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Abstract: At present, the environmental risk assessment of major accidents is mainly carried out for
stationary risk sources. Only marginal attention is paid to mobile risk sources, while the currently
available methodologies require a relevant expertise and time for their application, which is only
partially possible in most scenarios. In the present study, an integrated approach to environmental risk
assessment in the transport of hazardous substances (iTRANSRISK) was developed. The approach
proposed is based on the principle of index-based assessment of leakage scenarios involving toxic and
flammable substances during transport, in the context of indexing environmental vulnerability. The
key point of the method is the conversion of local-specific data concerning the risk potential of the
transported substance, the consequences and the probability of a major accident, and environmental
vulnerability assessment into a single entity. The created integral approach is proposed for the needs
of carriers of the hazardous substances and the state administration bodies. The proposed approach
is determined for the screening risk assessment at the beginning of the process of the planning a
suitable transport routes and the results are for information only. An example of the application of
the iTRANSRISK integrated approach is demonstrated considering an explosion scenario following a
propane tanker leak (18 t) in a forested area, with moderately susceptible soils and no surface water
or groundwater affected.
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Industrial enterprises produce and ship significant quantities of hazardous substances
that pose a risk to the environment, mainly related to toxicity, flammability and explosiveness. The rapid increase in the transport of hazardous substances requires risk assessment
and management. Accidents involving the transport of hazardous substances are occurring
ever more frequently throughout the world, with serious consequences for the population,
property and the environment.
Hazardous substances can be characterized as substances which, if released into the
environment, cause significant material and environmental damage, injury or even death
to the persons affected [1]. The transport of hazardous substances poses a major risk to
the population and the environment. With the amount of cargo transported, congestion
along the transport routes and the potential for emergencies, transport accidents cannot
be foreseen. However, conditions can be created that reduce the impact of such accidents,
ranging from establishing and complying with laws, regulations, ordinances and technical
standards to ensure the safety of equipment, to identifying potential incidents, analyzing,
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evaluating and suggesting improvements and training on how to manage the occurrence
and progress of emergency situations.
At present, risk assessment of major accidents involving mobile sources of risk is carried out only sporadically, mostly using only simple mathematical models. The incidence
of major accidents involving the transport of hazardous substances is steadily increasing,
and accidents or environmental pollution can cause serious injuries in densely populated
areas. Nevertheless, risk assessment in the field of transport of hazardous substances is not
a legislative requirement in the European Union and is excluded from Directives requiring
the control of major accidents hazards in stationary installations [1].
In general, the first step required in a risk-reduction process is risk analysis [2]. Risk
analysis is usually understood as the process of defining threats, their likelihood of occurrence and impact (i.e., determining the risks and their severity). For the purpose of the
present study, risk analysis represents a critical basis for the process of eliminating risks in
the transport of hazardous substances.
Hazardous chemical transportation risk analysis was addressed by Zhang and Zhao [3],
who summarized the probability and severity of accidents in Shanghai using GIS. A similar
study using TRAT-GIS software was conducted in Sicily [4], and the results in the form of
individual risks were displayed on a map. A quantitative analysis of the environmental
risks of rail transport of a group of light anhydrous liquids commonly transported by rail
in North America was also performed using GIS [5]. A conceptual tool for the identification and determination of environmental risks and a risk management principle for the
transportation of hazardous goods by rail was proposed by Zelenko et al. [6]. A technical
report by Sandia National Laboratories [7] evaluated the risk acceptability criteria for the
transportation of hazardous materials in the United States.
A few other studies addressed specifically the quantification of the risk for the environment due to accidents in the transportation of hazardous substances. An approach
to the quantification of risks to environmental components along transport routes using
habitat values was proposed by Saska [8]. Similarly, the study by Macias and Gadziński [9]
assessed the environmental value of individual areas that are at risk from road transport of
hazardous substances. In the Finnish coastal area, the environmental hazard potential of
15 transported chemicals was assessed using a scoring method developed for accidents [10].
Conca et al. [11] analyzed the interactions between traffic flow and accident frequency,
and an integrated safety assessment approach was proposed on this basis. The study
of Dvorak et al. [12] developed a qualitative approach to environmental risk assessment
(QAERA) in transport, which is based on the six pillars of safety and security. Other
more specific impacts on the environment were considered in specific studies, such as the
prevention and minimization of marine pollution caused by the transport of hazardous
goods [13] or the life cycle impact assessment of environmental emissions from transport
infrastructure [14].
The comparative analysis of the approaches presented above shows that none of
the currently available methods enables the assessment of the environmental risks in the
transport of the hazardous substances in the form of convergence of the areas concerned.
In this case, there are, especially, the following three areas: The risk assessment of the
serious accidents, the risk assessment in the transport of the hazardous substances, and
the assessment of the environmental vulnerability. These three areas namely ensure the
complex risk assessment at the transport of the hazardous substances in the context of
the assessment of the potential impact on the environment. Thus, in the present study, a
newly developed integrated approach to environmental risk assessment in the transport of
hazardous substances (iTRANSRISK) is presented. The approach is based on the principle
of modelling toxic and flammable substance leakage scenarios during transport in the
context of environmental vulnerability indexing.
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2. Materials and Methods
