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Abstract

Ammonia is a well-established raw material in the chemical industry. Among others, it is used to produce fertilisers, syn-
thetic fibres or drugs. Ammonia is also used as a refrigerant, and it is viewed as a future fuel in the power industry. Tech-
nologies for its combustion in a mixture with hydrogen or methane (natural gas) are also being developed. The widespread
use of ammonia involves the need for its transportation and storage. Both these processes are affected by its physical and
chemical properties because ammonia is a toxic and flammable substance. The paper presents an analysis of the hazards
posed by an uncontrolled leakage of ammonia and its mixture with hydrogen from a 10 m® tank. The range of hazard zones
due to the toxic effects of ammonia is a few dozen metres. In the case of ammonia-hydrogen mixtures, a fire hazard appears,
and the range of hazard zones due to thermal radiation is several metres. The total risk presented by an uncontrolled release
of ammonia-hydrogen mixtures stored in 10 m? tanks is 10~ and occurs in an area of up to 40 m.
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1. Introduction

Many industries, including power generation, chemicals, petro-
chemicals and agriculture produce, store and transport numerous
hazardous substances. If mishandled or if there is a failure of the
installation components, their properties can pose a significant
hazard to people and the environment.

Ammonia, produced globally on a large scale, belongs to
such hazardous substances. It is a key product in the production
of fertilisers, and it is also used in the food industry and refrig-
eration. Research is also being pursued on the use of ammonia
as a fuel for engines and gas turbines. Indeed, considering its
properties, ammonia is viewed as an alternative and emission-

free future fuel that does not emit carbon dioxide during com-
bustion. It can therefore be a good substitute for hydrocarbon
fuels. The research on the use of ammonia as a potential fuel or
as an additive to other fuels is currently the subject of many sci-
entific publications.

In [1], the authors present a comprehensive review of ammo-
nia as a fuel. The paper presents the principles of combustion
reactions of ammonia and discusses their implications for prac-
tical energy applications, thereby supporting the development of
ammonia as a carbon-free emission fuel. In [2], the authors re-
view the use of ammonia as an alternative fuel in internal com-
bustion engines, with a perspective on the future of possible ap-
plications and practical solutions to related problems. The main
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goal of the authors of [3] was to show potential alternative fuels
within their applications and present prospective alternative
routes for their production. Chemicals like hydrogen and ammo-
nia were tested as an alternative fuel for utilisation technologies.
The objective in [4] was to show the prospects and challenges
of ammonia as a fuel and suggest significant topics that could
benefit from additional studies. The authors of [5] systemati-
cally summarise the fundamentals of ammonia-based combus-
tion and its practical application. The comparative study pre-
sented in [6], based on a selected design, summarises the oper-
ating principles, together with the advantages and disadvantages
of direct ammonia fuel cells. A model of a direct ammonia-fed
solid oxide fuel cell was presented in [7]. The effect of selected
parameters on the cell’s efficiency was also studied in the paper.
In [8], the authors provide a review of ammonia applications in
various fields, including energy systems, fuel cells, gas turbines
and propulsion technologies. These studies discuss the use of
ammonia as a fuel in industrial applications, highlighting its po-
tential as well as the challenges associated with its various ap-
plication methods. The presented analyses indicate that ammo-
nia combustion is a challenging process, primarily due to its low
reactivity, which results in a low laminar burning velocity. Other
limitations also include high ignition energy and combustion in-
stability. To improve the process characteristics, mixtures of
ammonia with flammable gases, such as methane and hydrogen,
are used. The process of co-combustion of ammonia with other
fuels is therefore also the subject of extensive research and anal-
ysis. In [9], the structure of hydrogen and ammonia flames and
their combustion mechanisms were investigated. A comprehen-
sive summary and review of research progress on the combus-
tion characteristics and reaction mechanisms of ammonia and
ammonia-hydrogen mixtures is presented in [10]. In [11], a nu-
merical analysis of the combustion of ammonia-hydrocarbon
mixtures under high-pressure dual-fuel conditions in large en-
gines is presented. It was shown that mixtures of methanol and
ammonia improve ignition stability and reduce the risk of exces-
sive post-injection after burning. Experimental studies on an en-
gine fuelled with diesel and 40% ammonia by energy fraction
are presented in [12]. In subsequent stages, ammonia was grad-
ually replaced with hydrogen, up to 28% by energy fraction. The
effect of adding hydrogen to ammonia on combustion character-
istics and stability was investigated. Experimental studies of the
non-premixed gas turbine model combustor using ammonia fuel
or fuel mixtures were presented in [13].

The widespread use of ammonia, which is a toxic and flam-
mable substance, also involves an increasing number of acci-
dents triggered by its uncontrolled release [14]. The spread of an
ammonia cloud depends on the physical properties of the com-
pound, the source of the release and the atmospheric environ-
ment. Ammonia vapours are flammable in the air, but they catch
fire with difficulty, among others, due to their high minimum
ignition energy. An explosion of ammonia vapours, on the other
hand, occurs primarily in confined spaces (buildings). The haz-
ard related to the spreading of a cloud of ammonia, in addition
to the fire hazard, results from its toxicity. In the range of lower
concentrations, the gas causes irritation, whereas at higher con-
centrations, it can cause death [15]. Recent studies based on

computational fluid dynamics (CFD) have investigated ammo-
nia leakage and dispersion in confined and semi-confined indus-
trial environments. In [16], the authors analysed ammonia dis-
persion in closed industrial engine rooms with forced ventilation
and demonstrated that ventilation configuration and obstacle
distribution strongly influence ammonia accumulation and haz-
ardous zones. An analysis of the effects of ammonia release is
also presented in [17]. The authors analyse the hazard zones for
various ammonia release scenarios and the influence of selected
conditions on the range of impact. The fire-related and toxic
consequences of a failure of major equipment and facilities in-
tended for ammonia production are worked out in [18]. In the
article [19], based on existing calculation formulas of the prob-
ability of explosion risk, analyses were performed in which the
influence of the position and height of spatial obstacles and the
time of the flammable refrigerant leak on the distribution of the
flammable refrigerant concentration was fully considered.

