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Abstract: Although energy systems are well known to lead to positive or negative externalities, 

one less explored attribute has been a rigorous historical and future looking assessment of 

energy accidents. In this study, we analyze an extensive dataset of 4,450 energy accidents from 

1800 to 2018 across eleven energy systems. Our analysis reveals that these collective energy 

systems resulted in more than 278,000 human fatalities and approximately $421.3 billion in 

economic damages.  Historically, coal accidents are the most frequent, accounting for almost 

half of all accidents. In terms of severity, accidents at hydroelectric dams were the most fatal, 

accounting for 67 percent. In terms of cost, nuclear power accidents are by far the most 

expensive, accounting for 62 percent of damages.  Coupling our data and an econometric 

model with future projections of energy demand underscores the magnitude of the trends 

identified: 986,000 to 1.72 million potential energy accident deaths in 2040, as well as almost 

$1 trillion in damages. This leads to compelling policy implications, especially concerning the 

need for safety improvements in energy systems such as bioenergy and nuclear power, as well 

as the need for the IEA and IRENA, among others, to begin to better track and account for 

energy accident trends. We find that across all accidents, fuel extraction and processing, 

transmission and distribution, and transportation have the most fatalities, and yet conversion 

and operation, transmission and distribution, and transportation have the most damages.  

Moreover, achieving strong climate goals leads to an unacceptably higher risk of accidents and 

human health and economic consequences.  Finally, as its economic development propels 

increases in energy consumption, Africa will become the future center for energy accident 

fatalities. 

 

Keywords: energy disasters; safety; security; risk; accident prevention 
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1. Introduction 

 

Both severe and mundane energy accidents punctuate human societies around the globe, from 

the more catastrophic but rare nuclear meltdowns at Fukushima, Japan, and Chernobyl, Ukraine, 

or hydroelectric dam failures of India and China, to the more common gas line explosions or 

oil spills occurring practically every week. Each one of these accidents can culminate in death, 

property damage, and quite pernicious impacts on the environment, impacts that are inevitably 

borne by terrestrial and aquatic environments, communities, and even households. As one study 

concluded, “the comparative assessment of accident risks is a key component in a holistic 

evaluation of energy security aspects and sustainability performance associated with our 

current and future energy system” (Burgherr et al., 2012). 

 

But how often do energy accidents occur, and with what severity? These two questions 

constitute the core of sound energy systems management and risk abatement, which requires 

identifying and quantifying the potential losses and their frequencies.  For many natural and 

human-made catastrophes such as earthquakes, hurricanes, and industrial disasters, plentiful 

historical data has enabled researchers and planners to better determine the distributions of 

losses, and aim to prevent them in the future. Less information, however, has been available in 

the energy studies literature, especially related to new low-carbon systems such as wind farms, 

solar panels, and biofuels. 
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This study assesses the risk of energy accidents using an extensive historical dataset over the 

period 1800 to 2018, and it evaluates that risk across biofuels, biomass and biogas, coal, 

geothermal electricity, hydroelectricity, hydrogen, natural gas, nuclear power plants, oil and 

LPG (liquefied petroleum gas), solar energy and wind energy. Our analysis reveals that these 

collective energy systems involved more than 4,450 accidents resulting in more than 278,000 

human fatalities and approximately $421.3 billion in economic damages.  Across the entire 

sample, the mean amount of property damage was $286.63 million and 62.50 fatalities per 

accident, though when reflected as a median, the numbers substantially improve to $6.24 

million in damages per accident and five fatalities.  We found that coal is the most frequent to 

incur an accident within our sample, accounting for almost half of accidents. Accidents at 

hydroelectric dams were the most fatal, accounting for 67 percent of fatalities. Nuclear power 

accidents are by far the most expensive, accounting for 62 percent of damages. We also used 

this data to explore three themes, drawn from the energy studies literature, related to 

technological learning and accident prevention, lifecycle stages, and geography and regulation.  

 

The key contribution from the study is that, to date, no academic scholarship has provided an 

inclusive, up-to-date, and future oriented assessment of energy accidents. Although the Paul 

Scherrer Institute (Burgherr and Hirschberg, 2014, 2008a, 2008b) provides compelling 

analyses of energy accidents, they focus only on the past, and limit their technological coverage 

by excluding hydrogen, wind, or solar energy.  Furthermore, their dataset is not publicly 

available; it does not correlate accident frequency, severity, or scope to units of energy 

produced; and it does not project accidents into the future. Recently, Burgherr et al. (2019) 

calculated the rate of future accident fatalities with an updated database ENSAD 2.0, but this 

database is also not public and was presented only in a conference paper. Drawing from this 

data, Spada and Burgherr (2020)’s latest paper assessed the risk of fossil fuel energy chains 

based on the ENSAD dataset and Bayesian Model Averaging. However, they covered only the 

frequency and fatalities of fossil fuels. 

