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Thermal runaway events in the French chemical industry were studied using the ARIA database.



Primary causes of thermal runaway events were identified.
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Thermal runaway is one of the main threats to safety in the chemical industry. The causes of thermal
runaway are myriad, but the result is always the insufficient removal of energy generated in a
chemical reactor by exothermic reactions. In-depth analysis of past events based on event databases
can shed light on this phenomenon and improve security to reduce the incidence of thermal runaway.
This study extracts information from the ARIA (Analysis, Research and Information on Accidents)
database pertaining to thermal runaway in the French chemical industry. We analyzed 43 thermal
runaway events that occurred between 1988 and 2013. We examined these events’ causes and
consequences, reaction types and the categories of industries affected. We found that operator errors
were the principal cause of these thermal runaway events. The thermal risk was found to be high for
polymerization and decomposition reactions. Risk analysis related to thermal runaway events was
performed using a risk matrix. This analysis showed that the risk associated with thermal runaway
is significant. This risk must be reduced by implementing, for example, controls and appropriate
safeguards.

1. Introduction
4

Thermal runaway represents a serious threat in the chemical industry. These dreaded phenomena can
lead to dangerous consequences to humans, the environment and equipment (Jiang et al., 2016a).
From a chemical engineering viewpoint, thermal runaway occurs when the heat-flow rate released
by reactions exceeds the heat-flow rate exchanged with the surroundings. Hence, thermal
accumulation increases and the reaction temperature keeps rising, which speeds up the heat-flow
rate released (Jiang et al., 2016b).
Thermal runaway, well known to chemists, can result in an explosion or a high quantity of gas and/or
vapor emission that can be flammable and/or toxic. The outbreak of the reactor and the explosive
combustion of the gases emitted may lead to the destruction of buildings and the formation of
secondary fires, which can aggravate the overall consequences via the domino effect (Hemmatian et
al., 2014).
The cause of the biggest industrial disasters in history like Seveso (1976) and Bhopal (1984) was
thermal runaway. In the Seveso disaster, the reactor safety disk broke because of an increase in
temperature and pressure in the reactor due to an exothermic side reaction. The bursting of the
container resulted in the release of a large quantity of dioxins into the atmosphere. The Bhopal
disaster was associated with 40 tons of toxic gases being discharged due to a runaway reaction in a
pesticide storage facility (ARIA, 2016).
The French chemical industry has experienced many events due to thermal runaway, such as the
Saint Vulbas mishap in 1994 where 324 kg of hydrogen peroxide was released was due to a reaction
runaway in a fine chemistry unit. In addition, the Wingles mishap in 2010 involved a situation of
overpressure in a reactor due to a thermal runaway reaction that burst the reactor disk and released
3 tons of styrene. Furthermore, the incident at the lubricant additive manufacturing plant in Rouen
(2013) involved a prolonged release of a high concentration of mercaptans, a very odorous and toxic
gas, because of a runaway reaction in a storage tank (ARIA, 2016). In our previous study (Dakkoune
et al., 2018), we found that 25% of the events in the chemical industry in France were caused by
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thermal runaway between 1974 and 2014. In another study conducted in the United States pertaining
to the causes of major chemical industry events, Balasubramanian and Louvar (2002) found that
26% of major events were due to thermal runaway. Saada et al. (2015) also showed that the incidence
of events due to thermal runaway was high in the United Kingdom. Therefore, it is important to
examine how these events can be avoided.
From an educational point of view, integrating process safety into chemical university programs may
be part of the solution. Industry leaders and authorities must contribute and collaborate in this
teaching approach, which aims to prevent major accidents in the chemical industry. Perrin et al.
(2018) demonstrated the importance of integrating safety principles into the educational courses of
chemical engineers and continuing education classes. Leveneur et al. (2016) and Mkpat et al. (2018)
proposed pedagogical education models about this subject. This approach can also be applied to
operators and professional training in process safety (Spicer Thomas et al., 2013).
From a political point of view, different laws have been voted upon by the French and European
Union parliaments to prevent major chemical risks such as the “Bachelot law” Act No 2003-699 of
July 30, 2003 that was created in response to the AZF plant explosion in September 2001 (ARIA,
2016). This law includes a technological risk prevention plan. These prevention plans should reduce
risks at the source, redefine urban and building plans, and reinforce buildings or expropriate the most
exposed residents. Alternatively, the Seveso directive, the most well-known European directive on
industrial plant risk management, was originally adopted in 1982 following the Seveso disaster in
Italy in 1976. It requires EU Member States to define a policy for the prevention of major industrial
risks.
These laws require that industries realize risk analysis. The importance of risk analysis is to identify
the sources and the degree of risk that can cause damage to humans, the environment or property in
order to eliminate or to control those risks and add adequate preventive measures. Accident risk
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analysis was started in the 1970s according to Kletz (1999) following major accidents and the
development of the chemical industry (Planas et al., 2014).
Different classical methods of risk analysis in the chemical industry are known, such as the bow-tie,
Failure mode, effects and criticality analysis (FMECA), and hazard and operability analysis
(HAZOP). These forms of risk analysis necessitate information extracted from the event that
constitutes Experience Feedback (EF) (Return of Experience; REX), which is an element of
understanding phenomena. Given a good analysis method, it is possible to determine the frequency
and severity of events (Jocelyn et al., 2016). Analysis of past events theoretically enables continuous
improvement of process safety. With the application of these laws, industries must demonstrate to
authorities and civil society that they are able to control and reduce the risks associated with their
field of activity and reinforce their security.
Based on an examination of the scientific literature, we found that several research groups have
studied the kinetics of thermal runaway reactions (Liu et al., 2017; Ni et al., 2016; Rakotondramaro
et al., 2016; Vernières-Hassimi et al., 2017; Vernières-Hassimi and Leveneur, 2015; Wu and Qian,
2018). However, we noted an absence of work related to thermal runaway events in the French
chemical industry despite the significant presence of this risk. Scientific research in this field is
beginning to focus on this challenge to find adequate solutions for the problem of thermal runaway
(Khan et al., 2015). Here, we analyze the events involving thermal runaway reactions in the French
chemical industry between 1988 and 2013. We focus on data contained in the ARIA database. We
analyzed the causes and the consequences of these events. Based on Experience Feedback, we
carried out risk analysis based on the risk matrix proposed in ISO 17776 (International Organization
for Standardization (ISO), 2000).
This study provides a thorough overview of accidental events related to thermal runaway in France.
It also identifies the primary causes responsible for these critical events to determine appropriate
prevention measures and develop a prevention plan to prevent future similar events.
7