In the paper [20], a comprehensive review of existing re-
search on hydrogen and ammonia diffusion processes and ex-
plosion mechanisms is made. Prevention and detection tech-
niques are discussed, providing theoretical support for the effec-
tive development of an energy system using hydrogen and am-
monia. In the paper [21], a series of experiments conducted
within a standard 20-L spherical combustion chamber to inves-
tigate the explosion characteristics of ammonia/hydrogen/air
premixed gases under diverse conditions, spanning from low to
high pressures (0.02-0.3 MPa) and from fuel-lean to fuel-rich
scenarios (0.7-1.5), are discussed. The results reveal that the ex-
plosion characteristics are pronouncedly enhanced by hydrogen
addition. Hydrogen addition remarkably increases the hydrody-
namic instability and thermal-diffusion instability of the reactive
mixture, enhances the thermal-mass diffusion on the flame front,
and promotes flame deformation and cellular structure for-
mation, resulting in an improvement of the flame propagation
and compression effect on the unburnt reactant before the flame.
In turn, the influence of variable ammonia concentrations on the
self-ignition of hydrogen under high pressure during accidental
release into a pipe is presented in [22]. Among other things, it
was noted that as NHz concentration increases, the intensity and
speed of shock-wave propagation within the pipe decrease. In
[23], the authors analysed the explosion behaviour of ammonia,
hydrogen and air mixtures in a closed duct. Both experiments
and CFD modelling were used to reproduce, among other as-
pects, flame dynamics. The study focused on explosion param-
eters such as flame structure, flame propagation velocity, and
overpressure. It was shown that when the ammonia blending ra-
tio in the fuel ranged from 25% to 50%, the premixed flame un-
derwent four distinct stages. It was also found that increasing the
ammonia blending ratio in the fuel can significantly alter the ex-
plosion behaviour. The work [24] explores the flame evolution
and pressure dynamics of NHa/Ha/air mixtures in a closed duct.
Flame instability parameters were calculated, and the
NHa/H./air flames on flame propagation were also assessed. Nu-
merical studies of the characteristics of the ammonia, hydrogen
and air flame in a micro combustor are presented in [25]. The
effects of adding N and CO; on the explosion behaviour of pre-
mixed hydrogen/ammonia/air mixtures were investigated in [26]
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through experiments and analysis of reaction kinetics. The ef-
fects of N and CO- on the evolution of the flame structure,
flame front speed, pressure and reaction kinetics were analysed.
The results indicated that increasing the hydrogen fraction in the
fuel can accelerate the premixed flame, leading to higher flame
front speeds and increased pressure. Conversely, the addition of
N2 and CO; has a suppressive effect.

Regardless of the application of ammonia and its mixtures
with hydrocarbons, the safety of processes related to its produc-
tion, storage and transport remains a significant issue. The au-
thors of numerous publications note that due to its toxicity, flam-
mability and the risk of explosions and leaks, ammonia requires
a detailed hazard analysis and risk assessment. In [27], the au-
thors presented an overview of current regulations and potential
technologies proving the safety of the ammonia bunkering pro-
cess. They also highlighted the critical issue of determining
safety distances from the release site in order to minimise the
consequences of hazardous events. The effect of ammonia on
human health in the event of a release during a ship collision is
discussed in [28]. The analyses included various release scenar-
ios and types of storage tanks. The study showed, among other
things, that semi-pressurised tanks may pose a higher toxic risk
than refrigerated tanks, and that the use of water curtains and
spill containment systems can significantly reduce the environ-
mental impact of an accident.

This article presents an analysis of the hazards and risks as-
sociated with the uncontrolled release of ammonia and its mix-
tures with hydrogen, supplementing issues related to the safety
of the processes using this type of fuel. Many studies indicate
that adding hydrogen to ammonia improves combustion param-
eters, including flame propagation speed and reaction stability,
making ammonia-hydrogen mixtures a promising direction for
research into low-emission fuels and energy carriers. It should
be emphasised, however, that both ammonia and hydrogen are
hazardous substances, which implies the need for comprehen-
sive process safety analyses as an integral part of research on
their practical application. This study considers scenarios in-
volving the release of ammonia in a gaseous state. The effect of
the composition of the mixtures on the size of the hazard zones
arising due to the toxic effects of ammonia, as well as to the
impact of heat flux resulting from a fire of the mixtures, was
studied. The novel aspect of this study is the integrated assess-
ment of the consequences and risks related to the uncontrolled
release of ammonia and mixtures of ammonia and hydrogen.
The proposed approach combines modelling of the impact, in-
cluding the determination of toxic and thermal hazard zones,
with a quantitative risk assessment based on the probability of
tank failure. The analysis allows for a comparison of safety lev-
els related to the storage of ammonia and ammonia-hydrogen
mixtures with varying proportions of the two gases.

2. Use of ammonia

Ammonia is used primarily as a fertiliser in agriculture. This is
due to its rapid reaction with clay particles or organic matter and
hydrogen ions. Other industries using ammonia include pharma-
ceuticals, food production and storage, metallurgical processes,
pulp and paper production and textiles [29]. Ammonia is also

used as a refrigerant, with benefits such as high efficiency, lower
costs or no interaction with the ozone layer [30]. Moreover, am-
monia has better heat transfer properties compared to other
chemical refrigerants, which makes it possible to use devices
with a smaller surface area [31].