The essence of this part of the article is the analysis of the materials and methods
potentially suitable for the creation of the integral approach to the assessment of the
environmental risks in the transport of hazardous substances (iTRANSRISK). According to
the character of new proposed methods is the analysis of data focused into the three basic
areas, which are (1) the accidents and their impact, (2) the methods of risks assessment
of serious accidents, and (3) the approaches for the assessment of the environmental
vulnerability. The most appropriate methods will then be used for the creating of the new
integral approach.
2.1. Accidents and Their Impacts
In the past, numerous accidents involving the transport of hazardous substances have
occurred around the world. Some of the most famous accidents include a road accident
in 1976 in Houston, USA, involving an ammonia leak which killed 6 persons and injured
another 178; a road accident in 1978 in San Carlos, Spain, involving a propylene explosion
which killed 200 persons; a railway accident in 1979 in Mississauga, Canada, involving
an LPG explosion and a chlorine leak which forced the evacuation of 200,000 persons;
a railway accident in 1981 in Montanas, Mexico, involving a chlorine leak which killed
28 persons and injured another 1000; a railway accident in Lac-Mégantic, Canada in 2013,
the oil explosion which killed 47 persons and forced the evacuation of 2000 persons [15].
The results of a study of 1932 accidents that occurred on roads and railways during
the transport of hazardous substances show that the frequency of accidents is currently
increasing. More than half of the accidents occurred on roads (63%). The most frequent
consequence of crashes was the spillage of substances (78%), followed by fires (28%),
explosions (14%) and gas clouds (6%) [16].
The statistics of accidents involving the transport of hazardous substances are recorded
in many countries. In the US, for example, data are available from the US Department
of Transportation, Pipeline and Hazardous Materials Safety Administration. The risks
of transporting hazardous substances in the US were evaluated in a study conducted by
the Argonne National Laboratory [17]. The objective of this study was to quantitatively
characterize the risks associated with the transportation of selected hazardous substances
at the national level. Based on the results obtained for TIH (toxic by inhalation) substances,
it was determined that chlorine and ammonia accounted for 70% to 80% of the total risks
of fatalities related to accidents in the transportation of TIH substances (see Figure 1).
A comparison of fatality risks based on miles and tons of substances transported indicated
that the risks of transporting LPG significantly exceeded those for
TIH and
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Figure 1. Breakdown of fatality risks associated the transportation of different TIH substances [17].
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in several handbooks. The following publications are among the most significant [18–22].
The methodologies more frequently used for the detailed assessment of major accident
risks to the population are briefly outlined in the following.
An integrated risk analysis is allowed by the CPQRA methodology—Chemical Process
Quantitative Risk Analysis [19]. This methodology was developed for the needs of the
chemical industry based on experience from the nuclear, aircraft and electronics industries,
although it may be applied also to other types of industry. CPQRA is a tool for the
assessment and reduction of risk by means of specific methods and procedures.
Another acknowledged approach to the comprehensive risk assessment of major
accidents, adopted in the Netherlands, is described in CPR 18E Guidelines for Quantitative
Risk Assessment, known as the Purple Book [22]. This methodology consists of two parts,
namely risk assessment for stationary installations and risk assessment for the transport
of dangerous substances. In both parts of the risk assessment, the first step is always the
selection of significant sources of risk or significant route segments. This approach aims to
reduce the number of installations or transport units assessed in detail, thus simplifying
the overall risk analysis and focusing attention on the most important risk sources. The
Purple Book selection method has been developed to identify the facilities that provide the
more important contribution to risk.
The ARAMIS methodology (Accidental Risk Assessment Methodology for Industries
in the framework of the SEVESO II Directive) was developed within a project funded by
the European Commission under the Fifth Framework Program (2002–2004). The ARAMIS
project proposed a harmonized methodology for risk assessment. Its primary goal is
to reduce uncertainties and variability in results and to include the assessment of risk
management efficiency in the analysis. It is, thus, necessary to view ARAMIS as a global
tool for carrying out effective risk identification and analysis with a whole series of preprepared and recommended steps [23].
An overview of the recommended methods available for risk analysis in the transport
of hazardous substances is presented in Figure 3.
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The QRAM methodology [26] was designed to quantify the risks associated with the
transport of dangerous goods in road tunnels. The main output of the QRAM methodology
is to support the decision to allow or prohibit the operation of vehicles with dangerous
goods in tunnels. The results of the simulation using the QRAM methodology are expressed
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2.2.2. Modelling of Hazardous Substance Release Scenarios during Transport
The transport of hazardous substances poses a high potential danger, especially in
densely populated areas of urban agglomerations, where the release of toxic substances
into the air as a result of accidents can endanger the health or lives of large numbers of
inhabitants. Similarly, leaks of gases and liquids can cause environmental pollution.
The consequences of accidents involving mobile sources of risk are currently only
sporadically addressed, usually adopting simple mathematical models. These screening
models, although inexpensive and widely used in practice, are mostly based on diffusion
models and thus provide only an approximate estimate of the consequences of accidents.
They do not take into account, for example, the detailed shape of terrain. These models are
used to assess the consequences of accidental releases from stationary sources for the purpose of safety reports in industrial plants. However, in case of complex orography, the use
of dynamic dispersion models is generally recommended. However, this approach, requiring a sophisticated numerical modelling, is currently not the standard in risk assessment
procedures applied to major accident prevention.
Presently, some standard methodologies are used for major accident risk assessment
and their implementation is supported by commercially available software tools. For
example, the following software tools can be used to identify the zones where fatalities
may occur:

