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Abstract

The article addresses the scope of the emissions approach in the environmental impact assessment of ammonia plants. The
authors analyze areas covering both direct emissions and emissions across the entire life cycle (well-to-use/life cycle
assessment). They highlight the need for a practical approach to analysis that covers not only the fuel use stage, but also its
production, transport and conversion. As indicated by the European Environment Agency, NHf emissions are one of the
main factors contributing to air pollution in Europe, through the generation of secondary aerosols (PMR4). The production
pathways of ammonia, its combustion, and its utilization pathways in industrial installations were also compared. In
summary, it should be noted that ammonia should be viewed not as a single fuel or source of emissions, but as an element
of a complex energy-industrial system. An integrated approach to emission limits requires further research and analysis in
the field of LCA.
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Introduction

The energy transition towards climate
neutrality requires the deployment of new
energy carriers and technologies enabling
decarbonisation of sectors that are difficult to
electrify directly. In this context, hydrogen and
its derivatives, in particular ammonia, play a
strategic role, as they enable the integration of
energy, industrial, and transport systems [3], [4],
[8]. As indicated by the European Commission in
its Hydrogen Strategy, hydrogen is one of the
key elements for achieving climate neutrality
by 2050 [3]. Ammonia (NHf) is gaining
importance as a hydrogen carrier and an
alternative fuel, due both to its physicochemical
properties and to the existing logistics
infrastructure originally developed for the

fertilizer industry [9], [10]. At the same time, its
deployment is associated with environmental
and regulatory challenges that require analysis
going beyond the emissions-based approach [11],
[12]. The aim of this article is to demonstrate that
the environmental impacts of ammonia-based
installations should be assessed from a system-
wide perspective, covering the entire value
chain—from production to final use[1-6].

Hydrogen as a foundation of systemic
transformation

Hydrogen constitutes a key element of the
energy transition, particularly in sectors that
are difficult to electrify, such as the steel,
chemical, and heavy transport industries.
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According to a report by the International
Energy Agency, global hydrogen demand
reached approximately 97 Mt in 2023, with the
dominant applications in refining and the
chemical sector [1-5]. The importance of
hydrogen also stems from its role in the
integration of energy systems [6]. Electrolysis
enables the conversion of surplus renewable
energy into hydrogen, allowing for long-term
energy storage and stabilization of the power
system. As indicated by the International
Renewable Energy Agency, power-to-gas
technologies represent one of the key elements
of sector coupling [2], [4-5]. At the same time, the
actual decarbonization potential of hydrogen
depends on the method of its production.
Hydrogen produced via methane reforming
generates

emissions at the level of 8-12 kg COFper kg of HF
[5], whereas renewable hydrogen can be
characterized by near-zero life-cycle emissions,
as highlighted in European Commission
documents on the EU taxonomy [1], [3], [6], [8].

Ammonia as an energy and
hydrogen carrier

Ammonia is one of the most promising
hydrogen carriers, due to its physicochemical
properties and well-developed logistics
infrastructure. It contains approximately
17.65% hydrogen by mass [9], meaning that one
metric ton of NHF corresponds to around 176 kg
of hydrogen [9], [11-12]. Its lower heating value is
approximately 18.6 MJ/kg, as widely reported in
the energy literature, including by the
International Renewable Energy Agency.
Ammonia production is currently based mainly
on the Haber-Bosch process, in which the source
of hydrogen is of key importance. In the case of
grey ammonia, emissions average around 1.8 t
COF per metric ton of NHF, as confirmed by
analyses from the International Energy Agency
[7]. The blue variant, which uses carbon capture
technologies, allows for emissions reductions;
however, its effectiveness depends on the
capture rate and methane emissions across the
supply chain [7], [15], [17] Green ammonia,
produced using hydrogen from electrolysis
powered by renewable energy sources, is

characterized by near-zero emissions. However,
its cost remains significantly higher. According
to analyses by the International Renewable
Energy Agency, the production cost of green
ammonia ranged from USD 720 to 1,400 per
metric ton in 2020, with the potential to
decrease to approximately USD 475 per metric
ton by 2030 in optimal locations [6], [10], [11], [16],
(18], [19].