There is also a chance of a wider use of ammonia in the
power industry. It is expected that by applying the catalytic com-
bustion method, it will be possible to burn ammonia at a lower
temperature without emitting unnecessary pollutants. The high
temperature of ammonia combustion favours the formation of
nitrogen oxides, which are harmful to the environment.

Ammonia can be used as a fuel in various types of internal
combustion engines, gas turbines and direct fuel cells, which is
a significant advantage over other types of fuel. Using ammonia
as a fuel, there will be no CO; or SOy emissions. No soot will be
produced either [30]. Fig. 1 presents the ways of using ammonia
in industry for different types of generators. Ammonia can be
used, for example, in spark-ignited ICEs, diesel ICEs with Hy,
combustion turbines, ICEs powered with petrol or an ethanol
mixture, transformed biogas generators and direct ammonia fuel
cells [32].

Current research results indicate that ammonia has great po-
tential to be used as a primary fuel in spark-ignition engines. The
use of ammonia in an internal combustion engine may cause in-
creased NOy emissions compared to gasoline. The main problem
with this use of ammonia is also the fact that its ignition energy
is approximately 16 times higher compared to hydrocarbon
fuels. The low combustion rate of ammonia makes combustion
non-uniform at the low engine loads and/or high rpm values.
Therefore, in order to ensure the combustion process stability, it
is necessary to mix it, for example, with gasoline, diesel oil or
hydrogen [30].

The use of ammonia as a fuel in gas turbines is still quite
limited. Current studies concentrate primarily on ammonia-hy-
drogen and ammonia-natural gas mixtures. The use of ammonia
as a fuel involves combustion instability and low combustion
efficiency — current research takes account of the use of a swirler
and a flame holder, for example [33], which could stabilise com-
bustion and increase its efficiency, as well as reduce nitrogen
oxide emissions. In [34], the authors show the possibility of add-
ing ammonia to the gas turbine.

Ammonia can also be used in direct fuel cells, which gener-
ate electricity based on electrochemical reactions. Depending on
the applied electrolytic materials or the operating conditions,
these devices are divided into several types [35], including alka-
line fuel cells (AFC), alkaline membrane fuel cells (AMFC),
phosphoric acid fuel cells (PAFC), molten carbonate fuel cells
(MCFC), proton exchange membrane fuel cells (PEMFC), di-
rect methanol fuel cells (DMFC) and solid oxide fuel cells
(SOFC). Solid oxide fuel cells are considered as the most en-
ergy-effective, and the gas which is most often used in fuel cells
to produce electricity is hydrogen. Research is currently being
conducted on the use of ammonia, where it can be used directly
as a fuel in AFC, AMFC and SOFC technologies. The use of
ammonia ensures that the efficiency of the cells remains rela-
tively high. In the case of fuel cells, the concept of reverse fuel
cells (RFCs), currently in development, it is also worth noting.
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They enable clean conversion of nitrogen and water to ammonia
under the influence of electricity obtained from renewable
sources [36].

ia storage
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Fig. 1. Ammonia utilisation pathways in generator applications.

A consequence of the need to increase the combustion effi-
ciency of ammonia is that it is often mixed with other agents that
upgrade the fuel, such as methane, propane, petrol, kerosene or
hydrogen. Mixing ammonia with hydrogen strengthens the com-
bustion flame. In addition, hydrogen can be produced from am-
monia, which contributes to the practical benefits of transporting
this mixture. Such mixtures have been tested, among others, in
spark-ignition engines and gas turbines. The high reactivity of
hydrogen contributes to an increase in laminar combustion ve-
locity compared to pure ammonia. On the other hand, mixing
ammonia with other hydrocarbon fuels generally leads to
a higher flame speed and to an increase in the intensity of radia-
tion and heat release rate. It also results in lower CO, emissions
[30].

3. Effects of an uncontrolled release of ammonia

The use of ammonia presents various challenges due to its prop-
erties. This raw material is used directly or indirectly in a num-
ber of industrial processes, and its use requires storage and/or
transportation to sites of its final utilisation.

Two methods are generally used for ammonia storage. One,
with no refrigeration, involves increasing pressure while main-
taining the ambient temperature, e.g. to 0.99 MPa at 25°C. The
other method, with refrigeration, involves maintaining atmos-
pheric pressure while lowering the temperature to approxi-
mately —33°C. Large volumes of ammonia are most often stored
using refrigerated tanks, which minimises the potential leakage
rate in the case of failure (compared to pressure tanks). Ammo-
nia tanks should have an appropriate structure and be equipped
with, among other things, a system of protection against an ex-
cessive increase or drop in pressure.

Ammonia is considered a toxic and flammable substance.
Exposure to ammonia can therefore occur under conditions of
industrial use or as a result of an accidental leakage during stor-
age or transport. In recent years, a number of incidents involving
ammonia spills have occurred around the world. For example,
in the USA in 2010, an ammonia release led to the poisoning of
more than 120 people [31]. One of the worst accidents involving
ammonia occurred in 1992. A cloud of released ammonia caused
129 deaths and 1150 injuries as a result of inhaling high concen-

trations of the substance [28]. Ammonia tanks, installations and
pipelines are therefore potentially dangerous elements of the in-
dustrial infrastructure which can fail, for example, due to corro-
sion or an accidental impact [37]. A leak can pose a fire hazard,
or it can have a toxic effect. Depending on the location of the
damage, the storage/transport conditions and the type of instal-
lation, ammonia may be released in a gaseous or liquid form.
A release of liquid ammonia into the environment leads to the
immediate formation of a cloud of gaseous ammonia (Fig. 2).
This is due to its low boiling point.

ammonia
gas cloud

ammonia
tank

pool of liquid ammonia

Fig. 2. Release of ammonia.