•
•
•

ALOHA 5.4.7.—freely available U.S. EPA software [29];
EFFECTS 10—commercial software originally developed by TNO [30] and currently
commercialized by Gexcon;
TerEx 2.7.8.—commercial software from the Czech company T-SOFT [31].

ALOHA and EFFECTS are well-known software tools, mainly designed to allow
consequence analysis of potential accident scenarios in preventive planning. TerEx is a tool
designed primarily for emergency response teams in the event of an accident (operational
modelling). These software tools can be used to obtain rough preliminary results. The hazard zones obtained are conservative and affected by uncertainty. The effect of obstacles (e.g.,
the presence of buildings) is not accounted. In most cases, the EFFECTS software provides
less extended lethal zones, meaning that the ALOHA program is more conservative in
terms of consequences and thus risk assessment. In a real situation, modelling inaccuracies
caused by the prevailing weather conditions, wind direction and speed, uneven terrain, etc.
need to be considered.
2.2.3. Limits of Social Risk
Currently, no international regulations apply to the acceptability of social risk. In
single countries (e.g., UK and the Netherlands) criteria for the acceptability of social risk
based on consequence/frequency curves (FN curves) are provided. As an example, in the
UK, societal risk is unacceptable if FN is higher than 10−1 events/year, while an “ALARP—
as low as reasonably possible” (sometimes also referred to as “as low as reasonably practicable”) region is defined for FN between 10−4 and 10−1 events/year [32]. In the Netherlands,
a specific criterion applies to the societal risk generated in the transportation of hazardous
substances: societal risk is considered unacceptable if FN2 is higher than 10−1 events/km
year [33]. In several academic publications, the consequence/frequency curves (FN curves)
are presented to summarize the societal risk deriving from scenarios generated by potential
accidents, and are compared to recommended limits of acceptable risk. As an example,
Tarada et al. [34] discuss the risk acceptability limits for rail transport in terms of protection
objectives (see Figure 5).
For risk assessment purposes, the range of the ALARP region is also plotted in this
diagram. If the risks falls in the ALARP area, it should be mitigated by additional measures
where cost-effective. Specific studies may be issued to check the cost effectiveness of
additional risk mitigation.
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Environmental vulnerability assessment can also be performed using the EAI (Environment Accident Index) method. The EAI is a simple model which guides the identification and ranking of the type of assessment to be performed when dealing with different
categories of hazardous chemicals. EAI consists of three sections: (a) Acute toxicity to
organisms living in water (Tox), (b) stored or transported amount of the chemical (Am), and
(c) factors controlling the spread of a chemical. The latter section, the so-called Spreading
Part (consistency, solubility and properties of the surrounding environment), addresses the
chemical and physical properties of the chemical, possibility of soil penetration and the
depth and mobility of groundwater [39].
A further suitable methodology for assessing environmental vulnerability is the
H&V Index II (methodology for assessing the impact of accidents involving a dangerous
substance on the environment). This is originally a Czech methodology, which is designed
to assess the severity of an accident involving hazardous substances in the environment.
The severity of the accident is scored by indices. Separate indices accounting for the hazard
of the substance and the environmental vulnerability are determined. The resulting accident
severity is a combination of the substance hazard index, the environmental vulnerability
index and the amount of substance released into the environment during the accident. The
output of the method is a risk matrix in which the acceptability of the risk is assessed [40].
Environmental vulnerability assessment can also be implemented through environmental resilience, which may be considered inverse to vulnerability [41]. The term resilience
was first defined by Holling [42] in the context of the resistance and stabilization of ecological systems, and later of socio-ecological systems. Ecological resilience is the ability of an
ecosystem to respond to disturbance, resist damage and recover rapidly. Such disturbances
may include naturogenic events such as fires, floods and storms, but also anthropogenic
activities such as deforestation, pesticide use or leaks of hazardous substances into soil and
water. Large-scale disturbances may profoundly affect an ecosystem, forcing it to reach a
