover, shipping ammonia has the advantage of requiring the lowest total
amount of capital for a fixed hydrogen capacity, about 20% lower than the total investment
needed for liquid organic hydrogen carriers and 50% lower than for liquid hydrogen [41].
Currently more than 10% of all ammonia production is globally traded using pipelines and
ships [41]. In a 1.5 ◦C aligned climate scenario, ammonia trade is estimated to grow by
nearly 25 times [2] with its trade for hydrogen transport alone to reach 127 Mt by 2050 [14].

The prospect for green ammonia trade as a hydrogen carrier will be driven by the
production cost difference between regions and the cost of transportation. The estimated
production cost difference is a factor between 1.4 and 2.2 times for countries with good
economic conditions, but with differences in the capacity factors of wind and solar energy
(e.g., Australia versus Italy and Japan, respectively), equivalent to USD 175–450 per ton
ammonia (see Section 3). By comparison, the production cost difference is close to the
high end of this range between countries with similar quality wind and solar energy
resources, but with different economic conditions (e.g., Australia versus Egypt). As the
disparity in economic conditions widen, the production cost difference increases up to USD
1000 per ton or about 4 times between countries (e.g., Australia versus most sub-Saharan
Africa countries).

This analysis suggests that green ammonia production can start in countries with
good renewable energy resource availability and favorable economic conditions such as in
Australia and the United States. The renewable electricity generation cost in these countries
are close to the low end of the estimated range of USD 2–12 cents per kWh (global average:
USD 4.6 cents per kWh). The future cost difference in green ammonia production will be
driven by renewable energy resource quality or the capacity factors of power plants, as the
differences between the capital cost of equipment and the cost of capital are expected to
narrow over time. At the same time, investment decisions are being taken by emerging
and developing economies for new green hydrogen and green ammonia plants. Based on
their credit rating, these countries are, however, characterized by high cost of capital in this
paper, implying high green ammonia production costs. In reality, the risks associated with
high cost of capital can be overcome through private investors who are willing to pay for a
high equity share and the availability of concessional finance provided to countries through
specific programs or special de-risking measures [111]. Thus, if enabling conditions and
financing can be secured to ensure low cost of capital (see Section 5.2), large-scale green
ammonia production can also begin in India, Middle East and North Africa, and Latin
America. In that sense, green ammonia opens the opportunity to tap into remote low-cost
renewable energy potentials. Therefore, in the long-term, the largest economic potential
of hydrogen and ammonia supply is found in Sub-Saharan African and Latin American
countries with opportunities in parts of Asia as well (e.g., the Middle East).

The additional cost parameters that impact ammonia import are shipping and cracking
costs, which depend on the technology choice and its development. The cost of producing
green hydrogen from renewables is projected to drop below USD 1/kg H2 for most regions
by 2050. Over the same time frame, the cost of shipping ammonia is projected to decline
by one order of magnitude, from USD 8/kg H2 for today’s pilot projects to USD 0.8/kg
H2 for large-scale projects. Three-quarters of this decline is explained by economies of
scale, followed by the decline in the cost of capital (from 15% to 5%) and technology
learning. Hydrogen can be delivered at a cost of USD 1.5–2/kg H2 with green ammonia,
highlighting that the future prices offered by various exporters could be very similar. Future
trade will therefore also be defined by other factors such as energy security, availability of
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infrastructure, existence of trade routes and country relationships. Indeed, transportation
costs of ammonia remain much lower than the gap in production costs, both between
production routes, and between countries for a given route [41]. Therefore, the location
of future ammonia plants will also depend on the appetite of consumers for low-carbon
ammonia at regional and global level and on trade policies.

Building new ammonia trade routes can use the significant experience that exists with
ammonia shipping. There exists infrastructure in over 120 ports that could be used for
ammonia trade. Ammonia is typically shipped in LPG carriers with around 170 ships
present with the capability of carrying ammonia. Besides carrying LPG and other similar
products, 40–65 of these ships permanently carry ammonia [42,112]. Transport and handling
of ammonia can be done easily through the existing distribution network of fossil fuel-
based ammonia, where ammonia is usually transported in liquid form. This also includes
the use of pipelines for instance used in the United States [24]. There are already protocols
in place for the health and safety regulations of ammonia transport, and a complete value
chain has been established comprising, for instance, component manufacturers, spare part
suppliers, ammonia sensors, and detector vendors. However, there are concerns related
to storage and transportation of hydrogen using ammonia due to its toxic characteristic.
It is possible to overcome this barrier by storing ammonia in a solid (e.g., metal ammines,
ammonium carbonates or urea) and by using leak-proof infrastructure [113].