3.1. Ammonia toxicity

Ammonia is a colourless substance that is lighter than air. It can
be smelt in the air at very low concentrations as it has a charac-
teristic pungent and acrid odour. If released into the atmosphere,
the gas rises in the air. Contact with ammonia can cause skin
burns and changes in the respiratory tract. If inhaled, ammonia
can even cause blindness. Ammonia poisoning through the ali-
mentary tract causes disorder in intestinal peristalsis, and in ex-
treme cases, it can even lead to death. The greatest risk of am-
monia poisoning is for people working in industries where am-
monia is used in large quantities. The gas is also released during
the decomposition of matter, for example, in animal faeces.

At concentrations of 5 ppm, ammonia becomes noticeable
by smell [38]. Concentration levels of 100 ppm cause violent
irritation of the respiratory tract, bronchi and eyes (especially
conjunctivitis). Immediate irritation to the eyes, nose and throat
will occur for concentrations of 400-700 ppm. Pulmonary oe-
dema, cough and laryngospasm will occur at concentrations
higher than 1500 ppm. A concentration higher than 4650 ppm
means a lethal dose [39].

As for ammonia interaction with the soil, toxicity is non-ex-
istent as the substance evaporates from the surface. The ammo-
nia remaining in the soil is a source of nitrogen fertiliser. Part of
the ammonia undergoes photolytic decomposition in the air, and
the rest returns to the soil surface through dry or wet deposition.

The toxicity of ammonia in the aqueous environment, where
it is very harmful to many aquatic organisms, is a different mat-
ter.

3.2. Ammonia explosivity and flammability

The problem of ammonia explosivity arises in confined spaces
when very specific conditions are met. For the phenomenon of
explosion to occur, the following have to coincide: an oxidiser,
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an external source of ignition (explosion trigger), the mixing of
ammonia with air within the limits of explosiveness and a spatial
limitation, for example in the form of the walls of the room.

The occurrence of an explosion depends on whether the
flammable ammonia-air mixture will reach the appropriate tem-
perature due to external energy (minimum ignition energy). This
value is about 40 mJ and is significantly higher than the ignition
energy of hydrogen, which totals 0.02 mJ. The range of explo-
sivity limits of ammonia is the concentration of 15 to 28% (with
oxygen: 14 to 79%), and it changes under the influence of hy-
drogen contained, for example, in water. When water enters the
surface of liquid ammonia, there follows a reaction of intense
heat release from the process of ammonia combining with water
(exothermic reaction) and due to the evaporation of significant
amounts of ammonia, which produces an ignitable and explo-
sive mixture. In addition, the presence of other substances, such
as chlorine, bromine, iodine, mercury, sodium and calcium, fa-
vours the formation of explosive mixtures [30].

Ammonia is considered a substance which is flash resistant
and slow burning. The prerequisite that triggers the combustion
process of ammonia in the liquid form is the supply of a suffi-
cient amount of heat (energy) that enables the formation of am-
monia-air vapours above the surface of the liquid. The vapours
must be in the concentration range between the lower and the
upper flammability limit, i.e. 15-28% in the air.

In the event of damage to tanks storing ammonia or its mix-
tures in the gaseous form, the leaking gas may ignite, and this
may result in a jet fire. Another consequence of damage to am-
monia storage tanks is the BLEVE phenomenon, i.e. an explo-
sion of rapidly expanding vapours of a boiling liquid, and the
formation of a fireball. This phenomenon usually occurs due to
the tank being heated by an external flame. As a result, the pres-
sure inside the tank rises considerably, and the tank ruptures vi-
olently. The contents of the tank are ejected abruptly through the
cracks, a cloud is formed, and a violent ignition follows. The
hazards to humans and the environment related to the event of
fire are the direct impact of the resulting flame and the heat flux
generated by the fire. A heat flux of 4-5 kW/m? will not cause
injury to humans over a long exposure time. A heat flux of
12.5 kW/m? will cause first-degree burns in humans, and a value
above 25 kW/m? will cause significant injury within 10 seconds.
The lethal heat flux for humans is 35-37.5 kW/m? [40].

The conditions of flammability and explosivity change when
other gases, such as hydrogen, are added to ammonia. This is
analysed in the sections below.

4. Methods of calculation

The technical risk related to a failure of a system of transport
and storage of dangerous substances can be understood as the
product of the probability of the occurrence of a hazardous event
and its consequences. Denoting the risk as R, the following can
be written [41]:

R =X (P, 1)

where: P; — probability or frequency of occurrence of a hazard-
ous event i, Cj — consequences of the occurrence of event i.

Depending on the event under consideration, the conse-
quences can be expressed in monetary units or in the number of
potential casualties. In order to determine the risk value accord-
ing to the above formula, it is necessary to identify possible haz-
ard scenarios, estimate the probabilities of the occurrence of the
hazards and assess the consequences [42].

The hazards related to the use of ammonia are due to its
physicochemical properties, especially its toxicity and flamma-
bility. Ammonia is characterised by a narrow range of flamma-
bility and a high temperature of autoignition, which results in its
low flammability. In the gaseous form, it can quickly disperse
in atmospheric air because its density is lower than the air den-
sity. This feature reduces the risk of a possible fire and explo-
sion. However, ammonia is also classified as a toxic substance.
Even a small leak of ammonia in a residential area can cause
Very serious consequences.