threshold beyond which a different regime of processes and structures prevails [43]. When
such thresholds are associated with a critical or bifurcation point, these regime shifts can
also be referred to as critical transitions [44].
The assessment of environmental resilience has been the subject of several scientific
publications over the last five years, presenting different approaches. The Need for Resilience in Environmental Impact Assessment is presented in Wenning et al. [45]. The
authors agree that addressing resilience requires understanding the interconnectedness
of environmental, social and economic issues affecting the sustainability of ecosystems
and human communities. However, indicators and tools for measuring resilience remain
in the early stages of understanding and development. Resilience, thus, presents a new
challenge for environmental managers and decision makers working in environmental
management contexts.
A similar view is also presented by Mahmoudi et al. [46], who support the combination
of EIA methodology with synergistic concepts such as resilience, as this contributes to a
more thorough and efficient EIA process. According to the authors, such a comprehensive
approach is necessary for effective environmental impact assessment and management,
and supports better decision-making. In their article, the authors presented a hybrid
model of environmental assessment that combines EIA and resilience assessment. This
approach extends the capability of EIA and allows for the management of uncertainties and
unexpected outcomes associated with impacts on humans and the natural environment.
Indeed, the application of resilience analysis in EIA can be a good tool for understanding
systemic risks and then managing or monitoring these risks in the future.
A quantitative framework for assessing ecological resilience is presented by Baho et al. [47].
According to the authors, ecological resilience as an emergent ecosystem phenomenon can
be decomposed into complementary attributes (scales, adaptive capacity, thresholds and alternative regimes) that encompass the complexity inherent in ecosystems. Quantifying these
attributes simultaneously provides opportunities to move from assessing specific resilience
within an ecosystem to a broader measure of its general resilience. This article provides a
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framework based on iterative testing and recalibration of hypotheses that assess additional
attributes of ecological resilience. Angeler et al. [48] and Quinlan et al. [49] presented specific
approaches to resilience assessment in ecosystems. Practical applications of environmental
impact assessment combined with ecological resilience assessment are presented in several
studies (e.g., see Moores et al. [50], Matthews et al. [51], Zhang et al. [52]).
It follows from the above that the impacts of the serious accidents on the environment
can be assessed through either the resilience or the environmental vulnerability. From
the results of analyzed studies, the authors came to the conclusion that the context of the
solved problematics is more appropriate to pay attention to the environmental vulnerability, which is more detectable using the current methods. At the same time, however, it
should be noted that none of the currently available approaches allows for an index-based
assessment of environmental vulnerability to the impacts of major accidents involving the
transport of hazardous substances. For this reason, the following section of this article
focuses on the possibilities of an integrated approach to the assessment of environmental
risks in the transport of hazardous substances. For this purpose, some of the methods
presented above are used from the area of the risk assessment of the serious accidents
and the environmental vulnerability assessment (see Section 3.1. Integrated approach to
environmental risk assessment of accidents in the transport hazardous substances).
3. Results
The state of the art outlined above shows that none of the currently available methods
allows the convergence of data from the assessment of the hazard potential of the substance
being transported, with data concerning the assessment of the consequences and probability
of a major accident, and data addressing environmental vulnerability assessment. On this
basis, in the present study an integrated approach to environmental risk assessment in
the transport of hazardous substances (iTRANSRISK) was developed. The approach is
based on the principle of index-based assessment of toxic and flammable substance release
scenarios during transport in the context of indexing environmental vulnerability.
