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Accidents can occur for several reasons in the chemical and petrochemical industries, whether during the transportation of hazardous materials or at industrial facilities. Frequently, the reasons for these accidents are physical effects that can damage the equipment. If equipment is damaged and a fire occurs, it can provoke a domino effect, increasing the severity of the primary event, as mentioned by Mercedes and colleagues (Gómez-Mares et al., 2008), where databases focused on European countries, such as the Major Hazard Incident Data Service (MHIDAS), are used to analyse the types of accidents that occurred due not only to fires, explosions, and gas emissions, but also different equipment malfunctions or the transportation of hazardous materials, with the total number of accidents being recorded. In the present work, an in-depth analysis of the different types of accidents that occurred in the chemical and petrochemical industries between the 90s and recent years in the North American region (i.e., the United States, Mexico, and Canada), has been carried out. The database used for the present research work was the International Disaster Database (EM-DAT Query Tool, 2020). On this platform, different types of accidents, such as those caused naturally, technologically, and by more complex disasters, can be investigated. In the present research article, a total of 340 accidents which occurred over the last 3 decades in the United States, Mexico, and Canada, have been analysed. The total number of accidents per decade for each country was collected and their types, causes, consequences, and number of deaths were analysed. Finally, safety measures have also been suggested through the comparisons obtained for the three countries.
Introduction
Frequently, the reasons for industrial accidents are physical effects that can damage the equipment. If the equipment receives damages and a fire occurs, it can create a domino effect, as mentioned by Mercedes Gómez and colleagues (Gómez-Mares et al., 2008), where they use databases focused on European countries, such as the Major Hazard Incident Data Service (MHIDAS) to analyze not only the types of jet fire accidents caused by explosions, emissions, or gases, but also by equipment or on the road, with the total number of accidents recorded. They also used the database known as "Analyse, Recherche et Information sur les Accidents" (ARIA), which is a data collector of accidents of all types created by the French Ministry of Environment and the database of the Failure and Accidents Technical Information System (FACTS), which stores the number of accidents that involve hazardous materials. Other types of historical measurements for the analysis were those used by Darbra and colleagues (Darbra et al., 2010), where they indicated that domino effects can occur in different ways. In that study, both the MHIDAS database and Major Accidents Reporting System (MARS), were used to classify the number of accidents for each year in the given report, resulting in an accident frequency table. In the present study, a historical analysis of the types of accidents in the North American region has been developed. An in-depth analysis of the types of technological accidents that occurred in the industry between the 90s and recent years in the North American region, i.e., the United States, Mexico, and Canada, has been carried out, having in total 340 accidents in the last 3 decades. 
In the present article, the total number of accidents per decade for each country, the types of accidents, and the number of deaths registered were analyzed to determine the development of safety measures in the industry in these three countries. According to the data collected in the present study, it was observed that in Mexico, the causes that occurred the least between 1990 and 2023 were gas leaks and fire, so it was deduced that accidents occur mostly due to equipment failure that cause explosions and tanks in transportation that suffer road accidents. The current article mentions that, as time progressed, the chemical industry evolved and grew on a large scale, so both the number of accidents and their type have changed over time. It is also noteworthy that, in the current database used in this article, a total of 340 accidents were analyzed among the North American countries: Mexico, which has 129 accidents, the United States with a total of 183 accidents, and Canada, which has only 28 recorded accidents. This article also includes the equipment that provoked or was the main cause in each incident, as well as the number of injured and dead caused by the accidents.
Serious Accidents with Fire
In the chemical industry, it is common knowledge that there can be accidents caused by fires, although there may be different reasons why they occur. The most common causes are equipment failures and human error during the operation of the different types of equipment in the chemical industry, such as compressors and heat exchangers, among others. A lot of accidents are usually caused by jet fires, flames derived from gas leaks from a process equipment, caused either by human error or malfunctioning equipment, provoking a chain reaction called a domino effect (Casal, 2017). One example of a technological accident would be what happened in Coatzacoalcos, Veracruz, Mexico, in the Pajaritos complex at the Clorados III plant in 2016, where a gas pipeline exploded due to an electrical failure. This accident left 24 registered deaths and 136 injured people, in addition to a large debt to be covered by the owners of the company MexiChem. This accident was preventable, or at least could have been controlled better, because days earlier, people living nearby noticed strong odors of ethanol and chlorine, among other compounds. Similarly, some employees reported failures and several leaks in the equipment and pipelines, but those responsible ignored these warnings (Petroquimex, 2021), and the employees were forced to work under those conditions. Had these reports been heeded in a timely manner, this accident could have been prevented (Demos and Córdova, 2021).
Methodology
Database used for this investigation
The database used for this article is the International Disaster Database. On this platform, it is possible to investigate the different types of accidents, such as accidents caused naturally, technologically, and by more complex disasters (EM-DAT Query Tool, 2020). It should be noted that EM-DAT does not include all accidents, but focuses on major disasters as a global collection of human and economic losses for disasters with at least one of the following criteria: (i) 10 fatalities, (ii) 100 affected people, (iii) a declaration of state of emergency, (iv) a call for international assistance (EM-DAT Query Tool, 2020). In this article, technological accidents occurred from 1990 to the present have been analyzed. Accidents occurred in all continents can be viewed, and for each continent, each country can be analyzed. In this case, only the accidents in the North American area have been analyzed, consisting of Mexico, the United States, and Canada, with a total of 340 accidents between the three countries from 1990 to the present.
Countries Analyzed 
Using the information given by the International Disaster Database, the number of disasters that occurred in the technological category were analyzed, including what year they occurred in, between the 1990s to the present, in the North American region, which includes Mexico, the United States, and Canada, in order to analyze not only the number of accidents, but also the mortality rate, the type of disaster, and the number of accidents for each decade analyzed in the document. The United States has more than half of the accidents recorded among the three countries, with a total of 183 accidents, Canada has the least with 8% of all the accidents analyzed and only 28 accidents recorded, and Mexico has almost 40% of those recorded in the database, with a total of 129 registered accidents. In Mexico, accidents involving technological disasters have been very common. A well-known case was what happened in Coatzacoalcos, Veracruz, in the Clorados III plant, which is focused on vinyl chloride production, and exploded due to a chain reaction and chemical spills (Demos and Córdova, 2021). This is a great example of the consequences that can be generated, both economically and for the people around, since this accident caused an acid rain and a high number of deaths. Among the countries to be analyzed, the United States has the most recorded technological accidents, with a total of 183. Of the three countries analyzed, Canada is the one with the fewest number of registered accidents, with a total of 28. 
Results and Discussion
This section analyzes the type of accidents occurred, the years in which they occurred, the total deaths recorded, and the types of disasters.
Mexico
In Mexico, different types of accidents have been registered, with a total of 129 registered accidents, where most have been due to “transportation accidents”, an example being when the transport tanks of products sent by companies explode for some sellers, being a total of 87. The types of accidents are represented in Figure 1a, showing that in Mexico, transport accidents are the most common, with a tendency of two out of three types of accidents, or 68%. Only 20% occur in the industry, and miscellaneous accidents are the least common in Mexico, with the remaining 12% of recorded accidents. Of the subtypes, the type of accidents most frequently recorded in Mexico are road accidents (44%), followed by explosions (16%), air (11%), rail (10%), and fire (5%). Many of the recorded accidents occur on the road, when the compound causes destruction on the road, and as for explosions, many of the accidents occur due to human error or lack of maintenance. The classification is explained in Figure 1b.
(b)
(a)