 

Similarly, while Sovacool (2008) studied a century of energy accidents occurring from 1907 to 

2007, he did not correlate his accident numbers to energy production, did not include non-

hydroelectric renewables, had a limited sample (fewer than 200 accidents), and did not include 

recent major accidents such as the Deepwater Horizon oil spill or the Fukushima nuclear 

accident. Sovacool’s subsequent studies also stopped their various stages of data collection 

more than five years ago, in 2014, and they did not project future accidents (Sovacool et al., 

2016, 2015). Moreover, while much of these previous studies relied on descriptive statistics or 

bivariate data analysis, our study investigates the severity of the accidents through a negative 

binomial regression model. Although the negative binomial model has commonly been used to 

analyze traffic accidents (Lord and Mannering, 2010), it has seldom been applied to energy 

accidents. 

 

Finally, building on the dataset produced by Sovacool (2008), our study is the first to project 

future trends by energy system and location out to 2040, coupling our accident coefficients 

with International Energy Agency scenarios (current policies, new policies, sustainable 

development). These projections suggest that energy accidents could lead to a total of 986,000 

to 1.78 million deaths (new policies vs. sustainable development scenario). Most of these future 

energy accidents could occur in Africa.  Moreover, the technologies projected to have the 

most fatal future energy accidents are not fossil fuels and nuclear power, but instead bioenergy 

and geothermal (314,542 fatalities in 2040), hydroelectricity (293,099 fatalities), and solar 

energy (266,224 fatalities).  By 2040, the total cost of energy accidents could rise to almost 
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$1 trillion. However, most of these will be in the Asia Pacific, and these costs are dominated 

by nuclear power, which will reflect almost half of all projected accident costs.  

2. Defining energy systems, accidents, and risk  

 

To demarcate specific energy accidents within particular fuel sources, supply chains, or 

sociotechnical systems, we began our analysis by differentiating between 11 distinct energy 

systems: 

 

• Biofuels (generally in the form of biodiesel and ethanol); 

• Biomass and Biogas (generally meant to include the combustion or use of wood, 

agricultural residues, cellulosic energy crops, and/or waste as well as biogas); 

• Coal (including coke, coal-to-liquids, and clean coal); 

• Geothermal electricity; 

• Hydroelectricity; 

• Hydrogen (generally meant to encompass fuel cells using renewable fuels and at times 

natural gas); 

• Natural gas (including conventional and unconventional gas as well as liquefied 

natural gas and shale gas); 

• Nuclear power plants; 

• Oil and LPG (including conventional and unconventional resources as well as refined 

gasoline and diesel); 

• Solar energy (including solar PV as well as solar thermal or Concentrated Solar 

Power); 

• Wind energy (including onshore and offshore turbines). 

 

These eleven sources account for almost all commercial energy conversion, distribution, and 

use worldwide.  

 

An energy “accident” is defined as “an unintentional incident or event at an energy facility that 

led to either one death (or more) or at least $50,000 in property damage.”  The peer-reviewed 

energy studies literature has utilized this definition in previous research (Sovacool, 2008), as it 

includes a mix of systemic and catastrophic accidents—that is lower-impact, high frequency 

accidents (such as gas pipeline explosions or coal mining deaths) as well as higher-impact, low 

frequency accidents (such as nuclear meltdowns or major oil spills). This definition also 

encompasses accidents that occur onsite at an energy facility (power plant, refinery), at its 

associated infrastructure, or within its fuel cycle (mine, transportation by truck or pipeline, 

enrichment facility, manufacturing plant, etc.). 

 

We conceptualized “risk” into the three main attributes: frequency, severity, and scope (Eckle 

and Burgherr, 2013). By frequency, we mean how often energy accidents occur throughout 

time. By severity, we mean how many human deaths resulted from the accidents, in most cases 

immediate deaths, but in some situations projected latent deaths via radiation poisoning, cancer, 

or famine. By scope, we mean the monetary damage the accidents inflicted. We then compiled 

an original historical dataset using online sources available in the public domain and span a 

wide time interval (1800-2018), with more details offered in the “Research methods and data 

analysis” section at the end of the study, as well as projections of future energy accidents by 

region and technology spanning 2025 to 2040.  
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3. Research methods and data analysis 

 

This section discusses both our approach to cataloguing energy accidents in a dataset, and then 

analyzing that data. 