Table 1:  Comparison of ammonia production
technologies
Ammo Hydroge Source
nia n CO; Cost Maturi
type source emissio [USD/ ty
ns[t/t t]
NHs]
Grey SMR ~1.8 Lo High
w
Blue SMR+CC 0.2-0.6 Mediu Low
S m
Green  Electroly ~0 720- Emergi
sis 1400 ng
(2020)

Source: own elaboration based on the IEA and
the IREA [11], [15- 16], [18-19].

Ammonia transport represents one of its key
advantages. Unlike liquid hydrogen, which
requires temperatures of around -253°C,

ammonia can be stored at approximately -33°C,
significantly simplifying logistics and reducing
infrastructure costs [9].
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Figure 1. Report: Large Scale Green Ammonia
Value Chain
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Figure 2. Block diagram of the power-to-
ammonia process with two options for the
ammonia synthesis loop: for pure and dry feed
(solid line), and for wet and impure feed (dashed
line)
(https://www.researchgate.net/figure/Block-
diagram-of-the-power-to-ammonia-process-
with-two-options-for-the-ammonia-
synthesis_figl_338252631)

Environmental aspects and
impact balance of ammonia
installations

The assessment of environmental impacts of
ammonia-based installations requires a
systemic approach, covering both direct
emissions and emissions across the entire life
cycle (well-to-use / life cycle assessment). In
practice, this means analyzing not only the fuel
use stage, but also its production, transport, and
conversion [11], [15-20]. In the case of
conventional ammonia production based on
steam methane reforming (SMR), direct
emissions amount on average to approximately
1.6-1.9 t COF per metric ton of NHF, although

these values may be higher for older
installations or those based on coal
(International Energy Agency). Globally,

ammonia production accounts for around 1-2%
of total COF emissions, making it a significant
source of industrial emissions [7], [15]. For blue
ammonia, which utilizes carbon capture and
storage (CCS) technologies, emissions can be
reduced to approximately 0.2-0.6 t COF/t NHF.
However, the actual climate benefit depends on
the capture rate (typically 60-90%) and methane
emissions within the natural gas supply chain

(International Energy Agency). In contrast,
green ammonia, produced using hydrogen from
electrolysis powered by renewable energy, is
characterized by near-zero direct emissions [7],
[15], [17]. However, life cycle assessments must
also account for emissions related to
infrastructure and electricity generation.
According to the International Renewable
Energy Agency, the total emission intensity of
green ammonia may be below 0.1 t COF/t NHEF,
depending on the energy mix [11], [16], [18-19].

An important component of environmental
impact is emissions arising during the use phase
of ammonia as a fuel. Unlike fossil fuels,
ammonia contains no carbon, meaning there are
no COF emissions at the point of combustion.
However, combustion leads to the formation of
nitrogen oxides (NO ), which are significant air
pollutants. Depending on the combustion
technology, NO emissions may range from 100
to over 1000 mg/Nm?, although the application
of selective catalytic reduction (SCR)
technologies can reduce these emissions to
levels compliant with BAT requirements
(European Commission) [12], [14], [21], [22]. An
additional environmental concern is the
emission of nitrous oxide (NFO), which has a
global warming potential (GWP100)
approximately 273 times higher than COFR Even
small NFO emissions can significantly affect the
overall climate balance. In industrial ammonia
production processes, NFO emissions are
generally limited; however, in energy
applications they require further research and
optimization of combustion technologies [14],
[21-22]. Another key issue is the emission of
ammonia into the atmosphere (so-called
ammonia slip), which may occur both in
industrial processes and combustion systems.
These emissions are particularly relevant for air

quality, as ammonia contributes to the
formation of secondary aerosols (PMs).
According to the European Environment

Agency, NHf emissions are among the main
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contributors to air pollution in Europe [12], [14],
[21-22].