The paper presents an analysis of the risks associated with
the uncontrolled release of ammonia and its mixtures with hy-
drogen from the storage tanks of these gases. The considerations
involved different sizes of damage. Both the size of the tank and
the size of the hole through which a gas is released affect the
amount of gas released into the atmosphere, as well as the dura-
tion of the leakage. Due to the mentioned properties of ammonia
and hydrogen, hazard scenarios related to the toxic effects of the
gases and fire of the mixture of these gases were considered.

The risk of occurrence of a hazardous event, for example, in
the form of an ammonia tank rupture or puncture, is related to
a potential release of ammonia into the atmosphere. This, in turn,
can lead to the formation of an ammonia cloud with concentra-
tions hazardous to humans and the environment. Among others,
the hazard level will depend on the atmospheric conditions, the
size of the damage, the gas parameters and the duration of the
leakage.

The analyses of the consequences of such scenarios were
conducted using the PHAST v6.7 software package [42]. The
program makes use of the unified dispersion model (UDM) [42],
which makes it possible to calculate the quantities describing the
outflow and transport of the created cloud in the atmosphere,
taking account of all the cloud stages, such as the release, the
touchdown, the pool formation or evaporation, for example.

Another scenario considered in the risk analysis is the haz-
ardous effects of heat radiation resulting from a fire in the am-
monia-hydrogen mixture. A jet fire is possible with the release
of flammable gas at a high pressure. The quantities related to
this type of fire were calculated using the PHAST v6.7 software
[42] with implementation of the Chamberlain model. The model
assumes the flame to be a spatial solid in the form of a truncated
cone (cone frustum) with dimensions depending, among other
things, on the wind speed.

Another type of fire that can occur due to the unsealing of
tanks with flammable substances is a fireball, which may be due
to the BLEVE phenomenon. This phenomenon is an effect of
a sudden and complete rupture of a tank.

For each of the above mentioned scenarios, the probability
of its occurrence is estimated. In the article, this probability will
be calculated by using the event tree. In the next step, the calcu-
lated probability of each scenario and the corresponding proba-
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bilities of death of people within the range of negative effects of
radiation from a potential fire or toxic properties of gases are
presented in risk diagrams. The risk level is also calculated ac-
cording to Eq. (1).

5. Results of analysis of hazards presented by
an uncontrolled release of ammonia and
an ammonia-hydrogen mixture

The figures below show the range of clouds with an elevated
concentration of ammonia formed when the tank with a capacity
of 10 m® becomes unsealed. The gaseous form of ammonia was
considered. A 10 m?® tank holds 44.3 kg of ammonia. In the cal-
culations, the air temperature, the wind speed and the atmos-
pheric stability class are assumed at 20°C, 2 m/s and D, respec-
tively. The relative humidity is assumed to be 85 %. The ammo-
nia was released in an open, undeveloped area. The different
cloud ranges correspond to different ammonia concentrations of
1000, 10 000 and 25 000 ppm. These are the concentrations that
cause severe breathing difficulty, eye and skin irritation
in humans (1000 ppm — blue), death after several minutes
(10 000 ppm — green) and immediate human death (25 000 ppm
— red).

The ranges of a cloud with elevated concentrations of am-
monia released due to damage to a tank containing ammonia in

the gaseous form with a pressure of 0.5 MPa and temperature of
20°C are shown in Fig. 3. An analysis was conducted of the out-
flow of the gas through damage with an equivalent diameter of
0.5 cmand 5 cm located at a height of 1 metre above the ground.
The hole with the smaller diameter could be the result of corro-
sion processes in the tank walls. The bigger hole could corre-
spond to damage due to a mechanical effect, e.g. an impact
against the tank. The cloud ranges shown in the figure from the
side view of the cloud show the concentration of ammonia at
a specific time during the process of the outflow from the tank.
Analysing the above graphs, it can be noticed that the most
dangerous zone with a lethal level of ammonia concentration for
humans will not touch the ground surface. However, it can be
seen from the side view that it will cover a range of about 2 and
20 metres for the hole diameters of 0.5 cm and 5 cm, respec-
tively. The zone with the lethal concentration for humans after
several minutes of exposure, i.e. 10 000 ppm, will reach a range
of about 60 metres on the ground surface only for the larger di-
ameter of the damage (5 cm). The second factor with a signifi-
cant impact on the death hazard is the time of exposure to the
toxic effects of ammonia. This time depends, among other
things, on the volume of the released gas. In the case of the tank
with a capacity of 10 mé, the zone with the highest concentration
of 25 000 ppm will keep for about 30 seconds, while in the case
of the smaller tank, e.g. with a volume of 1 m?3, this time is 5s.
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Fig. 3. Range of the cloud with an elevated concentration of ammonia (side view, blue — 1000 ppm; green —
10 000 ppm; red — 25 000 ppm): a) hole (damage) with the diameter of 0.5 cm, tank volume: 10 m?® (time: 14.7 s);
b) hole (damage) with the diameter of 5 cm, tank volume: 10 m? (time: 23.9 s).

As already mentioned, apart from its widespread use in the
chemical industry or agriculture, ammonia can be used as an al-
ternative fuel. Research on the combustion process of this sub-
stance in engines has been pursued for many years. In addition
to the possibility of using ammonia itself, the combustion of am-
monia-hydrogen and ammonia-methane mixtures is also inves-
tigated in those works. The addition of hydrogen and methane
improves the conditions of ammonia combustion. It will also
have an impact on the safety of the use of these mixtures. By
adding hydrogen in a mixture with ammonia, the toxicity of the
mixture is reduced, which thus reduces the hazard zones in the
event of an uncontrolled release of this type of mixture. The ef-
fect of hydrogen content in the mixture on the size of areas with

high ammonia concentrations of 1000 ppm, 10 000 ppm and
25 000 ppm is shown in the figures below.