5.2. Required Policies and Enabling Conditions

There are two pillars in establishing such a policy framework, namely, (1) to establish
national and sectoral plans for ammonia, and (2) to improve the enabling conditions to
realize them. This section discusses these based on literature that has addressed the various
aspects of developing such decarbonization strategies for industrial products [5,114–116].

5.3. Climate and Environment

The climate and environmental impacts of ammonia production must be at the core of
ammonia development strategies. The analysis presented in this paper has shown that in
defining green and blue ammonia, carbon neutrality is not a given. The cradle-to-factory
gate blue ammonia (SMR) emissions are estimated to range from 1.27 to 3.59 t CO2-eq/t
ammonia whereas green ammonia emissions could be around 0.40 t CO2-eq/t ammonia.
From the perspective of avoiding stranded assets [117] and minimize impact on production
costs, the industry may favor blue ammonia as a first option given its production costs
are only about 25% higher than grey ammonia. This option becomes more favorable
when the total methane emissions from the gas industry could be mitigated. Although
mitigation of these emissions is an early opportunity for the energy sector, the gas industry
has been slow to act, and mitigation has been challenging due to lack of measuring and
reporting frameworks. Few studies attempted to quantify the country-level emissions,
even in the case of large emitters such as the United States [118] and there are even larger
uncertainties about gas transport emissions such as from LNG ships [119]. Additionally,
methane and indirect GHG emissions of the gas industry show large uncertainty depending
on the methodology and assumptions. Data collection, measurement, assessment, and
reporting methodology require improvements. It is equally important to assess the impact
of captured CO2 used for enhanced oil recovery and the production of urea or methanol
along the full life cycle, since these options lead to release of CO2 back to the atmosphere.

Besides GHG emissions, the availability and use of water is another aspect of green
ammonia production. Ammonia from electrolysis requires about 1.6 tons water feedstock/t
ammonia, with additional water required for cooling and support systems. By comparison,
the SMR route requires around 0.6 tons [43]. Wherever possible, the use of desalinated
sea water must be prioritized. The use of alternative sources such as wastewater can be
explored as well [120]. As pure water is needed for the electrolysis, purification technologies
warrant attention. Water availability could affect the green hydrogen supply potential in
regions such as the Middle East [121]. Thus, the impacts of natural resource requirement as
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well as the environmental and climate impacts of hydrogen geological storage will need to
be better understood. Other sustainability criteria will need to be considered, including
availability of land, scarcity of certain metals, and impacts on the global nitrogen cycle.

5.4. Innovation Policies

The enabling conditions to improve the feasibility to invest in green ammonia in-
clude actions across technology innovation, policy instruments and financing. Innovation
is needed to continue cost reductions and minimize the energy losses across the green
ammonia value chain of production. Research and development is required to reduce
the additional ammonia requirements during reconversion, e.g., when ammonia is used
to carry hydrogen, and reconvert back to purified hydrogen for importing regions. Al-
ternatively, partial cracking technologies or even fully ammonia-fed technologies can be
developed, reducing the overall energy requirement. To minimize methane emissions from
blue ammonia production, simple technology solutions such as frequent leak detection and
repair, emission technology standards, and controlling and allowing for venting only under
certain circumstances need to be prioritized to ensure blue ammonia can be deployed in
tandem with green ammonia [22].

5.5. Regulations for Market Creation and Growth and Financing

The required policy instruments include a wide range of options. Creating local
markets and ensuring sustainability of production will require accurate characterization
and definitions of blue and green ammonia. Using these definitions, the pillar to facilitate
international trade will be to develop certification and standards. Ammonia is currently
transported as a chemical, but in will also be a zero-carbon fuel and hydrogen carrier in
the future. Methodologies will need to be developed to trace the life cycle GHG emissions
associated with all stages of ammonia value chain–production, transport, and conver-
sion processes for different ammonia types. Besides including quantitative criteria (e.g.,
emissions, water use), qualitative criteria should also be incorporated depending on the
region under consideration. Ensuring consistency in the methodological aspects across
countries such as spatial and time boundaries, data, treatment of co-products, as well
as socio-economic aspects will be critical. Interoperability will be needed to minimize
differences in criteria and thresholds between different countries, thereby eliminating risks
related to uneven progress of creating new markets and emissions mitigation. Ammonia
standards must strike a balance between guaranteeing the production of green hydrogen
production for decarbonization and incentivizing innovation and capacity deployment.

There will be a need to understand how to design and implement production tar-
gets, production quotas, green public procurement, and other regulatory approaches to
create new ammonia markets and reshape existing ones, where examples of their role
for low-carbon steel and cement have already been explored [122]. Business and country
partnerships facilitate project development and market creation, and they accelerate inno-
vation [111]. New demand creation incentives for green hydrogen can accelerate ammonia
trade, but separate trade policies may be needed to deal with the individual ammonia prod-
ucts that compete with grey ammonia and fossil fuels, as well as the hydrogen transport
options in view of their varying costs and GHG emission performances.

