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Abstract

Ammonia, due to its favorable physicochemical properties, is considered an effective
hydrogen carrier, enabling the storage of surplus energy generated from renewable sources.
Large-scale implementation of this concept requires the safe transport of ammonia over
long distances, commonly achieved through pipeline systems—a practice with global
experience dating back to the 1960s. However, operational history demonstrates that
failures in such infrastructures remain inevitable, often leading to severe environmental
consequences. This article reviews both passive and active methods for preventing and
mitigating incidents in ammonia pipeline systems. Passive measures include the assessment
of material compatibility with ammonia and the designation of adequate buffer zones.
Active methods focus on leak detection techniques, such as balance-based systems, acoustic
monitoring, and ammonia-specific sensors. Additionally, the article highlights the potential
environmental risks associated with ammonia release, emphasizing its contribution to
the greenhouse effect, as well as its adverse impacts on soil, surface and groundwater,
and human health. By integrating historical lessons with modern safety technologies,
the article contributes to the development of reliable ammonia transport infrastructure for
the hydrogen economy.

Keywords: ammonia; ammonia transportation; ammonia pipelines; hydrogen carrier;
ammonia leak detection techniques

1. Introduction
The volatility of renewable energy sources and the storage of generated energy represent

two major challenges in the transition to a sustainable energy system. Renewable energy
sources, such as solar and wind power, are inherently volatile because they depend on weather
conditions. This creates a number of problems related to the unpredictability of energy pro-
duction in RES and interruptions in access to a given energy source. These difficulties arise
from the specific characteristics of each energy source. Solar energy generation fluctuates
due to cloud cover and seasonal and daily variations. In the case of wind energy, balancing
difficulties arise from the unpredictable variability of wind speed over time. Even for hy-
droelectric energy, seasonal changes in precipitation and droughts can affect the availability
of water, and thus the ability to generate energy. Excess electricity production derived from
RES should be effectively stored to balance the system in case of shortages in renewable
energy production. Direct storage of electricity in various types of batteries is considered
inefficient. In addition, the production of such devices requires access to critical raw materials,
the extraction of which significantly impacts the environment. For this reason, research and
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energy storage efforts have focused on storing energy in the form of chemical carriers such as
hydrogen. In this approach, energy storage is based on the electrolysis of water to produce
green hydrogen from excess energy, and the use of fuel cells to generate electricity during
periods of lower supply. With the global drive towards decarbonization and the development
of the hydrogen economy, ammonia is increasingly being considered a strategic vector for
large-scale hydrogen storage and transport.

Hydrogen, due to its unique properties, is a promising energy storage source, but the
transportation of hydrogen presents significant challenges. Hydrogen has a low energy
density per unit volume compared to other fuels, which requires larger storage volumes or
higher pressures to transport the same amount of energy. In addition, liquefying hydrogen is
not a simple process, as it requires hydrogen to be cooled to −253 ◦C. As a result, other forms
of chemical energy storage are being explored. Moreover, hydrogen transport poses many
challenges, including problems related to hydrogen embrittlement. This phenomenon occurs
when hydrogen atoms diffuse into a metal structure, making it brittle [1]. Scaling up a
hydrogen economy will inevitably require effective hydrogen carriers, yet this does not
diminish the simple fact that the most direct use of molecules remains the most efficient.
When we move from electrons to molecules, direct utilization is inherently optimal—and
this principle applies equally to ammonia. It is clear that the hydrogen economy cannot be
realized without ammonia: the two are intrinsically linked. Large-scale hydrogen production
and transport are feasible only if ammonia is part of the equation, thanks to its exceptional
energy density and ability to store and transport hydrogen effectively.

However, direct use of ammonia energy depends on reliable transport from production
or import sites to end-users. This underscores the urgent need for ammonia pipelines as a safe,
efficient, and scalable alternative to road, rail, or maritime transport. Just as today’s energy
infrastructure relies on national gas grids to move large volumes of energy, ammonia pipelines
are the logical solution for enabling a hydrogen-powered future.

Transporting ammonia also requires compliance with stringent international regula-
tions for hazardous materials, which significantly influence infrastructure design, opera-
tional procedures, and overall costs.

Increased permeation through the walls of polymer gas has been observed when trans-
porting hydrogen compared to conventional fuels [2–5]. In addition, hydrogen is highly
flammable and explosive, which can lead to potential accidents during transportation.
The use of high-pressure containers and pipelines, if not properly maintained and moni-
tored, further exacerbates these safety risks. The problems associated with hydrogen storage
and transportation are related to the need for high pressures and safety considerations that
can be solved by using chemical hydrogen carriers, such as methanol or ammonia. Am-
monia has a high hydrogen content (17.8% m/m and volumetric density of 121 kg H2/m3

at 10 bar and can be liquefied at low pressure and temperature, 8.6 bar at 20 ◦C) [6], so its
transportation and storage are relatively easy and require little energy input [7]. The choice
of transportation method for ammonia is determined by a range of technical and economic
factors, among which the most critical are the following:

• Quantity of transported gas—the volume of ammonia to be shipped directly influ-
ences the selection of an appropriate transportation mode.

• Transport distance—the distance between the production site and the destination
(storage or consumption facility) is a decisive factor in the economic viability of specific
transport modes.

• Locational considerations of the manufacturing and storage site (including access to
appropriate infrastructure—road and rail networks, location in relation to the river
network, ports, etc.).
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• Transport safety—ammonia is a hazardous substance, so issues related to the risk of
spills, fires, or explosions are present.

• Transportation costs—these vary depending on the selected mode of transport (road,
rail, waterway, pipeline) and include infrastructure, logistics operations, and compli-
ance with safety regulations.

• Phase of ammonia—ammonia can be transported in either liquid or gaseous form.
The choice of the form of transport depends on the temperature and pressure at which
the ammonia is stored.

• Transport and storage time—optimization of transport processes may also depend
on how quickly the ammonia must reach its destination. Longer transport durations
may require ammonia to be stored under controlled conditions, which can generate
additional costs.

• Environmental factors, such as greenhouse gas emissions and potential impacts on
local ecosystems, may also influence the selection of the transportation mode.

• Regulatory and legal perspectives—compliance with national and international regu-
lations for the transport of hazardous materials can further constrain or dictate the
choice of transportation method.

In most cases, ammonia distribution relies on a combination of transportation modes
to deliver the product from the production site to its final destination. In the United States,
the modal share of ammonia transportation in 2017 is presented in Figure 1.

20%

11%

43%

26%

Pipelines Road Transport Rail Ships

Figure 1. Distribution of transportation modes for ammonia in the United States [8].