Fig. 4 and Fig. 5 show the size of these zones for an uncon-
trolled release of ammonia-hydrogen mixtures at the volume ra-
tios of 80/20 and 20/80 from a 10 m?® tank. Punctures with equiv-
alent diameters of 0.5 cm and 5 cm were analysed. The mixture
parameters are the pressure of 0.5 MPa and the temperature of
20°C. The wind speed is assumed at 2 m/s.

Analysing the graphs in Fig. 4, it can be seen that the zones
related to the impact of the elevated concentration of ammonia
contained in the mixture and causing immediate human death
will not touch the ground surface. The range of about 2 and
20 metres will be reached for damage with the diameters of
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Fig. 5. Range of the cloud with an elevated concentration of ammonia for a gaseous 20/80 (v/v)
ammonia-hydrogen mixture (side view, blue — 1000 ppm; green — 10 000 ppm; red — 25 000 ppm):
a) hole (damage) with the diameter of 0.5 cm, tank volume: 10 m?® for the time of 2.8 s;

b) hole (damage) with the diameter of 5 cm, tank volume: 10 m? for the time of 12.6 s.

0.5 cm and 5 cm, respectively, for different times. The zones
with the concentration of 10 000 ppm already reach a distance
exceeding 50 metres for the larger diameter of the tank damage.
The zone with the highest concentration of 25 000 ppm disap-
pears after 25 seconds if the mixture is released from the tank.

Figure 5 shows the range of the areas with an elevated con-
centration of ammonia at an uncontrolled release of the ammo-
nia-hydrogen mixture with the volume ratio of 20/80. Like be-
fore, a tank volume of 10 m® was considered, as well as two sizes
of damage with the diameters of 0.5 cm and 5 cm. The mixture
parameters remain unchanged.

The hazard zones related to the concentration of ammonia,
causing immediate death of humans, will occur in an area with
a range of about 7 metres. The concentration of 10 000 ppm can
reach a distance of about 20 metres from the failure site. High
concentrations in the air last for 18 seconds.

The maximum ranges of hazard zones related to the toxic
effects of ammonia and its mixture with hydrogen are presented
in Tables 1 and 2.

205

Table 1. Maximum range of toxic hazard zones for varying
portions of gases (hole (damage) with the diameter of 0.5 cm).

H2/NH; 1000 ppm 10 000 ppm 25 000 ppm
0/100 31.5m 40m 2.0m
20/80 24.0m 3.7m 1.7m
80/20 8.4 m 20m 0.7m

Table 2. Maximum range of toxic hazard zones for varying
portions of gases (hole (damage) with the diameter of 5 cm).

H2/NHs 1000 ppm 10 000 ppm 25 000 ppm
0/100 116.0m 64.0m 21.0m
20/80 108.5m 535m 18.0 m
80/20 55.5m 20.0m 7.5m
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As already mentioned, another (though less likely) consequence
of a release of ammonia is a fire, provided that the conditions
for it are favourable. A fire hazard applies primarily to gaseous
ammonia and its mixtures with another flammable gas, such as
hydrogen, because the ignition of liquid ammonia is difficult.

The physical properties of such a mixture differ from those
of pure ammonia, which means that the quantities that decide
the dimensions of the negative consequences of its uncontrolled
release will also vary. Adding hydrogen to ammonia results,
among other things, in a change in the lower and the upper flam-
mability limits of the mixture. It also affects the heat of combus-
tion, as shown in Table 3. It should be noted that the addition of
ammonia to hydrogen raises the lower flammability limit and
lowers the upper flammability limit, thus narrowing the range of
concentrations at which ignition and explosion of the mixture
are possible. Mixing ammonia with other flammable gases also
affects the combustion process parameters, including the value
of the heat flux generated during mixture combustion.

The figures show example hazard zones arising due to the
ignition of ammonia, hydrogen and ammonia-hydrogen mix-
tures. The analysis concerns effects of a jet fire and a fireball.

Table 3. Lower and upper limits of mixture flammability.

H2/NH3 LFL UFL Heat of combustion
100/0 4.00 % 75.00 % 241820 ki/kmol
90/10 432 % 62.50 % 242794 ki/kmol
80/20 471 % 53.57% 243976 ki/kmol
70/30 5.16 % 46.88 % 245441 ki/kmol
60/40 5.71% 41.67 % 247306 ki/kmol
50/50 6.40 % 37.50 % 249759 kJ/kmol
40/60 7.27% 34.10 % 253130 ki/kmol
30/70 8.42 % 31.25% 258054 kJ/kmol
20/80 10.00 % 28.85% 265923 kJ/kmol
10/90 12.30% 26.79 % 280511 ki/kmol
0/100 15.00 % 28.00 % 316830 ki/kmol