3.1 Building an empirical dataset  

The primary tool used to assess energy accidents was an original dataset over the period 1800 

to 2018. The dataset was built by searching for the words “energy,” “electricity,” “wind,” “solar,” 

“hydroelectricity,” “hydrogen,” “dam,” “geothermal,” “biomass,” “biogas,” “biofuel,” 

“ethanol,” “biodiesel,” “nuclear,” “oil,” “gasoline,” “petroleum,” “LPG,” “coal,” “natural gas,” 

“ liquefied natural gas,” “LNG,” “shale gas,” “methane,” and “renewable” in the same sentence 

as the words “accident,” “disaster,” “incident,” “failure,” “meltdown,” “explosion,” “spill,” 

“fire,” “killed,” “died,” “death,” “destroy,” “collapse,” “burst,” “suffocate,” “blowout,” “ignite,” 

“damage,” “crash,” “vapor cloud,” “crack,” “released,” “malfunction,” “error,” “shutdown,” 

“earthquake,” “tsunami,” “strike,” “shatter,” “fell,” “blast,” “burn,” “crush,” “electrocute,” 

“submerge,” “catastrophe,” “inundate,” and “leak.”  We used available data from public 

datasets, official news articles, and peer-reviewed academic literature from a series of academic 

databases (including ScienceDirect and EBSCO host) as well as the internet search using 

Google. 

 

To be included in the dataset, an accident had to be verified by a published source or sources, 

some of them reported in the peer-reviewed literature, but others were coming from press 

releases, project documents, public utility commission filings, reports, and newspaper articles 

in English.  Furthermore, it must have resulted in at least one human death or property damage 

above US$50,000.  This definition also excludes those accidents not resulting in a direct death 

or damage yet were responsible for thousands of lifelong, debilitating injuries.  The “cost” of 

the accident was calculated to encompass total economic losses such as destruction of property, 

emergency response, environmental remediation, evacuation, lost product, fines, and court and 

insurance claims, and updated these amounts to 2018 US dollars.   

 

Furthermore, the dataset covers only sources of energy production and distribution, that is, 

accidents related to the manufacturing of equipment, construction, operation, transmission, and 

distribution of energy.  Excluded are energy accidents related to energy use (such as 

explosions from car crashes or electrical fires in the home) or downstream pollution and 

externalities such as acid rain from coal combustion or intensive water use by nuclear power.  

Thus, the study encompasses all elements of an energy system’s fuel cycle until end use. One 

complication here in particular is nuclear technology, which is known to often be dual purpose 

and cut across civil and military uses—this means some military linked nuclear accidents were 

included in our dataset because they were related to the reprocessing of fuel or the repurposing 

of nuclear weapons for reactor fuel.  

 

Lastly, the dataset was created primarily by English language sources, and it required 

verification of an accident, meaning unpublished or non-reported accounts, accounts in 

periodicals not searched, and publications in other languages were excluded, though the 

research team did compile information from sources in Danish, French, German, Russian, and 

Korean. Besides, the developed county’s safety rules and laws are more stringent than those of 

the underdeveloped or developing country. There is thus a possibility of under-reporting. 
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Despite these admitted shortcomings, such an incremental and inductive approach to dataset 

building has been employed before in the peer-reviewed energy studies literature. Flyvbjerg et 

al. (2002; 2004) built their own sample of 258 transportation infrastructure projects to assess 

the prevalence of cost overruns. Ansar et al. (2014) built their own dataset of 45 large dams in 

65 different countries to assess construction timetables and delays. Sovacool et al. (2014a, 

2014b) compiled a dataset consisting of 401 electricity projects and transmission projects 

across 57 countries to examine cost overruns in the electricity sector. Lovering et al. (2016) 

build a similar dataset focusing only on nuclear power cost overruns. Sornette et al. (2013) 

undertook a complex statistical analysis of a dataset of 99 accidents in the nuclear energy 

industry, work further supplemented by Wheatley et al. (2017, 2016). The Paul Scherrer 

Institute (2014) similarly manages a dataset of more than 30,000 accidents in their ENSAD 

(Energy-Related Severe Accident Dataset), though most of these come from the fossil fuel 

sector. We would maintain that this means inductive dataset building constitutes an established 

methodology for conducting social science energy research, despite all of the uncertainties. We 

also firmly believe having a first-order or even “rough” dataset is far better than none at all.  