The rest of this paper is organized as follows: In Section 2, we introduce the working methodology
that includes the chosen data and event selection. The causes and consequences of thermal runaway
events and the results of the risk analysis are discussed in Section 3. Conclusions are presented in
Section 4.
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2. Material and methods
2.1 The database
Exploitation of one or more databases is essential to searching for past events and identifying the
information necessary to conduct risk analysis.
Several databases exist related to industrial chemical events:
ARIA: Analyse, Recherche et Information sur les Accidents (France);
CSB: Chemical Safety Board (United States);
FACTS: Failure and ACcidents Technical information System (the Netherlands);
MARS: Major Accident Reporting System (the European Union);
MHIDAS: Major Hazard Incident Data Service (the United Kingdom);
RISCAD: Relief Information System for Chemical Accidents Database (Japan);
ZEMA: Zentrale Melde- und Auswertestelle für Störfälle und Störungen in verfahrenstechnischen
Anlagen (Germany).
The ARIA database is one of the European databases available related to technological accidents. It
has been used by several studies (Casson Moreno et al., 2016; Okoh and Haugen, 2014; RamírezCamacho et al., 2017; Kirchsteiger, 1999; Trávníček et al., 2018) to describe different technological
accidents.
The ARIA database, managed by the French Ministry of Ecology since 1992, is an open database
that compiles an inventory of past technological and industrial events. It includes information and
experience feedback related to events. This database contains a search engine that can extract events
according to specific criteria such as the type of events or the area of activity. In addition, the public
can access the data in the ARIA database by visiting the ARIA website (ARIA, 2016).
The ARIA database describes roughly 42,000 events occurring in France and roughly 6,000 events
occurring abroad. Roughly 71% of these events concern classified installations. The other events
concern the transport of hazardous materials by roads, rail, waterways or pipeline; the distribution
and domestic use of gas, mines and quarries; and hydraulic structures.
9

2.2 Data selection
In the ARIA database, there are two ways to record events:
-

Summary form that presents key information.

-

Detailed fact sheets that provide more information about the events in terms of the course of
events, their circumstances, consequences, measures taken over the short or medium term,
proven or suspected causes, follow-up or lessons learned.