Market-based instruments and financing approaches will be needed to materialize
on the nearly USD 4 trillion investment needed across the green ammonia value chain
between today and 2050. For the first large-scale projects, availability of mature value
chain and existing market will be critical which is one of the underlying reasons why green
ammonia projects are an early opportunity. Yet, green ammonia is still perceived as a risky
investment because of its high capital costs, and therefore the first projects will require
higher equity share [19] and first movers would be willing to pay for a premium for green
ammonia [26]. Economies of scale will reduce costs and mid- to long-term contracts can
ensure demand among other measures as discussed earlier. Creation of a sustainable green
ammonia market will rely on market-based instruments instead of subsidies and support,
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thereby requiring de-risking mechanisms and eliminating factors that create financial risks
to investors. This requires understanding of the existing barriers and the parameters that
can drive down the costs across the value chain. The reduction of renewable power and
electrolyzer costs are essential to ensure cost competitiveness. This may require multiple
actors to partner since it may be challenging for a single actor to cover the costs across
the entire value chain. Many of the announced green ammonia projects feature company
partnerships including a supplier of green electricity, green hydrogen producer and the
consumers/off-takers of green hydrogen and its products. Direct financial support and
viability gap funds can reduce the upfront capital costs of first projects. The operation
and maintenance costs of green ammonia production will require market-based policy
approaches to improve the enabling conditions. Reduction of fossil fuel subsidies, creation
of carbon markets and carbon contracts for differences could be helpful means to create a
level playing field for green ammonia [34].

Unless alternatives for green hydrogen supply through infrastructure and imports
become available at lower cost, green hydrogen may require long-term subsidies. A better
understanding of the cost of hydrogen infrastructure and import options as well as efficient
subsidy frameworks will be needed [123]. Grants, investments, loans, or loan guarantees,
intermediate secured buyer of auctioned projects, are possible instruments to finance future
green ammonia projects, where their role should be assessed case by case by engaging
both the international and local financial actors. The availability of infrastructure such as
loading and unloading port facilities will be one of the criteria to determine suitable trade
routes. Therefore, infrastructure investments will be needed as well, where public private
partnerships can play a role.

6. Conclusions

This paper has provided an overview of ammonia market projections based on various
scenarios and assessed the energy, climate, and cost impacts of realizing those markets
with a view on the power system implications and the required policies for facilitating
international trade. As part of national and sectoral net-zero emission targets, the role of
green and blue ammonia should be further defined as ammonia has the potential to reduce
future non-energy use of gas. Green ammonia presents an early market opportunity for
green hydrogen deployment and to decarbonize hard to abate sectors such as chemicals
processing, petrochemicals, agriculture, energy, maritime shipping, and long-haul freight
operations. Although ammonia represents about 4% of the global gas market today, this
share may increase as ammonia demand picks up with growth in these end-use sectors and
economic growth in developing countries.

This work summarizes existing knowledge on low-carbon ammonia production and
adds value by comparing the different available ammonia production pathways. Further,
the research study elaborates the energy system integration issues of green and blue
ammonia production, their environment impacts, as well as the required policies and
financing aspects to facilitate their market deployment and international trade. The findings
presented in the paper may be detailed and studied further at the level of projects in various
regions globally for designing and deploying cost-effective ammonia plants. The ammonia
efficiency assessment should be expanded with the embedded energy in the production
and supply equipment through the development of indicators such as energy return on
investment. These assessments can help to prioritize the key enabling conditions that
should be advanced on as well as innovative project finance. As this paper stresses,
ammonia is moving from viable technology to full scale deployment, yet while green
ammonia is likely to reach cost competitiveness in the coming decades, its deployment can
be in tandem with blue ammonia. In deployment of blue ammonia, gas supply security has
gained importance while countries must urgently act to reduce CO2 and methane emissions
from their gas operations. Ammonia can play a key role in decarbonizing the gas sector
due to its ease of transportation and its relatively high energy content per unit of weight.
Certification and standards built on internationally acknowledged methodologies and that
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consider ammonia’s energy requirements, emissions, and other environmental impacts
across its full value chain will be essential.
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Appendix A

Unit Assumed Value References

Hydrogen production

CAPEX: SMR USD/kW 910 [124–126]

CAPEX: Electrolyzer USD/kW 750 [127]

CAPEX: CCS USD/t CO2/year 300 [69]