Figure 1: (a) Types of accidents in Mexico; (b) Subtypes of accidents in Mexico (EM-DAT Query Tool, 2020).

In Figure 2a, it can be seen that 38% of the accidents occurred in the 90s, while 33% were in recent years. There have been no visible improvements in accident prevention, with the 2000s being the decade with the fewest accidents, with only 29%, compared to the 33% occurred in the 2010s and the 38% occurred in the 1990s.
(b)
(a)

Figure 2: (a) Number of accidents occurred in Mexico per decade; (b) Deaths by industrial accidents recorded in Mexico per decade (EM-DAT Query Tool, 2020).

The number of deaths by industrial accidents registered per decade has also been analyzed. Unfortunately, there was a total of almost 3000 deaths recorded, with the decades of the 1990s and the 2010s having more than 1,000 deaths recorded, as can be seen in the above figure (Figure 2b). In the registry of deaths in Mexico, 37% were recorded in the 1990s, while 35% were recorded in recent years. This tendency correlates to the number of accidents recorded per decade in Figure 2b, where there is no visible improvement in accident prevention, with the 2000s being the decade with the fewest deaths, but not so far behind the other two decades, with 28% recorded. Finally, the possible causes that led to these accidents were analyzed (Figure 3). The following figure shows the causes of the recorded accidents, where in this case, in Mexico the highest number of accidents occur due to transportation accidents and mechanical failures (30%), being followed by accidents occurred by chemicals used in chemical and petrochemical plants (29%), accidents caused due to human error (26%), and unspecified causes (15%).

Figure 3: Causes of accidents in Mexico (EM-DAT Query Tool, 2020).