In our study, in order to properly analyze the causes and consequences of thermal runaway events,
we worked with the detailed fact sheets. Fig. 1 shows the procedure that we followed to select
thermal runaway events for study.

48 k
Events

42 k
Events

4k

In the world including in ARIA
database
Occurred in
France
Events
Occurred in
chemical industry
In detailed
Events
reports
Due to
Runaway
Events

169

43

Fig. 1. Structure of events selection in ARIA database.
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Among the 42,000 events occurring in France and described in the ARIA database, more than 4,000
occurred in the French chemical sector. Among these 4,000 events, 169 are sufficiently documented
and are associated with very precise fact sheets. Among these detailed fact sheets, 43 events due to
thermal runaway occurred between 1988 and 2013. This study focuses on these 43 events associated
with detailed information.
Using the definition provided by Rathnayaka et al. (2011), the events illustrated in this work were
classified into five categories based on severity: catastrophic accident or disaster, accident, incident,
mishap and near miss. Considering the 43 events, we did not find any disaster or near miss events
due to thermal runaway. Fig. 2 shows the repartition of the events due to thermal runaway in this
study; more than half of these events were incidents.
Accident
9%

Mishap
37 %

Incident
54 %

Fig.2. Repartition of the 43 events due to the thermal runaway in France

11

3. Results and discussion
3.1 Evolution of events over time
The 43 chemical events in France involving thermal runaway reactions between 1988 and 2013
contained within the ARIA database were grouped and distributed over four-year periods for the
sake of clarity (Fig. 3).
The number of past events increased from six over the period 1988–1993 to 11 over the period 1999–
2003; the “accident” category disappeared after 1998. On the other hand, the number of incidents
and mishap increased in this period. Despite the presence of safety laws like the French law of 1976
relating to classified installations in terms of industrial risks or European regulations such as the
Seveso 1 directive of 1982, which requires that member states identify industrial sites presenting
risks of major events and maintain a high level of prevention in these sites. The purpose is the
prevention of major industrial accidents. This directive was replaced in 1996 by the new directive
Seveso 2, which reinforced and introduced some novelties like the notion of prevention and the
classification of installations according to two thresholds: low and high.
After 2003, the number of events decreased slightly to eight during the period 2004–2009. The
number of events then rebounded to 10 over the last period (2009–2013). Thermal runaway events
occurred after 2003 despite the enactment of French law known as the “Bachelot law,” whose goal
is to reduce the risks of Seveso high-threshold sites. Furthermore, the enactment of the Seveso
Directive 2 into French law in 2000 in order to establish a correspondence between the Facilities
Classified for Environmental Protection (ICPE) and the Seveso Directive revealed the insufficiency
of French and European laws. The risk law was modified in 2012 to reinforce the management of
major industrial risks by introducing the development of technological risk prevention plans and a
more detailed approach to the study of hazards. The third Seveso Directive, which reinforces the
requirements already imposed on industrialists to control major events involving chemical products,
was entered into force on 2015.
12

These laws can intervene to reduce these risks. However, looking for the primary causes that lead to
this critical scenario and finding technical solutions can be even better.
It should be kept in mind that the interpretations provided in this section are influenced by the small
number of samples analyzed; these events evolution result only from the dispersion of the data.

Accident

Incident

Mishap

12

Number of events

10
8
6
4
2
0
1988-1993

1994-1998

1999-2003

2004-2008

2009-2013

Period of years

Fig. 3. Distribution of events related to thermal runaway for chemical industry in France from 1988 to 2013.
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3.2 Reactions and industries
We found that the thermal runaway events occurred in the three main kinds of reactions shown in
Fig. 4. We found that 34.9% of the reported events concerned polymerization reactions as the first
responsible reaction system. Decomposition reactions represented 18.6% of the reported events, and
nitration reactions represented 9.3% of the reported events. We also noted several other types of
exothermic reactions whose prevalences were lower than 5% (e.g., hydrogenation, oxidation,
hydrosilation, etc).
For the events due to decomposition reactions, we identified two different types:
-

Decomposition in purpose: the goal of the process was the separation of a single chemical
compound into other desired chemical compounds. During this process, the temperature was
not controlled and thermal runaway occurred. For example, an incident took place in a paint
manufacturing plant in France in 1998. The weakly exothermic reaction at this plant was
typically controlled. However, due to a lack of process control, a succession of exothermic
chemical reactions produced in the reactor caused an explosion and a fire in the plant (ARIA
N°17740).