A jet fire (Fig. 6 and Fig. 7) is a fire resulting from the leak-
age and ignition of a jet of a pressurised substance flowing out
of a hole (damage) formed in the tank wall. The hazard zones
shown in the figure refer to the fire-generated heat flux of 4, 12.5
and 37.5 kW/m? (green, blue and red, respectively). Exceeding
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Fig. 6. Heat flux generated by a jet fire of ammonia and hydrogen; hole (damage) with the diameter of 5 cm,
tank volume: 10 m® (green — 4 KW/m?, blue — 12.5 kW/m?, red — 37.5 kW/m?): a) ammonia (mass: 44.3 kg, mass
flow at the hole outlet 1.82 kg/s); b) hydrogen (mass: 4.95 kg, mass flow at the hole outlet 0.62 kg/s).
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Fig. 7. Heat flux generated by a jet fire of ammonia and hydrogen; hole (damage) with the diameter of 5 cm,
tank volume: 10 m® (green — 4 KW/m?, blue — 12.5 kW/m?, red — 37.5 KW/m?):
a) ammonia-hydrogen mixture (80/20) mass: 35.73 kg, mass flow at the hole outlet 1.64 kg/s;
b) ammonia-hydrogen mixture (20/80) mass: 12.36 kg, mass flow at the hole outlet 0.98 kg/s.
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the value of 4 kW/m? causes noticeable effects for humans; the
value of 12.5 kW/m? causes first-degree burns, and the value of
37.5 KW/m? causes immediate death. The areas indicated by the
red line, which correspond to human deaths, occurred only in
the case of a hydrogen release. The presented results relate to
the leakage and ignition of ammonia, hydrogen and an ammo-
nia-hydrogen gaseous mixture with the pressure of 0.5 MPa and
temperature of 20°C, released from tanks with the volume of
10 m3. The analysis concerns the larger diameter of the damage,
i.e. 5 cm. Two values of the ammonia-hydrogen mixture volu-
metric ratio are assumed for the considerations: 20/80 and 80/20.
In the case of the smaller diameter of the damage, the hazard
zones will not occur.

The ranges of the radiation zones shown in the above figures
depend, among other things, on the amount of the stored gas and
the mass flow through the hole. For pure ammonia, the mass
flow is 1.82 kg/s, whereas for pure hydrogen it totals 0.62 kg/s.
Figures 8 and 9 show the range of the areas of thermal radiation
due to the formation of a fireball. The ranges are shown for the
failure of the 10 m3 tank and two different compositions of the
ammonia-hydrogen mixture. Like for the jet fire, the zones il-
lustrate the range of the fireball-generated heat flux values of 4,
12.5 and 37.5 kW/m?,

Table 4 and Table 5 present the maximum ranges of hazard
zones associated with the effects of the heat flux generated by
fires of ammonia and its mixture with hydrogen. Table 4 refers
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blue — 12.5 kW/m?, red — 37.5 kW/m?): a) ammonia (mass: 44.3 kg); b) hydrogen (mass: 4.95 kg).
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Fig. 9. Heat flux generated by a fireball for the ammonia-hydrogen mixture; tank volume: 10 m* (green — 4 kW/m2,
blue — 12.5 kW/m?, red — 37.5 kW/m?): a) ammonia-hydrogen (80/20), mass: 35.73 kg;
b) ammonia-hydrogen mixture (20/80) mass: 12.36 kg.

Table 4. Maximum range of radiation hazard zones for varying
portions of gases (hole (damage) with the diameter of 5 cm).

Hz/NHs 4 kW/m? 12.5 kW/m? 37.5 kW/m?
0/100 30.0m 26.0m —
20/80 19.0m 14.8 m —
80/20 19.2 m 15.0m _
100/0 21.8m 16.3m 6.0m

Table 5. Maximum range of radiation hazard zones for varying
portions of gases (hole (damage) with the diameter of 5 cm).

Hz/NH; 4 kW/m? 12.5kW/m? = 37.5 kW/m?
0/100 275m - =
20/80 28.0m - -
80/20 340m 15.0m -
100/0 375m 200m 7.5m
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to the case of a jet fire, while Table 5 refers to the case of
a fireball.

If pure ammonia is ignited, the maximum radiation due to
the fire totals 4 kw/m?2. With the addition of hydrogen, higher
values of radiation will appear, including the zone posing a death
hazard. The range of radiation depends on the proportion of hy-
drogen in the mixture, but it does not exceed several metres.

6. Risk of the occurrence of undesirable effects
of an uncontrolled release of ammonia and
an ammonia-hydrogen mixture

The following is an estimation of the risk arising due to the fail-
ure of an example storage tank of gaseous ammonia and of the
ammonia-hydrogen 80/20, 50/50 and 20/80 mixture. The ana-
lysed tank storing gas with a pressure of 0.5 MPa and a temper-
ature of 20°C has a volume of 10 m?; the equivalent diameter of
the damage is 5 cm.

6.1. Estimation of the probability of occurrence of dan-
gerous events triggered by tank damage

An uncontrolled release of ammonia or an ammonia-hydrogen
mixture can cause a jet fire, a fireball, the movement of a cloud
with a toxic concentration, or the gas can disperse in the atmos-
phere without causing negative effects. The event tree in Fig. 10
presents various possible scenarios for subsequent events trig-
gered by damage to a tank containing hazardous substances [43].
The probability of the occurrence of the triggering event in the
form of damage to the gas tank was assumed at 2x10-% according
to [44]. The probability of further events is assumed based on
the estimations given, for example, in [43].

mmediata ignition delayed gnition conssquances

et fire
P=3.6107

R = firebal
=09 P =0.027 P=3.910%

cloud of tosic substance
P=05 p_70107

o
P=0973

P=0.1

no hazards
P=05 p=78107

Fig. 10. Event tree for damage to a tank with ammonia
or an ammonia-hydrogen mixture.

6.2. Assessment of the consequences of a release
of ammonia

The probability of human injuries due to the impact of the neg-
ative effects of an accident caused by an uncontrolled release of

ammonia and ammonia-hydrogen mixture can be estimated us-
ing probit functions. The negative factors affecting humans and
the environment in the event of an ammonia release are those
analysed above: heat flux, in the case of a fire, and the impact of
toxic concentrations, if the released gas cloud does not ignite.
For these cases, the probit function can take the form presented
in [45]. Based on the analyses presented above of areas with el-
evated thermal radiation, caused by a fire of ammonia and an
ammonia-hydrogen mixture, and areas with elevated ammonia
concentrations in the released gas cloud, it is possible to deter-
mine the probability of death of humans being within the range
of the impact of elevated thermal radiation or elevated toxic gas
concentration. The results of such analyses are presented in the
figure below.