Transportation of ammonia by pipelines, alongside road transport using wheeled
vehicles, is among the least commonly employed methods for moving this raw material.
In contrast, ammonia transported by rail or maritime routes typically covers substantially
greater distances on average compared to pipeline or road-based methods [8]. The ulti-
mate choice of transportation mode is primarily influenced by economic factors, including
the distance over which ammonia must be shipped and the volume of the material to be
transported [9,10]. Despite the long history of ammonia transport, it is essential to remain
aware of the inherent risks associated with handling this substance. Workers must be in-
formed of potential hazards related to ammonia exposure, and appropriate safety measures,
including the use of personal protective equipment, should be rigorously implemented.
Future research and technological development should therefore focus on enhancing the
safety, efficiency, and sustainability of ammonia transport systems, thereby supporting the
broader transition to a low-carbon energy economy.
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2. Materials and Methods
This review focuses on examining global experience in ammonia transport via pipeline sys-

tems, with particular attention to identifying associated risks and potential mitigation strategies.
To conduct the review, the authors employed a comprehensive search strategy, using

Google Scholar as the primary database. Google Scholar was selected for its extensive
coverage of academic sources, including peer-reviewed journals, conference proceedings,
theses, books, and patents. This platform offers a broad and up-to-date overview of the
available literature, which is essential for ensuring the inclusion of the most recent and
relevant studies. Google Scholar was chosen as the primary database for this review due
to several key advantages. First, it provides extensive coverage of a wide range of aca-
demic sources, including peer-reviewed journals, conference proceedings, theses, books,
and patents, which ensures a comprehensive overview of the topic. Second, it is regularly
updated, allowing access to the most recent publications, which is critical for rapidly evolv-
ing research areas such as ammonia transport and hydrogen energy. Third, Google Scholar
indexes literature from multiple disciplines and publishers, increasing the likelihood of
identifying relevant studies that may not be included in more specialized databases. Fi-
nally, its accessibility and search functionalities, including keyword and citation tracking,
facilitate a systematic and efficient literature search, supporting the rigor and transparency
required in a scientific review. Additionally, the platform provides citation metrics, facil-
itating the assessment of the impact and relevance of publications. This combination of
breadth, accessibility, and evaluative tools makes Google Scholar a reliable and efficient
resource for conducting thorough literature reviews. What’s more, it provides free and easy
access to citation metrics, making it more accessible for comprehensive literature searches.

The search queries were constructed using a combination of key terms related to
the topic of interest. These terms included “pipeline system in ammonia transportation,
”ammonia transport risk”, “accident in ammonia transport”, “methods of ammonia dis-
tribution”, and “environmental risks in ammonia pipeline systems”. Boolean operators
(AND, OR) were used to refine and focus the search results.

To ensure the selection of high-quality and relevant documents, the authors applied
specific inclusion and exclusion criteria. The inclusion criteria encompassed peer-reviewed
articles published in the last ten years, studies focusing on ammonia transportation tech-
nologies, articles available in English, and papers providing detailed methodological
descriptions. The exclusion criteria ruled out non-peer-reviewed articles and grey literature,
studies published more than ten years ago (unless they are seminal works), articles not
available in full text, and documents not directly related to the topic.

The initial search yielded a large number of results. Each title and abstract was
screened for relevance, and full texts of potentially relevant articles were retrieved for
further assessment. Duplicate records were removed, and the remaining articles were
reviewed in detail to ensure they met the inclusion criteria.

To gain an understanding of the aspects of global experience in ammonia transport
via pipeline systems, a thorough review of relevant literature was conducted. Then, research
articles, reports, and data from sources that covered aspects such as global experience in
ammonia pipeline system transportation, existing ammonia transport pipelines, ammonia
pipeline incidents, various causes of failures in ammonia pipelines, accident prevention
methods in ammonia pipeline transport, environmental impact, and environmental risks
associated with ammonia pipeline systems, as well as the information about methods
which can be helpful in minimizing risks associated with ammonia transport via pipelines
were carefully gathered. After gathering the data, we analyzed it meticulously to extract
insights and identify trends related to threats and challenges associated with ammonia
transport via pipeline systems.
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Figure 2 illustrates the methodology phases for this research. It is crucial to note
that this research heavily depended on existing literature and data sources, which may
introduce biases or gaps. Furthermore, since alternative energy technologies are constantly
evolving, some data points may become outdated or subject to change.

Literature review and data 
collection

Gather research articles, reports, 
data 

Data analisis and insights

Global experience in ammonia 
transport via pipeline systems was 

define

Trends related to threats and challenges 
associated with ammonia transport via pipeline 

systems was identify 

Discussion and conclusion of the analysed 
data was prepared

title/abstract screening 

full-text review, exclusion criteria 

Figure 2. The Methodology flowchart.

3. Results
3.1. Global Experience in Ammonia Pipeline System Transportation

Among the various methods of ammonia transport, pipelines represent a key option
due to their ability to efficiently and continuously handle large volumes. Pipeline trans-
portation is a mature technology that has been in use for decades and is generally considered
safe and low-risk. As of today, transport of ammonia by pipelines is used in two extremely
different cases. On the one hand, pipelines are used to transport large quantities of ammo-
nia over long distances (more than 500 km); on the other hand, pipelines are also used to
transport ammonia on the premises of production plants, when ammonia is transported
through process pipelines. The disadvantage of this type of transport is the lack of flexibility
compared to transport by road, for example. Ammonia can be transported via pipelines
in both gaseous and liquid phases. However, in the case of pipeline transportation other
than intra-plant transport, the ammonia should be in the liquid phase, not in the gaseous
phase, in order for the transport to be profitable. Transportation of ammonia in the gaseous
phase is not economically feasible due to the low density of this gas. Numerous ammonia
pipelines of varying lengths and specifications exist worldwide, examples of which are
presented in Table 1.

Ammonia transport via pipeline systems has been successfully implemented since
the 1960s, reflecting decades of experience in handling this hazardous but industrially
important chemical. Analysis of the available data indicates that the lengths, diameters,
and materials of existing ammonia pipelines vary considerably, depending on the intended
capacity, operational pressure, and regional conditions. Nevertheless, ammonia pipelines
are widely utilized worldwide, demonstrating their reliability and efficiency as a transport
method. Long-distance pipelines, typically exceeding 1000 km, are primarily employed
for ammonia transport in the United States and Russia, where they play a crucial role in
connecting large-scale production facilities with distribution centers. These pipelines offer
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significant economic advantages by enabling continuous, high-volume transport, reducing
reliance on road or rail transport, and lowering operational costs over long distances.

Table 1. Overview of existing ammonia transport pipelines worldwide [11–16].