-

Decomposition by accident: the decomposition reaction is not the goal of the chemical
process. However, a failure results in the temperature not being controlled and thermal
runaway occurs. For example, in a fine chemical unit, a runaway reaction took place in a
reactor in 1994 in France. This accident was due to an operator who stopped the agitator of
the reactor without noticing. This situation resulted in thermal runaway (ARIA N°5900).

Polymerization and decomposition reactions are more significant in terms of damage, and they are
responsible for more than half of the thermal runaway events recorded in France. These observations
were also found in the works of Saada et al. (2015) in United Kingdom. This type of reaction often
produces a rapid increase in heat and pressure that produces large amounts of energy and can cause
fires, releases of gas and/or vapor or explosions if the reactor cooling system cannot eliminate the
14

excess energy (Zhu et al., 2015). These reactions can occur in the following sectors: organics, plastics
and rubbers, pharmaceuticals, paints and adhesives, inorganics and other chemical industries.

Others
37.2%

Polymerization
34.9%

Nitration
9.3%

Decomposition
18.6%

Fig. 4. Repartition of reactions responsible of thermal runaway events in France

Fig. 5 shows the categories of industries affected by thermal runaway events. Manufacturing of
paints and adhesives accounted for 23.26% of the total number of reported events. Organic chemical
industries accounted for 20.93% of the total number of reported events, and the plastics and rubber
products industries accounted for 18.60% of the total number of reported events. The
pharmaceuticals industry followed with 16.28%; the inorganic chemicals industry accounted for
13.95% of the total number of reported events. The refinery industry accounted for 2.33% of the
total number of reported events. Other chemical industry categories include industrial activities such
as the manufacture of fertilizers and the manufacture of explosives. Together, these industries
accounted for 4.65% of the total number of reported events.
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4,65

Manufacturing Industries

Other chemical industries

2,33

Refinery

13,95

Inorganics
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Pharmaceuticals

18,60

Plastics and rubbers

20,93
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Paints and adhesives
0

20

40
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Events (%)
Fig. 5. Percentage of events in the various chemical industries in France
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3.3 Human consequences of thermal runaway
The consequences of thermal runaway events vary from one event to another. In one case, thermal
runaway caused an explosion and fire of a hydrogenation reactor in a workshop dedicated to toluene
di-amine (TDA) (ARIA N°7956). This event resulted in the death of one employee and injuries to
three other employees. Also, several substances were released during the explosion (hydrogen,
isopropanol, nickel, TDA, etc.). In another case, an exothermic runaway reaction caused an
explosion and a fire in a reactor in pharmaceutical workshop (ARIA N°7069). This event was
responsible for the death of an operator and the emission of toxic gases. Injuries to six operators and
property damages estimated at roughly 2.13 M€ resulted from another event (ARIA N°4708). In a
different event, thermal runaway caused the release of 690 kg of formaldehyde and 36 kg of phenol
from a polymerization reactor (ARIA N°7135). In another case, thermal runaway caused the release
of 58.5 tons of styrene in a copolymerization reactor (ARIA N°17740).
In order to illustrate the degree of severity of these events, we have opted to focus on human
consequences. We found that 40% of the runaway events in this study caused injuries or fatalities to
operators or the general population. Table 1 lists the number of injuries and deaths due to thermal
runaway events in each chemical industry.
Table 1.
Number of injuries and deaths due to thermal runaway events in France for each chemical industry sector from 1988 to
2013.

Chemical Industry
Paints and adhesives
Inorganics
Pharmaceuticals
Organics
Plastics and rubbers
Other chemical industries
Refinery
Total

Number of injuries
25
17
15
12
7
1
0
77

Number of deaths
0
1
1
1
0
0
0
3

Deaths constitute just 4% of the total number of injuries. The deaths of three people were reported
due to an explosion following a thermal runaway reaction. Roughly half of injuries (53%) were
17