CAPEX: Onshore wind USD/kW 1150–3000

[128,129]CAPEX: Offshore wind USD/kW 2300–6300

CAPEX: Solar PV USD/kW 600–1750

CAPEX: Gas boiler USD/kW 500 [130]

OPEX: SMR % of CAPEX 4.7 [124,125]

OPEX: Electrolyzer % of CAPEX 2.5 [127]

OPEX: CCS % of CAPEX 7 [69]

OPEX: Renewable power % of CAPEX 2.5 [128,129]

Gas boiler OPEX % of CAPEX 3 [130]

Capacity factor: SMR % 90 [124,125]

Capacity factor: Electrolyzer % 50 [127]

Capacity factor: CCS % 90 [69]

Capacity factor: Onshore wind % 28–38

[128–131]Capacity factor: Offshore wind % 38–57

Capacity factor: Solar PV % 12–23

Capacity factor: Gas boiler % 90 [132]
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Unit Assumed Value References

SMR gas input
GJ/t H2

[133]

Feedstock 140.7
Fuel 15.4

SMR steam
GJ/t H2Import 25.9

Export 37.2

SMR electricity GJ/t H2 1.14

Electrolyzer efficiency % 65
[127]

Electrolyzer water demand l/kg H2 15

CCS steam GJ/t CO2 captured 2.5 [69]

CCS electricity GJ/t CO2 captured 0.4 [69]

CCS capture rate % 90 [69]

Gas-fired power plant efficiency % 30–90 Assumption

Gas boiler efficiency % 90 Assumption

Emission factor of natural gas tons CO2/GJ 0.056

Emission factor of grid electricity g CO2/kWh 0–1050
Estimated based on data

from [1]

Average methane emissions from natural gas t CO2-eq/GJ 0.015
Estimated based on data

from [1,22,63,71,82]

GHG emission reduction potential of methane
abatement measures

% Up to 16%
Estimated based on data

from [1,71]

Nitrogen production

CAPEX: cryogenic air separation USD/t N2/h 1,500,000
[56]

OPEX: cryogenic air separation % of CAPEX 2

Electricity kWh/t N2 265 [134]

Capacity factor % 90 Assumption

Ammonia synthesis

CAPEX: ammonia synthesis USD/t NH3/h 3,450,000
[17]

OPEX: ammonia synthesis % of CAPEX 2

Electricity for synthesis kWh/kg NH3 0.65 [16,57]

Utility prices

Natural gas price USD/GJ 1–10 Assumption

Grid electricity USD/kWh 0.014–0.108 Assumption

LCOE onshore wind USD/kWh 0.037–0.228

Estimated based on above
parameters

LCOE
offshore wind

USD/kWh 0.052–0.215

LCOE
Solar PV

USD/kWh 0.038–0.142

Water price USD/L 0.001 Assumption

Annuity factor

Long-term interest rate (2019–2021) % −0.5–10 [135]

Country credit ratings (August 2022) - - [136]

Discount rate % 5–22 Estimate

Economic lifetime of equipment Years 25 Assumption
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Levelized cost of producing hydrogen, electricity and ammonia are estimated based
on Equation (A1)

LCOXi,c =
α × Ii + Ei,c + Oi

Xi
(A1)

where LCOXi,c is the levelized cost of production (in USD per unit of energy/chemical) from
technology i in country c, α is the annuity factor in years−1 (estimated as rc/(1 − (1 + rc)−L),
rc is the discount rate in country c (in %) and L is the economic lifetime (in years)), Ii
is the initial investment cost of technology i (in million USD, CAPEX)), Xi is the annual
energy/chemical production from technology i (estimated as the product of production
capacity and the capacity factor), Ei is total annual energy costs (electricity, gas etc), and Oi
is total other costs of technology i (all in million USD/year, OPEX).

CO2 avoidance cost of post-combustion CCS has been estimated based on Equation (A2)

COAc =
α × IC + EC + OC

CO2
(A2)

where COAc is the levelized cost of avoiding CO2 (in USD per ton of CO2) in country c, α
is the annuity factor in years−1 (estimated as rc/(1 − (1 + rc)−L), rc is the discount rate in
country c (in %) and L is the economic lifetime (in years)), IC is the initial investment cost
of carbon capture technology (in million USD, CAPEX)), CO2 is the annual CO2 avoided i
(estimated as the product of CO2 emissions and the capture rate minus total CO2 emissions
from electricity and heat supply to the carbon capture process), EC is total annual energy
costs related to the carbon capture process (electricity, gas), and OC is total other costs of
carbon capture (all in million USD/year, OPEX).
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Figure A1. Estimated ammonia production costs as a function of gas and electricity prices. Note:
Estimates assume a 10% cost of capital.
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