3.1. Integrated Approach to Environmental Risk Assessment of Accidents in the Transport of
Hazardous Substances
The key feature of the integrated approach proposed for the environmental risk
assessment of accidents in the transport of hazardous substances is the integration of
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A second important area of environmental risk assessment for accidents in the
transport of hazardous substances is the assessment of the severity and probability of a
major accident. For this purpose, the FMEA method [25] was selected to evaluate the
causes and consequences of a potential failure. The advantage of this method in the pro-
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A second important area of environmental risk assessment for accidents in the transport of hazardous substances is the assessment of the severity and probability of a major
accident. For this purpose, the FMEA method [25] was selected to evaluate the causes
and consequences of a potential failure. The advantage of this method in the proposed
integrated approach is possibility to express of the probability of a major accident through
the Major Accident Severity and Probability Index IP .
For the purpose of the index-based assessment of environmental vulnerability, the
H&V Index II method [40] was selected, as it allows the assessment of the severity of an
accident involving the release of a hazardous substance in the environment. The aim of
this method in the proposed integrated approach is to provide a quantitative assessment of
environmental vulnerability through the Environmental Vulnerability Index IV .
The integration of the above methods into a single procedure was obtained by the
integration of the Transport Hazard Potential Index IH and the Environmental Vulnerability Index IV into the FMEA method, which provides the Major Accident Severity and
Probability Index IP . Thus, the Environmental Risk Index IR is obtained, which specifies
the level of environmental risk in the transport of the selected hazardous substance.
3.2. Environmental Risk Assessment Procedure for Accidents in the Transport of
Hazardous Substances
Based on the definition of the concept of an integrated approach to environmental
risk assessment in the transport of hazardous substances, it is possible to proceed to the
definition of a specific procedure. The essence of this procedure is to establish a clear user
manual for the assessment of environmental risks in the transport of hazardous substances.
It is a multi-step procedure based on the integration of the Selective Method [22] and the
Sustainability 2021, 13, x FOR PEER REVIEW
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H&V Index II method [40] into the FMEA method [25]. The algorithm of this integrated
approach is presented in Figure 7.
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determine the quantity of the hazardous substance released). Some specific methods can
be used for this purpose, such as fault tree analysis —FTA [53] or event tree analysis —
ETA [54].
Step 3: Defining the Setting of a Major Accident with a Release of a Hazardous Substance
The third step of the algorithm is to define the setting of a major accident with the
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this includes an assessment of the type and hazardous characteristics of the substance
being transported and the safety measures undertaken.
Step 2: Defining a Scenario for the Leakage of Hazardous Substances During Transport
The next step of the algorithm is to define the scenario of a hazardous substance leak
during transport. The aim of this step is to define the manifestation of the failure, the
cause of leakage of the hazardous substance and the consequences of a major accident (i.e.,
to determine the quantity of the hazardous substance released). Some specific methods
can be used for this purpose, such as fault tree analysis —FTA [53] or event tree analysis
—ETA [54].
Step 3: Defining the Setting of a Major Accident with a Release of a Hazardous Substance
The third step of the algorithm is to define the setting of a major accident with the
leakage of a hazardous substance. The aim of this step is to define the vulnerability of
the different environmental compartments in the location assumed for the major accident.
Specifically, this involves identifying the presence of surface water, groundwater, soil and
biotic components of the environment.
Step 4: Determining the Hazard Potential Index of the Transported Substance
The fourth step is to determine the hazard potential index of the transported substance
IH . As already mentioned in the concept of the integral approach (see Section 3.1), for this
purpose is it appropriate to use the Selective Method [22], specifically Equation (1):
IH =