Location Characteristics Under/Above
Ground

Operating Pressure
[barg]/Diameter

[mm]/Capacity [t/d]
Pipeline Material

USA

• The Gulf Central pipeline is 3057 km,
the longest system, and connects the
major producers along the Texas
and Louisiana.

• MAPCO—pipeline grid Mid America
(MAPCO) Total length 1754 km.

• Tampa—the Tampa Bay pipeline in
Florida (132 km). system (132 km)

• Texas: Yara 20 km

Mainly
underground

-/200–250/5500
tonnes/day Carbon steel

Russia/Ukraine

The longest ammonia pipeline in the world
(2424 km) has been in operation since 1983.
The biggest challenge during construction
was crossing the Danube river, which
required building a 720 m hanging
construction. It connects the large production
facilities Togliatti/Gordlovska in Russia with
the Black Sea port of Odessa in Ukraine.

no data -/350 mm/- no data

Belgium 2 pipelines (10 km and 12 km) underground and
above-ground

22 barg/
100 and 150 mm/
3100 tonnes/day

Carbon steel TTSt35
(P255 QL) and stainless

steel 1.4541
(X10CrNiTi1810)

Germany 3 pipelines (2.8 km, 12 km, and 24 km) underground and
above-ground

10–21 barg/50–200 and
150 and 27 5 mm/2600

and 1900 and
3600 tonnes/day

Carbon steel
(unspecified) and

carbon steel (H52-3
approximately

equivalent to TSTE 355
or ASTM A535)

(P355 NL1)

Italy 1 pipeline (74 km) above-ground 17 barg/200 mm/
900 tonnes/day API 5L GrB, (P 235 GH)

Netherlands 2 pipelines (1 km and 5.8 km) underground

16 and 10 barg/
100–200 and 80 mm/

3000 and 1000
tonnes/day

Carbon steel (ASTM 333
Gr6 (L245MB) and

stainless steel (TP304L)

Portugal 1 pipeline (1.9 km) above-ground 13 barg/100 mm/
900 tonnes/day

A 333 Gr.6 (L245MB/TT
st.35/A333 Gr.1)

(P255QL)

Spain 4 pipelines (1.5 km, 2.4 km, 4.2 km, 10 km) underground and
above-ground

14.5 and 3.5–4.5 and 6
and 15–18 barg/150 and
350 and 300 and 100/860

and 10,000 and 12,000
and 390 tonnes/day

A 333 Gr.6 (L245MB)
and St-35 (P255 QL)

Poland 5 pipelines (1.2 km, 1,2 km, 1.5 km, 5.9 km,
and 6.0 km) above-ground

10–15 and 13 and 8–13
and 5–22 barg/200 and
75–150 and 350 and 100
and 150 mm/1500 and
120 and 14,000 and 600
and 1680 tonnes/day

Carbon steel,
Carbon steel type

18G2A (S355J2) and API
5L GrB seamless

(P235 GH)

United Kingdom 7 pipelines (1.6 km, 2.0 km, 2.2 km, 2.2 km,
6.8 km, 6.9 km, and 8.8 km) above-ground

30 and 21 and 14 and
2–5/100 and 150 and

300 and 75 mm/240 and
1440 and 290 and 240

and 12,000 and 600
tonnes/day

LT50 and SS (type not
specified) carbon steel

(no particular
specification)
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In most countries, the design and construction of ammonia transport pipelines are
based on established technical standards and norms [17–19]. These documents define the
requirements for materials, design procedures, and safety measures to ensure reliable and
leak-free operation [20,21]. Table 2 provides an overview of selected series of technical
documents and standards dedicated to ammonia transport [22,23]. The application of stan-
dardized technical guidelines in pipeline construction is particularly important, given that
pipeline materials, including those used for ammonia transport, are subject to degradation
over their operational lifespan due to processes such as corrosion, fatigue, and chemical
interactions. Addressing this degradation effectively requires an integrated approach
combining material selection, protective measures, systematic inspections, and predictive
modeling to ensure structural integrity and mitigate associated operational risks [16].

Table 2. Overview of selected series of technical documents and standards dedicated to ammonia
transport pipelines [11,16–23].

Region/Country Selected Series of Technical Documents and Standards

USA
ASME B31 series (B31.3, B31.4, etc.)—widely used family of piping/pipeline design codes.
For process piping and hazardous liquids, different parts are referenced (B31.3 for process piping;
B31.4 is often referenced for liquid pipelines).

Russia

Russia uses GOST (state standards) and national pipeline/pressure equipment regulations.
For ammonia and ammonia-derived products, several GOSTs and design rules cover materials,
transport, and pressure equipment. Projects in Russia commonly reference the relevant GOSTs for
material spec, welding, pressure piping design, and industrial safety.

China

China uses GB (national) standards and industry standards (SY for petroleum, SH for chemical
industry, etc.). Recent Chinese literature and technical reviews recommend referencing GB 50253
(oil-pipeline engineering design) and other GB/SY standards as starting points for
liquid-ammonia pipeline design (material quality, allowable flow velocity, corrosion allowance,
etc.). Chinese practice often adapts oil/gas pipeline rules because liquid ammonia shares some
transport characteristics with LPG and petroleum liquids.
Example: Engineers in China often check GB 50253 and SY/T documents for allowable speeds
and wall thickness calculations for long liquid-ammonia.

European Union
References in EU are used national + EN/PED/ISO standards: e.g., DIN, Koninklijk (Belgium),
pN 40, TGL 190-354 01/03/04/16 (Germany), SNAM specification (Italy), ASME B31.3 or
equivalent ASA B31.3 (Italy, Netherlands, Portugal, Spain)

Despite more than fifty years of operational experience with ammonia pipelines, it has
not been possible to completely eliminate incidents and accidents, some of which have
resulted in serious environmental consequences. This underscores the ongoing need for
rigorous safety measures, effective monitoring systems, and continuous improvements in
pipeline design and operation. Table 3 presents the location, year of occurrence, cause of
failure, and recommended preventive measures for ammonia pipeline incidents.

Failures in ammonia pipelines can arise from various causes, with the most com-
monly reported factors including corrosion (3 incidents), third-party actions or acts of
war (3 incidents), failures during repair and maintenance work (2 incidents), mechani-
cal damage (2 incidents), weld failure (1 incident), and freeze–thaw cycles (1 incident).
Although such failures are relatively rare, their consequences can be severe due to the
uncontrolled release of ammonia into the atmosphere. Ammonia emissions can pose signifi-
cant environmental hazards, including toxicity to humans, contamination of soil and water,
and contribution to atmospheric nitrogen loading. These risks underscore the importance of
rigorous monitoring, preventive maintenance, and the implementation of advanced safety
measures in ammonia pipeline systems. The following subsections provide a detailed
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discussion of the potential environmental impacts associated with ammonia emissions
from pipeline networks, highlighting both acute and long-term hazards [11,14,24].