caused by projectiles or toxic releases; 41% were caused by explosions. The remaining injuries were
caused by fire.
The largest number of injuries were reported for two events: the first one was an extended release of
Mercaptan at a paint and adhesives chemical plant in 2013 (ARIA N°43616). Individuals displaying
symptoms of nausea, headaches and irritated upper respiratory tracts required 20 medical
consultations. The other event was an explosion at an inorganic chemical plant in 2003 (ARIA
N°24819) in which a technician sustained a throat injury due to shattered glass; 13 other employees
experienced shock.
According to our data, the paints and adhesives industry experienced the majority of reported injuries
(25 people) followed by the inorganics industry (17 injuries), the pharmaceuticals industry (15
injuries) and the organic manufacturing industry (12 injuries). These last three industries also
suffered one death each.
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3.4 Causes of thermal runaway events
Based on the feedback events, 17 different causes related to the thermal runaway events were found
in the French chemical industry between 1988 and 2013. These causes were classified into three
major groups: technical and physical causes, human and organizational causes, and natural causes.
Table 2 lists the different causes and their appearance rates for the 43 thermal runaway events in the
French chemical industry studied here. Because most of the events recorded in this study have
multiple causes, it was difficult to distinguish the initial cause from secondary causes. For this
reason, the causes identified in this table regroup all initial, secondary, etc. causes.
Table 2.
Possible causes responsible of thermal runaway events in French chemical industry.

Natural
causes

Human and
organizational
causes

Technical and physical
causes

Possible causes of events

Occurrence in %

Stirring / Cooling
Quality: impurity, granulomere
Technical failure: mechanical / electrical
Detector malfunctioned
Unexpected exothermic reaction
Power cut
Reactor sizing
Leakage
Operator error
Poor risk analysis
Reactor charging
Insufficient training
Procedure and devices improper
Maintenance operations
Cleaning inadequate

8.46
7.69
6.92
6.92
5.38
3.85
3.08
0.77
21.54
10.00
6.15
5.38
5.38
3.08
2.31

Temperature

2.31

Storm

0.77

Based on Table 3, one can see that the most frequent technical causes of thermal runaway are related
to stirring and cooling problems in a reactor (11 events; 8.46%). This cause can be initiated by the
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same group of causes such as power failures due to technical problems (ARIA N°28416, N°30199,
N°44071) and poor stirring (ARIA N°8056, N°32419, N°6980), or by another group of causes (e.g.,
storms (ARIA N°38617), stirring stoppage due to human error (ARIA N°5900, N°13520) and
leakages of cooling water (ARIA N°17740)).
The second most important factor dictating the rate of thermal runaway was the quality of the
reactants introduced into the reactor (10 events; 7.69%). For example, the accidental addition of
water (an impurity) in the reaction mixture caused SOCl2 hydrolysis with the production of SO2 and
HCl and lead to an increase in the pressure in the reactor (ARIA N°7069, N°4708). In addition, the
presence of impurities favors decomposition reactions and initiates thermal runaway (ARIA
N°30323, N°40496, N°29752, N°29082, N°16213, N°2375). Finally, the size of particles also plays
an important role in reaction stability (ARIA N°24819).
The third factor is shared between technical failure and detector malfunction (9 events for each;
6.92%). For example, fault indication of the actual temperature within a tank due to poor positioning
of the temperature sensor (ARIA N°43616), a communication fault between the temperature sensor
of the dryer and the controller regulating the temperature (ARIA N°41305) or an incorrect value
provided by the detector (ARIA N°21994). Furthermore, technical failures like the failure of the
automated control mechanism subsequent to a short circuit (ARIA N°16424), the failure of the
control of a pneumatic drainage valve (ARIA N°18339), or the failure of a security card (ARIA
N°27001, N°3536) can also cause thermal runaway events.
Another major factor is problems associated with the accidental presence of an exothermic reaction
(7 events; 5.38%). For instance, the slow decomposition of a chemical species in the presence of air
(ARIA N°22459) or heat and light (ARIA N°44335) and contact with another chemical species
(ARIA N°4460, N°7135). The others technical and physical causes are less prevalent.
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Many human and organizational causes are responsible for a large number of thermal runaway events
in reactors. According to Table 3, operator errors are the most common causes of thermal runaway
(28 events; 21.54%). For example, the presence of a contaminant in the reactor (ARIA N°30323,
N°7069), an error manipulation due to a lack of focus (ARIA N°5900, N°38617) or a manipulation
by an operator for the first time (ARIA N°4708) can also cause thermal runaway. In addition, a lack
of respect for reagent quantities or handling steps (ARIA N°40496, N°36630) and poor interventions
by the operators on the system (ARIA N°25952, N°33561, N°3536) also contribute to thermal
runaway events. Poor risk analysis (e.g., inadequate or absent devices or safety instructions (ARIA
N°7135, N°4708, N°8056, N°30323, N°29082, N°22693) and insufficient risk analysis (ARIA
N°44071, N°22693)) was the cause of 13 events (10.00%). Additionally, reactor charging
contributed to eight runaway events (6.15%). For example, overcharge of chemicals in the reactor
(ARIA N°40328) and the rapid introduction of reactives in the reactor (ARIA N°36794, N°7135,
N°36630) favor the reaction drift.
Other human and organizational causes play minor roles in thermal runaway compared with the three
factors noted above. A lack of communication between employees, insufficient operator training,
poor response to emergency or training, leaking, poor control of maintenance operations, inadequate
procedures, and the use of unsuitable devices are all contributing causes.
Natural phenomena such as storms and environmental conditions such as high temperatures have
been directly responsible for four thermal runaway events. For example, a storm that causes a reactor
to lose power (thereby ceasing stirring and cooling) resulted in thermal runaway (ARIA N°38617).
Also, an extremely high outside temperature contributed to thermal runaway by transferring heat
through the reactor, which was poorly insulated (ARIA N°25952).
We noted a strong presence of human errors involved in thermal runaway events in the French
chemical industry. This finding was also reported by Saada et al. (2015). This study, carried out in
United Kingdom, focused on thermal runaway incidents during the period 1988–2013. Cacciabue
21