Q × O1 × O2
G

(1)

where IH = the hazard potential index of the transported substance (1–5); Q = the quantity
of the transported hazardous substance (kg); O1 = the factor of the hazardous substance’s
state (0.1–10); O2 = the factor of process conditions in the transport unit (1–10); G = the
limit quantity of the hazardous substance (kg).
Equation (1) is designed for the evaluation of toxic and flammable substances, where
for the purposes of calculating flammable substances the comparative limit quantity is set
at 10,000 kg (this value does not limit the amount of the substance under the assessment).
The calculation for toxic substances is transferred from the LC50 concentration according
to the principle of The Selective Method [22]. The higher the calculated index values, the
greater the accident potential of the transported substance. The quantitative expression
of the transported substance hazard potential index is based on the Selective Method [22]
and has been converted to a qualitative expression on a scale of 1 to 5 for the purpose
of the iTRANSRISK method (see Table 1). These reference values have been established
based on the long-term practical experience using the Selective Method in many industrial
enterprises when processing the risk analyses of the serious accidents.
Table 1. Reference values for calculating the hazard potential index of a transported substance.
Value from Equation (1)

Reference Value to be Used IH in
iTRANSRISK

0.1–10
11–50
51–100
101–150
151 and more

1
2
3
4
5

An example of how to determine the hazard potential index of a transported substance
is presented in Table 2.
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Table 2. Examples of determination of the hazard potential index of the transported substance.
Transport Unit

Q

O1

O2

G

Value from
Equation (1)

IH

Propane cylinder (50 kg)
Propane tanker (18 t)
Chlorine barrel (500 kg)

50
18,000
500

10
10
10

10
10
10

10,000
10,000
300

0.5
180
166

1
5
5

Step 5: Determining the Severity Index and Probability of a Major Accident
The fifth step of the algorithm is to determine the probability index of a severe accident
IP . As already mentioned in the concept of the integral approach (see Section 3.1), for this
purpose is it appropriate to use the FMEA method [25], specifically Equation (2):
IP =

S+O+D
3

(2)

where IP = the probability index of a severe accident (1–5); S = the severity of the accident
during the transport of a hazardous substance (1–5); O = the probability of occurrence of a
problem (1–5); D = the probability of detection (1–5).
The values of the different factors needed for the calculation of the Severe Accident
Probability Index by Equation (2) are obtained from Table 3.
Table 3. Criteria for the selection of the values needed to calculate the Severe Accident Probability
Index [25].
Severity
barely perceptible
irrelevant
moderately significant
severe
extremely severe

Occurrence
1
2
3
4
5

unlikely
very low
low
moderate
high

Detection
1
2
3
4
5

high
moderate
low
very low
unlikely

1
2
3
4
5

An example of how the Severe Accident Probability Index is determined is presented
in Table 4.
Table 4. Examples of calculation of the Severe Accident Probability Index of a major accident.
Scenario

Manifestation
of Malfunction

Consequence of
Malfunction

Cause of
Malfunction

S

O

D

IP

Explosion after
propane leak from a
cylinder (50 kg)

Pressure wave
propagation after
an explosion

Traffic accident,
human error,
technical failure

3

2

3

2.6

Explosion after
propane leak from a
tanker (18 t)

Pressure wave
propagation after
an explosion

Traffic accident,
human error,
technical failure

5

2

3

3.3

Toxic gas cloud after
chlorine leak from a
barrel (500 kg)

Spread of a toxic
gas cloud

Fatal injuries to
persons, evacuation,
interruption of traffic
Fatal injuries to
persons, evacuation,
interruption of
service (long-term)
Fatal injuries to
persons, evacuation,
interruption of traffic