Table 3. Overview of ammonia pipeline incidents, including location, year of occurrence, identified
causes, and recommended preventive measures [11,14,24].

Location, Year Cause of Failure and Recommended Preventive Measures

USA, Texas City,
Texas, 1969

Freezing and thawing cycle in the annular space containing water in a double-walled ammonia
pipe. The cause of the failure was the lack of double-wall construction of the pipeline.

USA, McPherson,
Kansas, 1973

Overpressure in a part of the pipeline previously damaged mechanically. The cause was the lack
of relief devices for the system.

USA, Texas City,
Texas, 1975

External corrosion is caused by mechanical damage to the pipe coating and disruption of
cathodic protection.
The cause was the lack of cathodic protection, resulting from the fact that the pipeline was located
above-ground. Recommended regular external inspections.

United Kingdom,
Ince, 1981

The leak originated from a small branch of a liquid ammonia pipeline that was not in continuous
operation. The primary cause was external corrosion caused by rainwater seeping onto the
surface of the pipe.
In order to prevent it, recirculation of deactivated parts of the RU pipeline was recommended,
which can prevent external corrosion.

USA, Iowa, 2001 Ammonia leak developed in a liquid ammonia pipeline as a result of maintenance work on a
valve in that pipeline. The reason is unclear.

USA, Louisiana,
2001

The Human Factor caused the incident. The ammonia thief drilled through a pipeline valve,
probably in order to obtain ammonia for the production of methamphetamine.
To prevent similar incidents, it was recommended to restrict access for the general public by
fencing off part of the pipeline.

USA, Kansas,
2004

A huge leak developed after a rupture liquid ammonia pipeline. Probable cause was metal fatigue
cracking in combination with previous mechanical pipe damage. Recirculation prevents thermal
fatigue. A preventative measure was applied in the form of recirculation, with the aim of
preventing thermal fatigue.

USA, 2006 Weld damage. The cause has not been determined or has not been made public.

USA, Florida,
2007 A hole was drilled in a pipeline by an unauthorized person.

USA, Nebraska,
2010

There was a leak during operations related to pipeline modification.
The pipeline bent and ruptured while an O-ring threaded joint was being welded, resulting in the
release of liquid ammonia and the formation of subsequent vapor clouds. The root cause analysis
revealed inherent risks associated with ammonia pipelines, highlighting the need for independent
layers of protection. These include safety instrumented systems (SIS) and comprehensive change
management procedures involving hazard analysis prior to infrastructure modifications.
Improved emergency response training is also required for personnel involved in such projects.

Togliatti-Odessa
pipeline, 2015

The leak is causing an unprecedented environmental and health disaster that has gone
underreported in both Russian and international media. The leak is still under investigation.

USA, Tekamah,
2016

The assessment of events during the incident revealed delays in detecting pressure drops and
emergency isolation procedures, contributing to the scale of the leak. Root cause analysis
identified factors related to corrosion, highlighting the need for careful material selection.
Inspection and maintenance deficiencies, including a significant distance between isolation valves,
allowed a large amount of ammonia to remain in the pipelines (2587 barrels). The impact and
consequences of the incident that occurred were made worse by these inadequacies/deficiencies.

Ukraine,
Masyutivka-

Kharkiv, 2023

Military operations in Ukraine caused damage to a 2500 km pipeline running through the conflict zone.
An explosion related to the military operations caused a leak. The effects are still being investigated.
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3.2. Accident Prevention in Ammonia Pipeline Transport

Safe transport of ammonia via pipeline systems, first of all, requires the construction
of pipelines from materials compatible with ammonia.

Table 4 presents a comprehensive overview of the parameters for assessing the durability
of ammonia pipelines. Systematic evaluation and continuous monitoring of these parameters
during pipeline operation are critical for effective risk management and for ensuring the safe
transport of ammonia, thereby minimizing potential hazards and operational failures.

Table 4. Parameters for assessing the durability of ammonia pipelines [17–23].

Category Parameter Description Example/Standard Reference

Material Properties

Material composition
and grade

Determines resistance to
ammonia-induced corrosion
and cracking

Low-alloy steel (ASTM A106
Grade B), stainless steel
(AISI 304/316)

Tensile and yield strength Mechanical stability
under pressure Tested per EN ISO 6892-1

Toughness/impact resistance Prevents brittle fracture at
low temperatures Charpy impact test (ISO 148-1)

Weld quality/HAZ properties Welding may introduce weak
spots or residual stress EN ISO 5817, EN 13480-4

Operating Conditions

Operating pressure
and temperature

Affects stress levels, ammonia
phase, and corrosion rate

25–40 bar, −33 ◦C
(liquid ammonia)

Pressure
fluctuations/transients Cause fatigue and microcracks Repeated pump starts/stops

Temperature cycling Leads to thermal fatigue Seasonal operation,
defrost cycles

Corrosion and
Chemical Degradation

Stress corrosion cracking
(SCC) susceptibility

Certain steels crack under
tensile stress +
ammonia exposure

Carbon steel with high
residual stress

Internal corrosion rate Depends on moisture
and impurities <0.1 mm/year acceptable

External corrosion Influenced by soil, coating,
and cathodic protection EN ISO 15589-1

Mechanical Integrity

Wall thickness/
corrosion allowance

Determines lifetime before
thinning becomes critical 2–3 mm allowance typically

Fatigue life Estimated from cyclic
stress analysis ASME B31.5 fatigue curves

Residual stress From welding or cold bending Measured by X-ray diffraction

Inspection & Maintenance

Leak detection rate Sensitivity of detection
systems ≤0.1% of flow per hour

Integrity test interval Frequency of NDT, pressure
tests, or pigging Every 5–10 years

Corrosion monitoring Using probes or coupons Regular corrosion
rate readings

Environmental &
Operational Factors

Soil resistivity and moisture Affect underground
corrosion rate Measured by Wenner method

Vibration and
mechanical loads

From nearby infrastructure or
ground movement Measured with accelerometers

Ammonia purity Contaminants
accelerate degradation ≥99.5% purity
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The durability of ammonia pipelines depends on material properties, operating condi-
tions, corrosion and mechanical factors, and regular inspection and maintenance. Key param-
eters include material strength and toughness, pressure and temperature variations, corro-
sion susceptibility, wall thickness, and environmental influences such as soil and vibration.
Ensuring long-term safe operation requires an integrated approach combining appropriate
materials, controlled conditions, monitoring, and adherence to standards.