(2000) confirmed that human errors contribute to an uptick in accidents. However, it is difficult to
estimate human reactions to an accident because human behavior changes from one human to
another. In addition, interaction between humans and between humans and machines/organizational
structure make the problem more complex. Nivolianitou et al. (2004) confirmed that the pronounced
complexity of mechanical and electronic systems is one of the factors that complicates the role of
humans in a plant.
Future research that focuses on events related to thermal runaway must take into consideration
problems related to the human factor. This issue must be studied further in order to help staff working
in chemical industries determine the best solution to mitigate thermal runaway risks. The information
resulting from experience feedback by using ARIA database allows thereafter carrying out a risk
analysis on thermal runaway events in French chemical industry.
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3.5 Risk analysis
According to the initial data available and the results found through Experience Feedback, we opted
to use a semi-quantitative methodology based on a risk matrix. This methodology was proposed by
Di Padova et al. (2011) and applied in previous studies (Dakkoune et al., 2018; Casson Moreno et
al., 2016; Casson Moreno and Cozzani, 2015). This methodology is based on the frequency of
occurrence of a risk and the severity of its consequences for each past event. The risk matrix
proposed in ISO 17776 (International Organization for Standardization (ISO), 2000) was used and
then adapted to our analysis (Fig. 6). The purpose of a risk matrix is to provide important information
about the prioritization of risks as well as risk acceptance.
We performed risk analysis for the associated risks of the 43 thermal runaway events already
identified in this study that occurred between 1988 and 2013 in the French chemical industry.
The frequencies of occurrence of events correspond to a measure of the likelihood that an event will
occur. These frequencies were estimated by dividing the number of each event collected from 1988–
2013 by the overall estimated number of chemical industries in France (3335 industries according to
the UIC (2016)). Equation (1) shows the determination of the frequency:
Number of each event
Number of each event
)
(
)
Total duration of study
25
Frequency =
=
(1)
Estimated number of chemical industries
3335
(

Then, the calculated frequency was divided into five classes (Table 3) according to the occurrence
of the risk. These classes ranged from very low frequencies to very high frequencies based on the
work of Delvosalle et al. (2004).
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Table 3.
Frequency levels in the period of 25 years: 1988-2013.

Frequency of occurrence per year
Qualitative definition
Very low frequency
(unlikely to occur)
Low frequency
(once by 1000 years)
Frequent
(once by 100 years)
High frequency
(once during 10 years)
Very high frequency
(has already happened
several times in the site)

Quantitative definition
F ≤ 10-4
10-4 < F ≤ 10-3
10-3 < F ≤ 10-2
10-2 < F ≤ 10-1
F > 10-1

The severity of consequences for the reported events exhibit an escalation of effects leading to
damage (to people, assets, environment, reputations, work, businesses, etc.). , these consequences
was divided into five different categories according to the classification of Rathnayaka et al. (2011).
There are five classes of consequences: Near miss, Mishap, Incident, Accident and Catastrophic
accident (Table 4).
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Table 4.
Class of consequences for each event.