Traffic accident,
human error,
technical failure

4

2

3

3.0

Step 6: Determining the Environmental Vulnerability Index
The aim of the sixth step of the algorithm is to determine the environmental vulnerability index IV . As already mentioned in the concept of the integral approach (see Section 3.1),
for this purpose is it appropriate to use the H&V Index II method [40], specifically
Equation (3):
I + IUW + IS + IB
IV = SW
(3)
4
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where IV = the index of environmental vulnerability (1–5); ISW = the index of surface water
vulnerability (1–5); IUW = the index of groundwater vulnerability (1–5); IS = the index of
soil vulnerability (1–5); IB = the index of biotic vulnerability (1–5).
Table 5 provides a guidance to the selection of the individual values of the indexes
needed to calculate the environmental vulnerability index by the expression provided in
Equation (3).
Table 5. Criteria for the selection of the values of the indexes needed for the application of Equation (3) to the calculation of
the overall environmental vulnerability index.
Surface Water ISW

Groundwater IUW

Soil Environment IS

Biotic Components IB

Sewage system leading
to WWTP,
sedimentation field,
tailings pond

1

Territory without
sanitary protection
zone

1

Heavy resistant soils (black
earth soils, rendzina)

1

Cultivated agricultural
land

1

Other surface waters

2

Protected area of
natural water
accumulation

2

Medium and heavy soils with
low susceptibility (black
earth, brown earth, alluvial
and floodplain soils)

2

Meadows, pastures,
gardens and parks

2

Rainwater drainage,
ditches, drainage,
ponds and flooded
mining pits

3

Hygienic protection
zone level 2 (external)

3

Medium and heavy
susceptible soils (illimerized
and silty soils)

3

Forests, orchards,
vineyards, hops

3

Border areas, peatland,
wetlands

4

Hygienic protection
zone level 2 (internal)

4

Light and medium highly
susceptible soils (strongly
acidic brown soils, shallow
soils and soils in very
sloping positions)

4

Waterworks

5

Hygienic protection
zone level 1

5

Light non-resistant soils (soils
on sands and gravels)

5

Territorial system of
ecological stability of
regional and local
importance, natural and
priority habitats
Specially protected area,
territorial system of
ecological stability of
national importance

4

5

An example of how the environmental vulnerability index is determined is presented
in Table 6.
Table 6. Example of calculation of the environmental vulnerability index.
Territory Description

Level of Protection

ISW

IUW

IS

IB

IV

No surface water
No groundwater
Moderately susceptible soil
Wooded area

No degree of protection

1

1

3

3

2.0

Step 7: Determining the Environmental Risk Index
The seventh step requires determination of the Environmental Risk Index IR, which is
calculated according to Equation (4):
IR = IH × IP × IV

(4)

where IR = the Environmental Risk Index (1–125); IH = the index of hazard potential of the
substance being transported (1–5); IP = the index of probability of a major accident (1–5);
IV = the index of environmental vulnerability (1–5).
An example of how to calculate the Environmental Risk Index IR is presented in
Table 7. The example addresses an explosion scenario following a propane tanker leak
(18 t) in a forested area with moderately susceptible soils and no surface or groundwater.
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Table 7. Example of calculation of the overall Environmental Risk Index for a leak from an 18 t propane tanker.
Components

Indexes

Transported Hazard Potential Index

IH = 5.0

Major Accident Severity and Probability Index
Environmental Vulnerability Index
Environmental Risk Index

IP = 3.3
IV = 2.0
IR = 33

Sub-Indexes
Q = 18,000; O1 = 10; O2 = 10; G = 10,000;
Value from Equation (1) = 180
S = 5; O = 2; D = 3
ISW = 1; IUW = 1; IS = 3; IB = 3
IH = 5.0; IP = 3.3; IV = 2.0

Step 8: Assessment of the Acceptability of Environmental Risk
The final step in the proposed algorithm for an integrated approach to environmental
risk assessment for accidents in the transport of hazardous substances consists in the
assessment of the acceptability of the environmental risk, which should be carried out
according to benchmark values provided in Table 8.
Table 8. Benchmark values for assessing the acceptability of environmental risk.
IR

Acceptability of Environmental Risk

h1.0; 25.8i
(25.8 ; 50.6i
(50.6 ; 75.4i
(75.4 ; 100.2i
(100.2 ; 125.0i

Negligible risk
Acceptable risk
Low risk
High risk
Critical risk

The distribution of benchmark values for the environmental risk acceptability assessment of IR in Table 8 is based on the FMEA method [52], which works with multiple
variables in determining the level of risk and relies on the variation of their extreme values in assessing states. In a similar manner, individual environmental risk levels were
determined to account for variations in extreme values (i.e., 1 and 125):