Therefore, when designing and constructing pipelines to transport ammonia, it is nec-
essary to ensure the material compatibility not only of the pipes themselves, but also of the
fittings and joints present on the pipelines. There are a number of published assessments of
the corrosivity of ammonia to structural steel materials used in natural gas pipelines [25–28].
These evaluations show that at typical transport pipeline temperatures, carbon and stain-
less 316 steels have excellent corrosion resistance (<0.051 mm/year) in anhydrous ammonia.
However, carbon and low-alloy steels are prone to stress cracking if impurities, particularly
oxygen, are present in the ammonia. Interestingly, the addition of a small amount of water to
ammonia [0.2% is usually used] is known to inhibit the cracking mechanism [19].

Copper-containing alloys, such as brass and bronze, are generally suitable for use
in high-purity anhydrous ammonia environments, but are susceptible to stress corrosion
cracking if even small amounts of impurities, such as water, are present in the ammonia;
therefore, these alloys are generally not recommended for use in ammonia environments.
Due to its properties, ammonia causes accelerated corrosion of copper, aluminum, and zinc
(and their alloys), while it has no negative effect on carbon steel [29], so it is usually
transported through carbon steel pipelines in a liquid state at a pressure of about 17 bar.
In doing so, it should be noted that valves are made of brass. Such valves will not be
compatible with ammonia-containing water as an impurity [30].

The compatibility of ammonia with polymeric materials is well known. There are
ammonia polymer pipelines used for agricultural applications that can provide good experi-
mental material for handling and transporting ammonia. The compatibility of ammonia with
polymers varies considerably depending on the polymer type, but as a rule, ammonia also
shows good compatibility with polymers [27,28,31]. Above all, ammonia has a negligibly low
permeation rate through polyethylene compared to hydrogen or methane (Table 5).

Table 5. Comparison of methane, hydrogen, and ammonia permeation factors through polyethylene
[2,4,32].

Chemical Compound Permeation Factor (cm3·mm)/(m2·bar·24 h)
(Typically at 25 ◦C, 1 bar ∆P)

Hydrogen 126.8
Methane 6.0–34.1
Ammonia 0.5

Ammonia permeates through polyethylene approximately 12 times more slowly than
methane and over 300 times more slowly than hydrogen. Nevertheless, this property
alone does not preclude the use of polyethylene for ammonia transport. An important
criterion here is the possible damage that can be caused by contact between the polymer and
ammonia. Damage to polymers is usually based on swelling and changes in permeability.
Changes in properties often accompany swelling, which includes reductions in strength
and hardness. In turn, these property changes affect the permanent deformation of polymer
seals and sealing ability. Structural changes related to crosslinking, chemical bonding,
and composition (such as fluid penetration and extraction of additives) will potentially
change the glass transition temperature, making the polymer more brittle or rubbery
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during operation, which can affect design overruns [33]. Based on an analysis of ammonia
compatibility with various polymers, the following conclusions can be drawn:

■ Polyethylene, epoxies, and certain elastomers: Nitrile Butadiene Rubber (NBR),
Ethylene Propylene Diene Monomer (EPDM), neoprene or Chloroprene Rubber (CR),
and Perfluoroelastomer (FFKM) are suitable for use with ammonia.

■ Polyurethane, epichlorohydrin rubber (ECO), and fluorosilicone should not come into
contact with ammonia.

■ Polytetrafluoroethylene (PTFE), nylons, and elastomers such as certain fluorocarbons,
PTFE, and SBR are highly incompatible with ammonia [28].

A passive way to mitigate the negative effects of pipeline failures, in addition to
receiving the right materials for pipeline construction, is to maintain adequate buffer ar-
eas. Ensuring adequate distance can effectively mitigate the hazards posed by ammonia
leakage in pipelines. Ongoing CFD simulations show that the range of toxic and explosion
hazards associated with ammonia leakage, depending on weather conditions, can extend
to about 500–1000 m. Factors such as wind direction and speed, temperature, and humidity
significantly influence the dispersion of ammonia. These results highlight that, in the
event of a release, ammonia can pose a serious risk within a radius of up to one kilometer,
which should be considered when planning safety zones and emergency response mea-
sures [24,34]. Therefore, strategically locating pipelines away from residential or densely
populated areas has proven to be an effective means of reducing potential public safety
risks. However, it should be emphasized that this does not reduce environmental risks.

Among the passive methods to reduce the negative impact of ammonia pipeline failures,
issues related to the placement of pipelines underwater or underground are also mentioned.
In such cases, the high solubility of ammonia in water will cause much of it to be retained,
preventing it from entering the atmosphere. However, this approach is somewhat controversial
due to the strong effects ammonia has on both soil and water. In addition, if ammonia enters
groundwater or surface water, it can cause the ammonia transported with water to contaminate
a much larger area than if it enters the atmosphere directly.

Minimizing risks associated with ammonia transport via pipelines can be implemented
on many levels using both passive and active methods. Active methods are mainly based
on pipeline condition monitoring systems and use various types of methods to quickly
detect ammonia leaks from damaged or leaking pipelines. Recent advances in optoelec-
tronic materials and sensing technologies have enabled the development of a wide range
of sensors for monitoring ammonia in the air, including electrochemical, photoacoustic,
infrared, and ammonia-specific chemical sensors. These devices provide real-time detection
and early warning, allowing for immediate intervention to mitigate the impact of leaks and
enhance overall pipeline safety.

Among these, semiconductor sensors, also known as Metal Oxide Semiconductor
(MOS) sensors, operate based on changes in electrical conductivity caused by gas adsorp-
tion onto the surface of the semiconductor [35]. Typically, a thin layer of metal oxide is
deposited on a silicon substrate. The detection process involves reversible gas adsorption
onto the heated metal oxide surface, followed by catalytic oxidation of the adsorbed gas.
This reaction induces a change in the electrical resistance of the oxide material, which is
proportional to the concentration of the target gas in the mixture [36,37]. MOS sensors
are widely used due to their simplicity and low cost; however, they also present certain
limitations, including relatively long response times and low selectivity for ammonia in
gas mixtures. Most solid-state sensors have detection limits above 5 ppm and response
times ranging from 4 s to over one minute, which can limit their suitability for continuous
monitoring of ammonia in the air [38,39].



Appl. Sci. 2025, 15, 11465 12 of 20

In addition to semiconductor sensors, electrochemical sensors are widely employed
for ammonia detection due to their high sensitivity and selectivity. These sensors operate
based on redox reactions at the electrodes, providing an alternative approach to monitoring
ammonia concentrations in air. Electrochemical sensors determine the concentration of
a target gas by measuring its oxidation or reduction reaction at the electrode, depending
on the type of gas. For example, carbon monoxide can be oxidized to carbon dioxide,
while oxygen is reduced to water. The oxidation reaction causes electrons to flow from the
sensing electrode to the counter-electrode through an external circuit, whereas in the case
of reduction, the flow of electrons is reversed. The resulting current is proportional to the
concentration of the target gas in the mixture [40]. Electrochemical sensors are generally
sensitive, selective, and inexpensive, making them suitable for leak detection, emissions
monitoring, and fire safety applications; however, they require frequent calibration to
maintain accuracy [41].