Table 2: Comparison of environmental emissions for
different ammonia production and use pathways

Fuel Produc Transp Total
- Use
tion ort .. balance
. . . emissi
emissio emissi
ons
ns ons
HF Medi High Low  Medi
(compre um- um
ssed) high
HF High Very  Low High
(liquid) high
NHFf Low Low None Low
(green COF+
NO
Source: own elaboration based on the
International Energy Agency, European

Commission, European Environment Agency
[15],[21-22]

From a systemic perspective, it is crucial to
compare the environmental footprints of
different energy carriers. In the case of
hydrogen transported in compressed or liquid
form, logistics-related emissions are
significantly higher than for ammonia, which
can be transported under far less demanding
conditions. At the same time, the ammonia
cracking process involves energy losses of
around 10-15%, which affects the system’s
overall energy balance [9], [12], [17], [18], [20].

Table 3:  Simplified environmental life cycle
assessment (well-to-use)

parameter Grey Blue Green
NH; NH; NH;

CO; 1.6-1.9 0.2-0.6 <0.1

emissions

[t/t NH;]

NOx 100-1000 100- 100-

emissions mg/Nm? 1000 1000

(combustion) mg/Nm?® mg/Nm?3

N0 Low- Low Very

emissions medium low

NH; Possible Possible Possible

emissions

(slip)

Source: own elaboration based on [11], [12], [17],
[20]

Consequently, the analysis shows that an
approach based solely on point source emissions
leads to an incomplete assessment of
environmental impacts. Technologies using
ammonia may generate local emissions of NO
or NHF, but from a systemic perspective, they
may have a lower overall carbon footprint than
alternative solutions based on fossil fuels or
even certain forms of hydrogen transport [11],
[15-18], [21].

For this reason, the environmental assessment
of ammonia installations should take into
account the entire value chain, including the
energy source, production technologies, mode
of transport and end use. Only such an approach
allows for the proper determination of the
technology’s actual environmental impact and
avoids erroneous conclusions resulting from an
analysis limited to a single stage of the process.
[11], [15-20]

Strategic  analysis of the
hydrogen and ammonia market

The development of the market for hydrogen
and its derivatives, including ammonia, is
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strongly influenced by national and regional
strategies, which define investment priorities,
support mechanisms and the target market
structure. In the United States, a strongly
market-driven approach is observed, in which
private capital and cost competitiveness play a
key role. The ‘Clean Hydrogen Strategy and
Roadmap’ identifies the development of the full
hydrogen value chain and its application in the
chemical industry, including ammonia
production, as one of the first stable sources of
demand. At the same time, market analyses
indicate a growing investment advantage for
blue hydrogen over green hydrogen in the short
term, due to differences in cost and
infrastructure availability [24-25], [35].

In Australia, the development of the hydrogen
sector is based on an export model that
leverages the advantages of access to cheap
renewable energy. The hydrogen strategy aims
to establish the country as a global exporter of
hydrogen and its derivatives, including
ammonia, particularly to Asian markets. As
indicated by the Australian Government
Department of Climate Change, Energy, the
Environment and Water, ammonia plays a key
role in long-distance energy transport, and its
exports may exceed domestic consumption by
2050 [25], [30]. The European Union is
characterized by a regulatory and systemic
approach, in which the development of the
hydrogen and ammonia market is closely linked
to climate policy and energy security. The EU
Hydrogen Strategy and the RE Power EU
initiative highlight the need to build integrated
infrastructure and develop international
partnerships in order to secure supplies of
hydrogen and its derivatives. In this context,
ammonia is seen as a key carrier enabling the
import of renewable energy from outside
Europe [1], [2], [29-31].