Canada
[bookmark: _Hlk161823569]In Canada, 28 accidents were recorded, where most accidents have occurred in industry, representing 64%, having a total of 18 accidents, while both miscellaneous and those taking place during transport have a percentage of 18%, with only 5 accidents registered in each category, as can be seen in Figure 4a. Figure 4b shows the accident subtypes most frequently recorded in Canada. In Figure 4b, there is a triple tie, with water, air, and road being most common subtypes of accidents, with 18% each. They are followed by rail, fire, and others, with 11% each. The last subtypes are explosions and chemicals spills, with 7% each.
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Figure 4: (a) Types of accidents in Canada; (b) Subtypes of accidents in Canada (EM-DAT Query Tool, 2020).

Of the number of accidents per decade in Canada, it can be observed that a total of 14 accidents were recorded in the 90s, while the 2000s and 2010s significantly have fewer accidents, with 7 each (Figure 5a). In Canada, having few accidents, there are consequently fewer deaths recorded, with a total of 620, where more than 447 occurred in the 1990s, while the decade with the fewest deaths is the 2000s with only 34 deaths, according to the following graph (Figure 5b).

(a)
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[bookmark: _Hlk138804386]Figure 5: (a) Accidents recorded in Canada by decade; (b) Deaths recorded by decade (EM-DAT Query Tool, 2020).

Finally, the causes of accidents in Canada were analyzed, as shown in the following figure (Figure 6). In this case, there are only four recorded categories of the causes of accidents in Canada, with transportation accidents and mechanical failures causing the most accidents with 36%, while chemicals and human error in residential areas cause 29% of accidents each. The fewest number of accidents were provoked by unspecified causes, with 6%.


Figure 6: Causes of accidents recorded in Canada (EM-DAT Query Tool, 2020).

United States
In the United States, there are a total of 183 recorded accidents, with transportation accidents being the most common, with 107 (59%), while industrial accidents only have a total of 39 (21%), as can be seen in the graph below (Figure 7).

Figure 7: Types of accidents in the United States (EM-DAT Query Tool, 2020).

As seen in Figure 8a, air is the subtype that causes the most accidents in the U.S. with 28%, then there is a tie between two types, these being explosions and fires, with 13% each, and then comes the rail subtype, with 12%. There also are chemical spills, oil spills, gas spills, rail and road accidents, as shown in the figure below.  The possible causes were reviewed according to the database (Figure 8b), and it can be observed that in the U.S., many of the technological accidents were caused by transportation accidents and mechanical failures (66 accidents), while the least common cause were chemicals (45 accidents) and not specified (16 accidents). Following an analysis of the causes registered in the database, 35% of accidents are caused by transportation accidents and mechanical failures, followed by human error with 31%. As in the other countries, most of the accidents are caused by transportation accidents and mechanical failures or human error.
 (b)
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Figure 8: (a) Subtypes of accidents in the United States; (b) Number of causes of accidents in the United States (EM-DAT Query Tool, 2020).