Beyond semiconductor and electrochemical sensors, optical sensors offer a highly
sensitive and selective approach for ammonia detection. These sensors operate based
on absorption and luminescence principles, providing precise measurements even at
very low concentrations. Optical sensors can detect ammonia concentrations from about
1 ppm (non-dispersive infrared spectroscopy, NDIR [42]) to about 1 ppb (cavity ring-down
spectroscopy, CRDS [42]) and tunable diode laser absorption spectroscopy, TDLAS [39],
with higher selectivity and slightly faster response times. However, these systems are
relatively expensive, and the miniaturization of these sensors is challenging.

In addition to individual sensor technologies, integrated monitoring approaches
can be employed to enhance the safety of ammonia transport systems. Various types
of sensors can be incorporated into remote sensing systems to monitor confined spaces
exposed to ammonia emissions, ensuring rapid detection of leaks and minimizing potential
hazards. In the context of ammonia pipelines, these sensors can be installed at locations
where ammonia volume is measured or where pumping support systems are present.
Moreover, the aforementioned sensors can be integrated into portable leak detection devices,
commonly referred to as “sniffers,” which are used by personnel responsible for the safe
operation of pipelines and related installations. Beyond point detection, the pipelines
themselves or the overall transport system can be monitored using various balance-based
methods that rely on mass and/or volume measurements to identify leaks. The methods
used for this purpose are described below.

The basic method is based on mass or volume balance at the entrance and exit of the
pipeline section under examination. A discrepancy between the amount of gas entering
the system and the amount measured at the exit may indicate the presence of a leak in
the pipeline. The accuracy of this method depends on the accuracy of the measuring
instruments. In addition, this method gives much better results for time-constant gas flows.
If the gas reception at the exit points varies over time, this can lead to false alarms or
increase the leak detection time [43–45].

An improvement of the method based on mass flow rate or volume balance is referred to
as RTTM (real-time transient model method). This method, unlike methods based on mass
flow rate or volume balance, allows compensation for dynamic changes occurring in the
pipeline [43,45]. A real-time transient model detects anomalies in a flowing fluid or gas using
mathematical simulations governed by fundamental laws of physics, such as conservation of
mass, conservation of momentum, and conservation of energy. Pipeline operating parameters,
such as flow, pressure, and temperature, are extracted by the SCADA system.

The negative pressure wave propagation method is a technique for locating leaks
and defects in pipelines. The amplitude of negative pressure waves can be used to obtain
information about the flow rate of the leak and the leak area. A sudden change in density at
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the leak site causes a drop in pressure, generating a negative pressure wave that propagates
both upstream and downstream, where it is detected by a pressure sensor. Time-of-flight
analysis reveals the origin of the pressure wave and thus the location of the spill [46,47].

Another calculation method is point pressure analysis. This method is based on
the assumption that if there is a leak in the pipeline, the gas pressure in the pipeline
decreases [43,44]. This method requires continuous pressure measurements at various
points along the pipeline [45–48]. Pressure sensors can be spaced far apart from each other,
unless the location of the gas pipeline forces a denser placement of sensors. To detect a
leak in a gas pipeline, a comparison of the received results of gas pressure measurements
in the pipeline with the average value is used. If the measurement result is lower than
the average value by a certain threshold value, it should be considered that the section
of the monitored gas pipeline under study is leaking [43–45]. However, this method has
numerous drawbacks. One of them is that it does not provide reliable results for gas flows
that are unstable over time.

The last group of calculation methods is statistical methods. Statistical analysis is the
simplest way to detect gas pipeline leaks without using a mathematical model. In this
method, an analysis of parameters measured at multiple locations along the pipeline,
such as pressure and gas flow, is carried out. An alarm indicating the presence of a leak is
generated only when the measured values deviate in a statistically significant way from
the assumed values [43–45].

Another way to detect leaks in gas pipelines is through acoustic systems. Leak detection
using acoustic emission (AE) sensors is a technology capable of detecting and locating gas
leaks, even from small cracks or perforations in gas networks [49,50]. Acoustic emissions
associated with leaks in gas infrastructure are caused by the turbulent outflow of a high-
pressure gas stream through the hole representing the leak. For underground infrastructure
(gas pipelines), acoustic sensors placed along pipelines are used to detect leaks. In the acoustic
leak localization method, acoustic sensors are key components of the system, so the choice
of sensors should be based on the frequency range and propagation characteristics of the
signal generated by the leak. Basically, the choice of acoustic sensors is a choice between
high-frequency and low-frequency sensors. High-frequency sensors have the distinct ad-
vantage of being immune to ambient noise, which tends to propagate in the low-frequency
range. However, since high-frequency signals are strongly attenuated during propagation,
monitoring gas pipelines of considerable length using them is difficult [49,51].

Another type of system used for ammonia leak detection is seismic systems [15].
This type of system consists of seismic sensors placed along and near the pipeline.
These wireless sensors detect any activity that generates a seismic signal in the ground.
The sensor or sensors then transmit the detected signal to a processing unit, which analyzes
the data to determine the nature of the event that generated that seismic signal. The system
can distinguish between different events, such as a person walking, a vehicle driving,
heavy machinery, digging, hammering, pipeline drilling, leaks, etc. The processed data
is sent to the pipeline operator’s control center. A real-time warning is displayed to the
operator, which includes the location and classification of the event. These two parameters
(location and classification) enable the operator to take appropriate action. The system can
be used in both above-ground and underground pipelines. Systems of this type have been
applied to pipelines transporting water and oil in Asia and Latin America, but so far they
have not been used for pipelines transporting ammonia [15]. The seismic monitoring sys-
tems, widely used for oil and gas pipelines, have not yet been applied to ammonia pipelines.
While these systems hold potential for leak detection, their direct application is challenging
because ammonia exhibits different physical and chemical signatures compared to oil or gas.
Adapting seismic systems to ammonia transport would therefore require careful calibration
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and potentially new detection strategies to ensure reliable monitoring. Ensuring the safe
and reliable operation of ammonia pipeline systems requires continuous monitoring of cor-
rosion and overall pipeline integrity. Corrosion can compromise the structural components
of pipelines, potentially leading to leaks, ruptures, and serious environmental and safety
hazards. To address these risks, integrity management programs commonly incorporate
regular inspections, wall thickness measurements, and non-destructive testing techniques,
such as ultrasonic testing, radiography, or magnetic flux leakage. Early detection of mate-
rial degradation or mechanical damage enables operators to implement timely maintenance
and preventive measures, thereby safeguarding both the longevity of the pipeline and the
well-being of surrounding communities and ecosystems.