Events
Near miss
Mishap

Incident

Accident

Catastrophic
accident or
disaster

Human
No
injuy
Minor
health
effects
A major
health
effect or
injury
One or
more
fatalities
or
permanent
major
disabilities
Multiple
fatalities

Consequences
Environment Production
No
No
impact
loss
Production
Minor
loss / work
impacts
hours loss
Localized
damage

Considerable
loss / work
days loss
Heavy
financial
loss.

Considerable
effects

Extensive
damage /
may cause a
shutdown of
the plant

Massive
environmental
effects

Property
No
effet
Minor
impacts

Reputation
No
impact
Minor
impacts

Localized
damage

Considerable
impact

Considerable
damage

Report in
national
media

Extensive
damage

Report in
international
media

The use of a severity cartographic support called the risk matrix (Fig. 6), which presents areas of
danger, is a simple mechanism to increase the visibility of risks. It is a necessary graphical tool for
communication and can assist with management decision making. A risk matrix defines zones of
acceptability according to the calculation of the frequency of occurrence of each identified risk on
the horizontal axis (frequency) and the severity of that risk’s consequences on the vertical axis
(severity).
A green color zone in the risk matrix indicates a normal situation (i.e., the risk is considered to be
negligible and requires only ordinary preventive actions). A yellow color zone corresponds to a risk
that is considered to be manageable; however, the establishment of safety barriers is necessary. A
red color zone represents unacceptable situations; the risk is considered to be dangerous and requires
immediate mandatory preventive actions and additional and more precise studies of the risks. In
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addition, correct preventive actions must be implemented faster for events in the red zone than events
in the yellow zone.
The risk rating is derived from the calculated frequencies that are associated with the corresponding
consequence categories; these ratings are placed in the risk matrix. A measurement of risk is useful
for assessing priority for control measures for the treatment of different risks.
Frequency
Severity

F ≤ 10-4

Near miss

None

10-4 < F ≤ 10-3

10-3 < F ≤ 10-2

10-2 < F ≤ 10-1

F > 10-1

1.92E-04

Mishap

(16 events)

2.76E-04

Incident

(23 events)

4.80E

Accident

-05

(4 events)

Catastrophic
accident

None

Acceptable situation.

Unacceptable situation.

Risk reducing measures needed.

Fig. 6. Risk ranking matrix for thermal runaway event in France from 1988 to 2013.

Based on this risk matrix, the results of the risk analysis for these 43 events revealed that all events
were in an acceptable or unacceptable zone. However, all of the risks associated with a thermal
runaway event were in the yellow zone. This situation means that preventive actions were not
effective at preventing the occurrence of an event; it is necessary to improve preventive actions and
establish safety barriers as soon as possible.
The estimated frequencies of events are slightly high, particularly for the incident and mishap
classes. On the other hand, despite the low frequency of event classes compared with other events,
the risk of thermal runaway is still significant. These risks can be managed because the probability
of them occurring in industry is low despite their consequences being particularly adverse. The use
of preventive measures will then be necessary to reduce the likelihood that an event occurs. But
sometimes a lack of information or complex chemical processes, for example, prevent the
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determination of good preventive measures. In general, thermal runaway events present a significant
risk in the French chemical industry. Despite the relative effectiveness of existing controls, the level
of thermal runaway events should be lowered to a tolerable regime.
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4. Conclusions
Risk analysis was carried out on 43 selected past events involving thermal runaway in the French
chemical industry between 1988 and 2013. Detailed information about these events was obtained
from the ARIA database. We found that thermal runaway events are a significant problem that is
still occurring in this industry; more than half of these events were classified as incidents. From the
period of 1999–2003, the number of thermal runaway events increased and these events has
remained more or less stable over the last 10 years. This situation raises the question of the real
impact of laws related to risk on industries. We found that thermal runaway events were primarily
associated with polymerization and decomposition reactions. The number of victims was
significant. We found that operator errors were the primary causes of the thermal runaway events.
Safety measures and strategic plans to reduce events and losses in chemical industry must be
identified and implemented based on this observation. Our risk analysis based on a risk matrix
confirms that the thermal runaway scenario in the French chemical industry present a significant
risk. However, implementing controls and appropriate safeguards can help to reduce this risk to a
tolerable level. This study of past events presents an effective way of determining weaknesses in
the French chemical industry. This work represents a starting point for developing these data and
defining management plans aimed at preventing the occurrence such events in the future.
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