•
•
•
•
•
•

1; 1; 1; 1; 1 → ∅ 1.0
1; 1; 1; 1; 125 → ∅ 25.8
1; 1; 1; 125; 125 → ∅ 50.6
1; 1; 125; 125; 125 → ∅ 75.4
1; 125; 125; 125; 125 → ∅ 100.2
125; 125; 125; 125; 125 → ∅ 125.0

On the basis of the classification of the reference values presented above, it is possible
to proceed to assessing the acceptability of environmental risk for the model scenario of an
explosion after a propane tank leak (18 t) in a forested area with moderately susceptible
soil without surface or groundwater. In this case, the value of the overall Environmental
Risk Index IR reported in Table 7 equals 33, indicating an acceptable risk. A reduction in
the risk value could be achieved reducing the amount of substance transported or choosing
a route through areas having a lower environmental vulnerability.
3.3. Discussion
It is important to remark on the benefits of the newly developed integrated approach
to environmental risk assessment for accidents in the transport of hazardous substances
(iTRANSRISK). These clearly emerge from Table 9, where the results of a multi-criteria
comparison of currently available environmental risk assessment methods are reported.
As shown in the table, for the purpose of comparing the available methods with the
proposed iTRANSRISK methodology, selected criteria such as the suitability of the method
for assessing mobile sources of risk, the demand on time to develop the method, the ease
of interpretation of the results and the limitations in the quantity of hazardous substance
were used. The selected criteria reflect the authors’ requirements for the simplicity, the
time modesty, and the wide applicability of the proposed method.
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Table 9. Comparison of iTRANSRISK to other environmental risk assessment methods available in the literature and
suitable for the assessment of environmental risk generated by accidents in the transport of hazardous substances.
Comparison Criteria
Environmental Risk
Assessment Methods
iTRANSRISK (present
study)
QRAM [25]
TRA [16]
Purple Book [22]
ARAMIS [23]

Suitability of the
method for assessing
mobile sources of risk

Low demand on
time for method
development

Ease of interpretation of
results (index methods)

Not including restrictions
on the quantity of
hazardous substance

YES

YES

YES

YES

YES
YES
YES
NO

NO
NO
NO
NO

YES
YES
NO
NO

YES
NO
YES
NO

The above comparison shows that the newly developed iTRANSRISK method is
the most suitable for rapid assessment of environmental risks due to accidents in the
transport of hazardous substances. Other methods are much more demanding with respect
to expertise, time and calculation resources required, and in several cases do not allow
an easy interpretation of the results. At the same time, it should be noted that for this
reason, the iTRANSRISK method is only suitable for a screening risk assessment. A more
detailed assessment needs to be carried out with other literature methodologies available
to the purpose, as discussed above, or using the more advanced statistical and calculation
methods, such as data and/or dynamic models [55,56].
4. Conclusions
The article presents a newly created integral approach for the risk assessment in
the transport of the hazardous substances (iTRANSRISK). This approach is based on the
principle of index-based assessment of toxic and flammable substance release scenarios
during transport in the context of indexing environmental vulnerability. The aim of
this approach is the conversion and the integration of the data from the assessment of
the risk potential of the transported substance, of the consequences and probability of
a major accident, and of environmental vulnerability assessment into a single overall
index. The basis of this approach is a procedure, specifically developed, allowing the
screening of environmental risk due to accidents in the transport of hazardous substances.
The algorithm developed consists of eight steps and also allows the assessment of the
acceptability of the environmental risk.
The integrated approach developed is designed to meet the needs of both hazardous
substance transporters and public administration, which can apply the simple screening
method developed in the present study to pre-analyze critical hazardous substance transport sites with high environmental vulnerability. The proposed approach is determined
for the screening risk assessment at the beginning of the process of the planning a suitable
transport routes and the results are for information only. In case of identification of an
increased risk, it is appropriate to perform the complex assessment using some more
difficult and time-consuming methods.
At present, research addressing the reduction of environmental risk due to major
accidents is mainly focused on stationary sources of hazards within industrial facilities.
However, the gradual increase in the amount of transported substances will require to also
devote attention to accidents in the transport of hazardous substances, which, especially in
vulnerable locations, may cause irreversible environmental losses. For this reason, followup research will focus mainly on the further development of index parameters and on
their use in the integrated assessment of environmental risks caused by accidents in the
transport of hazardous substances.
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