In parallel, recent advances in automation and artificial intelligence (AI) offer signifi-
cant opportunities to enhance pipeline monitoring and management. AI-driven analytics
can process large volumes of real-time sensor data, facilitating the rapid detection of anoma-
lies, the prediction of potential failures, and the optimization of maintenance schedules.
When combined with predictive maintenance systems and comprehensive risk analysis
models, these technologies allow operators to proactively identify and mitigate issues
before they result in leaks or accidents. Collectively, such innovations not only improve
operational efficiency but also markedly enhance the safety, reliability, and environmental
performance of ammonia pipeline transport systems.

3.3. Environmental Risks Associated with Ammonia Pipeline Systems

Ammonia pipeline systems, while essential for the large-scale transport of this chemi-
cal, pose significant environmental risks in the event of leaks or accidental releases. The re-
lease of ammonia into the atmosphere, water, or soil due to potential pipeline failures can
impact various elements of the environment in multiple ways. Such incidents not only
threaten ecosystems but also pose serious risks to public safety by affecting human health
and life, and by contributing to the formation of an explosive atmosphere. Understanding
these risks is crucial for designing effective safety measures and minimizing the impact on
air, water, and soil quality.

The primary danger associated with the release of ammonia into the atmosphere is
its negative effects on human health. Ammonia is a powerful irritant, and contact with its
vapors can lead to irritation of the respiratory tract, eyes, and skin [52]. Prolonged exposure
to airborne ammonia can lead to serious health problems, such as lung damage, asthma,
and other respiratory diseases. For this reason, the release of ammonia into the atmosphere
as a result of an accident poses a direct threat to the health of those in the vicinity of
the emission source. Ammonia can have harmful effects on humans through inhalation,
ingestion, or skin or eye contact. Its toxic effects depend on the concentration and duration
of exposure. Ammonia has a toxic effect on the respiratory system. Inhalation of ammonia
fumes can lead to the following:

• As a result of short-term exposure: coughing, throat irritation, runny nose, and a feeling
of tightness in the chest,

• As a result of exposure to high concentrations: severe irritation or damage to the
respiratory tract leading to difficulty breathing, wheezing, and in extreme cases,
pulmonary edema or respiratory failure [53,54].

In addition to affecting the respiratory system, ammonia has toxic effects on the eyes.
Contact of ammonia with the mucous membrane of the eye can cause redness, tearing,
a burning sensation, and severe discomfort. Prolonged exposure in this range can cause
corneal damage and lead to loss of vision. In case of high and/or prolonged exposure,
ammonia can lead to systemic poisoning. Symptoms of such poisoning can include headaches,
dizziness, confusion, and fatigue. In very high concentrations, exposure to ammonia can
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lead to neurological damage and even death due to its toxic effects on the brain and nervous
system. In contrast, chronic exposure to low levels of ammonia, such as in industrial settings,
can lead to respiratory diseases such as asthma, bronchitis, and lung damage [55,56], as well as
decreased lung function and increased risk of respiratory infections. For this reason, ammonia
content in the air is limited by relevant laws. Health, Safety, and Environment (HSE) schemes
set short-term and long-term exposure limits at 25 ppm and 35 ppm [57]. It is a threat to
public safety if ammonia is released into the atmosphere due to the fact that ammonia is
flammable in gaseous form when mixed with air or oxygen, and can be explosive under
certain conditions—the explosive limit of ammonia–air mixtures is 15.5–26.6% by volume [58].

High levels of ammonia in the air can contribute to the formation of photochemical
smog, especially in industrial areas, where reactions between ammonia and other air
pollutants can lead to the formation of harmful substances that degrade air quality [59].
As a result of photochemical reactions occurring in the atmosphere, ammonia can also
contribute to the formation of acid rain, even though ammonia is an alkaline substance.
When ammonia is released into the air, it can react with nitrogen oxides and sulfur dioxide
to form nitrogen and sulfur compounds, which then contribute to the formation of nitric
(V) and sulfuric (VI) acid. These acids, combined with rainfall, can fall to the ground in the
form of acid rain [60].

In addition to its effects on human health and air quality, ammonia released from
pipeline systems can have significant environmental impacts on soil and water ecosystems.
Due to its high solubility, ammonia can readily dissolve in rainwater or surface runoff, leading
to contamination of rivers, lakes, and groundwater. Elevated ammonia concentrations in
aquatic environments can disrupt the nitrogen balance, causing eutrophication, algal blooms,
and oxygen depletion, which negatively affect fish and other aquatic organisms. In soil,
ammonia can alter pH levels, disturb microbial communities, and negatively impact plant
growth. Chronic contamination may result in long-term soil degradation and reduced fertility,
which can have cascading effects on surrounding terrestrial ecosystems. These environmental
consequences underscore the importance of effective monitoring, leak detection, and emer-
gency response strategies for ammonia pipeline systems [61].

4. Discussion
Given that long-distance hydrogen transport entails a range of technical and logistical

challenges, there is an increasing consensus that the development of the hydrogen economy
should be facilitated through the use of ammonia as a hydrogen carrier. Nevertheless,
the transportation of ammonia—similar to other gaseous fuels—necessitates a rigorous
approach to safety assurance, accurate quantification of transported volumes, and thorough
identification of environmental risks associated with such operations. This review article
explores diverse aspects of ammonia transport safety and the corresponding technological
capabilities. It examines international experience in ammonia transportation, addresses is-
sues related to the compatibility of ammonia with common pipeline construction materials,
and outlines the potential environmental risks associated with pipeline-based transport
of ammonia, with particular emphasis on its possible impacts on various components
of the natural environment. Ammonia is increasingly recognized as both a promising
medium for chemical energy storage and an effective hydrogen carrier, with the potential
to support the expansion of the hydrogen economy in the long term. Realizing this po-
tential, however, requires the establishment of conditions that ensure the safe and efficient
transport of ammonia, including its conveyance through dedicated pipeline systems.

The choice of transportation method for ammonia is determined by a variety of techni-
cal, economic, and regulatory factors. The most critical among these are the quantity of
ammonia to be transported, transport distance, geographic and locational considerations,
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operational safety, transportation and storage costs, the physical state of ammonia during
transport and storage, environmental impacts, and the applicable regulatory and legal
framework. In addition, aspects such as infrastructure availability, energy efficiency, techno-
logical maturity of transport solutions, and public acceptance may also play a decisive role.
Ultimately, the methods used for ammonia transport are determined by the availability of
existing transport infrastructure, including roads, railways, ports, and pipeline networks,
as well as access to natural transport routes such as inland waterways and seas. In most
cases, ammonia distribution involves a combination of several modes of transport from the
site of production to the final destination, including pipeline transport.