Table 4: Pathways comparison of hydrogen and
ammonia market development models

Region  Development Role of Key factor
model ammonia
USA Market- Industrial Cost
based feedstock, fuel competitiveness

Australia Export- Export carrier Renewable
oriented energy +
logistics

EU Regulatory Energyimports, Climate policy

decarbonization

Source: own elaboration based on the [1-3],[24-
31}, [35]

The economics of ammoniain the
hydrogen economy

The economics of ammonia production,
particularly in its green form, is one of the key
factors determining the pace of market
development. Production costs are heavily
dependent on the price of electricity and the
capital costs of electrolyzers. As indicated by the
International Renewable Energy Agency, the
cost of producing green ammonia in 2020 ranged
from USD 720 to USD 1,400 per metric ton,
although under optimal conditions it could fall
to around USD 475 per metric ton by 2030 [11],
[16], [18-19]. A key element of the economic
analysis is a comparison of the total costs of
using hydrogen and ammonia. As an energy
carrier, ammonia enables a significant reduction
in transport and storage costs; however, it is
associated with energy losses resulting from the
cracking process. In practice, this means that the
entire value chain must be analyzed, rather than
just production costs. [9], [12], [17-18], [20]. The
growth of the investment market is confirmed
by increasing expenditure on large-scale
projects, including installations exceeding 1 GW
of capacity. At the same time, a short-term
advantage of blue hydrogen-based technologies
is observed, resulting from their greater
technological maturity and lower entry costs [3],
[24-25], [35].
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Table 5: Comparison of the economic parameters of Infrastructure

hydrogen and ammonia

Parameter Hydrogen Ammonia

Transport cost high low
Energy low medium
density (by
volume)
Energy losses low medium
(cracking)
Infrastructure limited well-
developed

Source: own elaboration based on the [9], [12], [17-
18], [20]

The regulatory framework and
its impact on market
development

The development of hydrogen and ammonia
technologies in the European Union is largely
determined by the regulatory framework,
including the IED Directive, BAT conclusions,
the RED III Directive and the EU Taxonomy.
These regulations aim to reduce emissions and
support low-carbon technologies; however,
their implementation entails significant costs
for industry [1-2], [6], [8], [21-22], [31]. As the
European Commission emphasizes,
environmental regulations should support the
energy transition, but in practice they can lead
to an excessive burden on investors. A particular
challenge is the lack of a systemic approach,
meaning that regulations often focus on point
source emissions, overlooking the entire life
cycle of the technology. [1-2], [6], [8], [21-22], [31].
In the case of ammonia, this can lead to a
regulatory paradox, in which technologies with
potentially lower systemic impact are restricted
by local emission requirements. Consequently,
there is aneed torevise the regulatory approach
towards a more comprehensive assessment of
environmental impacts [11], [15], [21-22], [31].

and
implementation - the case of
Poland

The development of infrastructure for hydrogen
and ammonia encompasses transport, storage
and port systems. Maritime terminals are of
particular importance, as they enable the import
and export of ammonia as an energy carrier.
Integration with existing LNG infrastructure
and the chemical industry is a key element of
cost optimization [12], [20], [28].

In Poland, the potential for the development of
the hydrogen and ammonia economy is
concentrated in coastal and industrial regions.

Projects such as those by PGE SA and GE (GE
Wind France SAS and GE Power Sp. z 0.0.) point
to the possibility of integrating offshore wind
energy with the production of hydrogen and its
derivatives. According to regional analyses,
production potential could reach hundreds of
thousands of metric tons of hydrogen per year,
which lays the foundations for the development
of ammonia exports [21-23], [43].

Green hydrogen corridor between the North and South of Europe
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Electrol |,x

b o0 49

pef——

Electr lyi 2.0ffshore wind farm with centralized offshore electrolyzer

i 2 1 i—aw—. = -@‘r

3.0ffshore wind farm with offshore electrolyze

Figure 3 Integration of offshore infrastructure -
hydrogen - ammonia - export ports

Summary

The analysis confirms that ammonia is a key
component of the emerging hydrogen economy;
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