Finally, it has been found that the U.S. has recorded fewer accidents as the years go by, with the 2010s having the fewest recorded number of accidents, with 38 in total. It can also be seen that they have made a lot of progress in accident control by improving their safety measures, as can be seen in Figure 9a. In the U.S., the 2010s have the lowest recorded number of deaths, with a total of 653 (18%), so it is evident that the number of major accidents and deaths have been reduced. This can be seen in Figure 9b.
(b)
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Figure 9: (a) Number of accidents by decade in the U.S.; (b) Number of deaths in the United States (EM-DAT Query Tool, 2020).
Conclusions
In the present study, a comparison of technological accidents was carried out between the countries in the North American region, which are Mexico, Canada, and the United States, where a total of 340 accidents were analyzed. As part of the result of this analysis, it could be observed how, in the first instance, it is Canada that registered the least accidents in the last decades, with only 28 accidents registered, a very small number in comparison with Mexico and the United States, where 129 and 183 accidents were registered, respectively. In Canada, apart from being the country with the least accidents, the number of accidents has fallen in the last two decades compared to the 90s, as well as the number of deaths. Although there were more deaths in the last decade than in the 2000s, they do not exceed the more than 450 deaths in the 90s. It was also observed that the most frequent types of accidents are road, air, and water. The United States is the country with the most accidents recorded in the area, but when looking at the figure of accidents per decade (Figure 9a), an improvement in safety measures can be observed, since in the last decade there were no more than 40 accidents, while in the 1990s there were more than 80 accidents, so there has been a great improvement per decade in the safety methods in the plants as time goes on. Many of the technological accidents have been found to be caused by transportation accidents and mechanical failures (35%), while the least common cause were chemicals (25%) and unspecified causes (9%). Mexico, compared to the other two countries, is the one that has had the least development with respect to accident prevention. On the contrary, it has registered the most accidents in the last decade, with almost fifty accidents and over 1,000 deaths, worse than its record in the 1990s. In the United States, although it has more accidents than Mexico, it can be shown that they have improved plant safety, while Mexico remains the same as it was two decades ago. The type of accidents that occur with the highest frequency in Mexico are road accidents (44%), including the transportation of hazardous substances. Overall, the country with the greatest safety over technological accidents has been Canada, with far fewer accidents than the other two countries mentioned, and they still maintain that margin of causing fewer accidents with less deaths. However, the United States cannot be left behind, since, unlike in the 90s, they have greatly improved their safety, and they register fewer deaths and accidents for each passing decade. 
Acknowledgments
The authors acknowledge the Deanship of Scientific Research, Vice Presidency for Graduate Studies and Scientific Research at King Faisal University, Saudi Arabia, for financial support under the annual funding track [GRANT5828].
References
Casal J., 2017, Evaluation of the Effects and Consequences of Major Accidents in Industrial Plants. 2nd edition. Elsevier, Spain. 
Darbra R. M., Palacios A., Casal, J., 2010, Domino Effect in Chemical Accidents: Main Features and Accident Sequences. Journal of Hazardous Materials, 183, 565–573. 
Demos E., Córdova, S. C., 2021, La Jornada <www.jornada.com.mx/notas/2021/04/21/estados/explosion-e-incendio-en-la-petroquimica-de-pajaritos> accessed 02.01.2024 
EM-DAT Query Tool., 2020, Emdat.be. <https://public.emdat.be/data> accessed 02.01.2024
Gómez-Mares M., Zárate L., Casal, J., 2008. Jet Fires and the Domino Effect. Fire Safety Journal, 43, 583–588.
Petroquimex, 2021, Explosión en complejo Pajaritos <https://petroquimex.com/explosion-en-complejo-pajaritos-provoco-la-evacuacion-de-200-trabajadores> accessed 02.01.2024fc
68%

12%
20%

Transportation Accident	Miscellaneous Accident	Industrial Accident	87	16	26	Number of accidents


Types of accidents



11%
3%
[VALUE]%
3%
44%
10%
[VALUE]%
4%
[VALUE]%
5%
16%

Air	Chemical Spill	Collapse	Water	Road	Rail	Poisoning	Others	Gas leak	Fire	Explosion	15	4	2	4	57	11	1	6	1	7	21	Number of accidents


Subtypes of accidents



38%
29%
33%

1990s	2000s	2010s	42	38	49	Number of accidents


Decades



37%
28%
35%

1990s	2000s	2010s	1012	836	1065	Number of deaths


Deaths 



26%
30%
29%
15%
13%

Human Error 	Transportation and Mechanical Failures	Chemicals	Not specified	34	39	37	19	Causes 


Number of accidents



18%
18%
64%

Transportation Accident	Miscellaneous Accident	Industrial Accident	5	5	18	Number of accidents


Types of accidents



10.7%
17.9%
17.9%
7.1%
7.1%
10.7%
10.7%
17.9%

Fire	Water	Air	Chemical Spill	Explosion	Others	Rail	Road	3	5	5	2	2	3	3	5	Subtypes of accidents


Number of accidents



50%
25%
25%

1990s	2000s	2010s	14	7	7	Number of accidents


Decades



73%
5%
22%

1990s	2000s	2010s	447	34	139	Number of deaths


Deaths



29%
29%
36%
6%

Human Error 	Chemicals	Transportation and Mechanical Failures	Not specified	8	8	10	2	Causes 


Number of Accidents



59%
20%
21%

Transportation Accident	Miscellaneous Accident	Industrial Accident	107	37	39	Number of accidents


Types of accidents



8%
10%
12%
3%
4%
1%
4%
13%
13%
4%
28%

Water	Road	Rail	Others	Gas leak	Oil Spillage	Collapse	Fire	Explosion	Chemical Spill	Air	15	18	22	6	7	1	8	23	23	8	52	Number of accidents


Subtypes of accidents



35%
31%
25%
9%

Transportation and Mechanical Failures	Human Error 	Chemicals	Not specified	66	56	45	16	Causes 


Number of accidents



46%
33%
21%

1990s	2000s	2010s	84	61	38	Decades


Number of accidents



50%
32%
18%

1990s	2000s	2010s	1784	1133	653	Number of Deaths


Decades



image1.jpeg




image2.jpeg
AIDIC