The graphs shown in the figures below were obtained using
probit functions. Different values of the ammonia-hydrogen
mixture volumetric ratio and different exposure times were as-
sumed for the considerations. Analysing the graphs presented in
Fig. 11, it can be seen that the maximum area will occupy
a range of about 30 metres for 5 minutes of exposure. The next
figures show the probabilities of death due to the toxic effects of
released ammonia. Analysing the graphs presented in Fig. 12, it
can be noticed that the concentration of ammonia for the as-
sumed times of exposure does not result in deaths at the level of
100%. The highest probability of death is about 55% and occurs
in the area with a radius of about 15 m from the site of the release
of pure ammonia. This probability decreases with an increasing
proportion of hydrogen in the mixture.

6.3. Estimation of the risk of death due to damage to
a tank containing ammonia and an ammonia-hydro-
gen mixture

The total risk of death due to the release of ammonia, hydrogen
and the ammonia-hydrogen mixtures with the proportions of
80/20, 50/50 and 20/80 resulting from the occurrence of unde-
sirable events following damage to the storage tank is shown in
Fig. 13. The calculations were carried out for a tank with a ca-
pacity of 10 m®. The graph shows the risk for the longer analysed
time of exposure to negative factors, i.e. 5 minutes.

The total risk level is of the order of 10-7 and similar for the
analysed compositions of the mixtures. However, the range of
the risk varies. The risk due to the release of pure ammonia is
the highest, but it occurs in a small area about 10 metres from
the tank. The risk posed by the release of the mixture with hy-
drogen is slightly lower but extends over a larger area.

Figure 14 shows risk diagrams with selected scenarios of un-
controlled release of ammonia and its mixture with hydrogen.
For each scenario, both related to toxic hazards and fire hazards,
the probability of occurrence and the probability of causing hu-
man death are given. The following figure refers to different dis-
tances from the accident site and gas release, i.e. risk at a dis-
tance of 20 m and 40 m from the gas leak site.

7. Summary

The intensive search for new fuels that can effectively replace
hydrocarbon fuels, the combustion of which is considered a ma-
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Fig.11. Probability of death from exposure to heat radiation generated by a fireball for different compositions of the ammonia-hydrogen mixture
and for different exposure times (tank volume 10 m®): a) 0.5 minutes of exposure; b) 5 minutes of exposure.
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Fig.12. Probability of death due to the impact of toxic concentrations of ammonia for different compositions of the ammonia-hydrogen mixture
and for different exposure times (tank volume 10 m®): a) 0.5 minutes of exposure; b) 5 minutes of exposure.
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Fig. 13. Risk of death due to the impact of toxic concentrations and
heat flux for released ammonia and the ammonia-hydrogen mixture.

jor cause of climate changes, indicates that hydrogen fuels could
be the solution. In addition to pure hydrogen, the use of ammo-
nia as a stand-alone fuel or as an additive to other gases, such as
hydrogen, is also being considered. The paper presents an anal-
ysis of the safety of storing such fuels, with a special emphasis
on the toxic hazard posed by ammonia, the fire hazard posed by

100 & hydrogen
0.90 20% ammonia ® toxic hazard, x = 20 m
@ 80% ammonia @ fire hazard, x= 20 m
0.80
® ammonia W toxic hazard, x =40 m
- 0.70 fire hazard, x =40 m
£
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Fig. 14. Risk diagram at 20 meters and 40 metres for ammonia
and ammonia-hydrogen mixture leak scenarios.

hydrogen and the mutual contribution of these hazards in mix-
tures of the two gases. Two sizes of damage and different am-
monia-to-hydrogen ratios in the mixture were analysed in detail.
At a release of gaseous ammonia, the zones with a concentration
of 10 000 ppm, i.e. those that can cause death to people, reach
a distance of several metres for a small diameter of the damage
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and about 60 metres if the damage diameter is large. The capac-
ity of the tank itself, i.e. the amount of the stored gas, affects the
time of duration of high concentrations, which is about a few
minutes for the 10 m3 tank.

Ammonia-hydrogen mixtures present a smaller toxic hazard,
but the fire hazard becomes more real. A 20% share of hydrogen
in the mixture reduces the toxic zone range by several per cent.
An 80% share of hydrogen reduces the hazard zones by more
than three times. The addition of hydrogen results in the appear-
ance of hazard zones due to the potential impact of thermal ra-
diation from fires of the released mixture. The range of the zones
for the analysed volumes of the gases totals several metres. The
total risk determined for the effects of toxic concentrations and
the fire-generated heat flux has values of the order of 10~7. This
level of risk is considered acceptable. Depending on the compo-
sition of the mixture, it extends over an area of 30 to 40 m.

The above conclusions concern the leakage of the analysed
gases from a 10 m? tank under the assumed atmospheric condi-
tions. Leakages from tanks of smaller volume will generally
pose a hazard to a relatively smaller area, while tanks of larger
volume or diameter of damage may increase both the range and
duration of the hazard. Similarly, different meteorological con-
ditions will influence the dispersion of the analysed gases and,
consequently, the expected ranges of the hazard zones and levels
of risk. Therefore, quantitative results should not be directly ap-
plied to other scenarios without calculating the relevant input
parameters again, although the general trends observed for dif-
ferent compositions of the ammonia-hydrogen mixture remain
valid. It was indeed the aim of the study to compare risk levels
for different gas mixture compositions.
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