The literature review conducted in this area indicates the following:

• Pipeline transport of ammonia is already in operation, implemented at various scales
and across different distances.

• Pipeline-based ammonia transport is less common compared to rail and maritime
transport.

• Since the 1960s, ammonia pipelines have been subject to failures, caused both by
material defects and by third-party activities.

• Experience gained during the construction and operation of ammonia pipelines
has made it possible to identify materials that are compatible with ammonia
(e.g., carbon steel) as well as those that are incompatible (e.g., copper alloys).

• The compatibility of polymeric materials is diverse and, according to the authors of
the reviewed reports, requires further research.

• In the long term, it appears necessary to establish technical standards and regulatory
frameworks dedicated specifically to ammonia pipeline transport, analogous to those
already in place for natural gas and being developed for hydrogen.

• Existing monitoring and safety technologies used in gas pipelines may require adapta-
tion to the specific conditions of ammonia transport, particularly with regard to leak
detection and corrosion protection.

• The development of pipeline infrastructure for ammonia transport should take into
account environmental and social aspects, including impacts on ecosystems and the
social acceptance of new investments.

• Occupational safety considerations require the development of comprehensive emer-
gency procedures, personnel training programs, and early warning systems to mitigate
the risks associated with accidental releases of ammonia.

• Economic aspects need to be evaluated, including comparative cost analyses of
pipeline construction and operation versus rail and maritime transport, as well as the
costs associated with safety measures and potential accident mitigation.

• Integration with the emerging hydrogen economy should be considered, particularly
the role of ammonia pipelines as part of future infrastructure for hydrogen storage
and distribution, including options for on-site ammonia cracking to supply hydrogen.

It should be emphasized that failures of pipelines transporting ammonia can pose a
significant threat to both the environment and public safety. Pipeline accidents may result in
the release of toxic ammonia and associated impurities into the atmosphere, and in certain
cases also into soil and water. Moreover, uncontrolled emissions of ammonia into the
atmosphere as a consequence of pipeline failures involve a wide range of environmental
risks. Ammonia leaks from pipelines represent a serious hazard to the environment,
adversely affecting soil, water, air, and fauna. Ammonia itself, as well as typical impurities
transported with it, can negatively impact individual components of the environment,
including soil and water quality. The release of ammonia into the atmosphere following a
pipeline failure may also pose a substantial risk to human health and life, while negatively
influencing biodiversity within the affected ecosystems.
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Another important issue associated with the growing scale of ammonia use and
transport—and one that requires further investigation—is the impact of ammonia on cli-
mate change. According to the authors, it is essential to conduct detailed research and
analyses on the kinetics of ammonia reactions in the atmosphere in order to comprehen-
sively assess its role in climate change.

A related challenge requiring further research and development concerns the detection of
ammonia pipeline leaks. Only the implementation of effective detection systems can minimize
the risks associated with potential failures. At present, various types of sensors are available
that can detect ammonia in the atmosphere; however, their application to monitoring large-
scale pipeline networks appears to be of limited effectiveness. Furthermore, currently available
leak detection systems based on balance and computational methods require calibration for
ammonia-specific conditions, as well as the establishment of detection thresholds tailored to
the measurement devices employed.

5. Conclusions
While ammonia transport via pipeline systems is a mature and efficient technology for

large-scale distribution, it is associated with a range of technical, environmental, and safety
challenges. Key threats include pipeline material degradation, corrosion, mechanical dam-
age, and operational failures, which can result in leaks with serious consequences for
human health, the environment, and public safety. The flammability and toxicity of ammo-
nia further increase the potential hazards. Mitigating these risks requires a comprehensive
approach that combines proper material selection, strategic pipeline routing, implementa-
tion of passive safety measures, and advanced active monitoring systems, including sensor
networks and balance-based leak detection. Continuous research, technological innovation,
and rigorous maintenance practices are essential to ensure the safe, reliable, and sustainable
transport of ammonia in support of the growing hydrogen and chemical energy sectors.

For the safe and sustainable development of ammonia transport via pipeline systems,
several recommendations can be considered for future practice and research. First, the im-
plementation of advanced monitoring and leak detection systems, including hybrid sensor
technologies such as optical, electrochemical, and acoustic sensors, can enable rapid detec-
tion and precise localization of leaks. Second, predictive maintenance and pipeline integrity
management using real-time monitoring systems (e.g., SCADA, RTTM) and predictive
modeling can help minimize the risks of corrosion, mechanical damage, and operational
failures. Third, optimization of pipeline materials, including the use of ammonia-resistant
steels, compatible polymers, and protective coatings, as well as the design of appropriate
buffer zones, can enhance structural safety. Additionally, strategic pipeline routing away
from densely populated or environmentally sensitive areas, combined with rigorous emer-
gency response planning and personnel training, is essential. Finally, ongoing research
and technological innovation should focus on improving the efficiency, environmental
sustainability, and safety of ammonia transport systems to support the broader transition
to low-carbon energy carriers, including hydrogen.

In summary, while ammonia transport offers significant potential as a cornerstone of
the emerging hydrogen economy, its safe and sustainable deployment requires advances in
materials compatibility, leak detection and monitoring technologies, predictive maintenance,
and robust regulatory frameworks. Equally important are comprehensive environmental risk
assessments and international cooperation to establish common technical standards and best
practices. Addressing these challenges through research, innovation, and coordinated policy
action will be essential to ensure that ammonia pipelines can operate reliably and contribute
effectively to the broader transition toward low-carbon energy systems.
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The following abbreviations are used in this manuscript:

AE Acoustic Emission
AI Artificial Intelligence
CFD Computational Fluid Dynamics
CR Chloroprene Rubber
CRDS Cavity Ring-Down Spectroscopy
ECO Epichlorohydrin Rubber
EPDM Ethylene Propylene Diene Monomer
FFKM Perfluoroelastomer
HSE Health and Safety Executive
MAPCO Mid-America Pipeline Company
MOS Metal Oxide Semiconductor
NBR Nitrile Butadiene Rubber
NDIR Non-Dispersive Infrared Spectroscopy
PTFE Polytetrafluoroethylene
RES Renewable Energy Sources
RTTM Real-Time Transient Model
SBR Styrene-Butadiene Rubber
SCADA Supervisory Control and Data Acquisition
SIS Safety instrumented systems
TDLAS Tunable Diode Laser Absorption Spectroscopy
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