3.2 Normalizing to energy production 

We navigated our dataset in both fully descriptive data and normalized data to units of energy 

produced. As Felder (2009) concluded, it makes sense to normalize fatalities and property 

damage to energy output. We chose the 2019 version of British Petroleum’s Statistical Review 

of World Energy (2019) for the normalization since it provides the most comprehensive energy 

use data. To figure out the regional and technological differences among accidents, we needed 

energy consumption by region and technology for each year. Nevertheless, the normalized data 

is slightly incongruent from the original due to limited data availability. We constructed a 

smaller subset of accidents from 1965 to 2018, and geothermal and biomass electricity are 

combined into a single category because of the data limit. We lost one observation in 1979 for 

biofuels since BP’s Statistical Review only provides the data post-1990, and BP did not collect 

data about hydrogen at all. Finally, we were able to make 3,553 normalized samples out of 

3,784. With respect to all of the production figures used, we did not disaggregate for non-

energy related products such as the use of petroleum for lubricants and plastics. We converted 

all figures into a common metric, million TOE (MTOE), based on a conversion factor of 1 

kTOE = 0.01163 TWh for ease of comparison (IEA, 2019). 

3.3 Data analysis 

To our best knowledge, there has been no study systematically investigating the energy 

accidents nor projecting them through regression models. Since the accidents are count data 

and have an extra-Poisson variation, we use a negative binomial regression to estimate equation 

(1) for data analysis. There could be a more adequate, sophisticated model to represent the 

distribution of frequency, fatalities, and damages of energy accidents. However, the famous 

negative binomial model is a good starting point where there is no study to refer to. We do not 

apply a zero-inflated negative binomial model since there is no reason to assume the zeros 

come from other conditions, although some accidents have zero values, such as accidents with 

property damages and no fatalities. 

 



7 

 

0 1

2 1

, ,

, , ,

1

( ) exp

p q

t i i j j

i j p

i j t r

k i j i t i j t

k q

Year Source Region

E Accident

Source Region Energy

   

 

= = +

= +

 
+ + + + 

 =
 

+ + 
 

 



   (1) 

 

where ( ), , Gamma 1 ln , lni j te


 =  , iSource   means energy sources, jRegion   denotes 

geographical regions where the accident occurred, and ,i tEnergy   is the annual energy 

consumption of energy source i at time t. iSource  and jRegion  are factor variables which 

indicate the source and region of the accident.   is a dispersion parameter for a negative 

binomial regression model, and we took a logarithm on ,i tEnergy  to use them as an exposure 

in the model. Because of the functional form of a negative binomial model, that exposure 

naturally denotes a normalization of accidents to energy use. 

 

Supporting the discussions in the previous sections, we tested three hypotheses; renewable 

energy sources are safer than fossil fuels, better regulatory governance makes energy facilities 

more reliable, and learning from experience could mitigate the severity and cost of accidents. 

To test these hypotheses, we organized ten energy sources and six regions into three groups, 

respectively. “Renewable” consists of biofuels, biomass and biogas, geothermal, solar, wind, 

and hydroelectricity. Coal, oil/LPG, and natural gas make the “Fossil fuels” group, and nuclear 

power generation constitutes a group alone. As we addressed above, the hydrogen energy was 

not included since we performed statistical analysis with the normalized data. Table 1 shows 

the estimation results of equation (1). 

 

Table 1: Regression model results for accident fatalities and damages  

 

 Per accident Frequency 

 Fatalities Damages Fatalities Damages 

Year -0.0723*** -0.0119** -0.0014 -0.0318*** 

 (0.0025) (0.0055) (0.0040) (0.0052) 

Sources     

Nuclear 1.7945*** 4.8715*** 1.0003  1.1614*** 

 (0.3721) (0.4947) (0.7656) (0.3594) 

Renewables 4.6719*** 2.5929*** 1.5890*** 2.5974*** 

 (0.2229) (0.3368) (0.2764) (0.3243) 

Regions     

Europe -1.3625*** -1.5566*** -1.4795*** -1.2736*** 

 (0.1168) (0.2584) (0.1454) (0.2084) 

North America -2.8123*** -1.0473*** -0.0996 -0.6001*** 

 (0.0799) (0.2106) (0.1292) (0.1723) 

Sources · Regions     

Nuclear · Europe -0.0057 -0.3394 0.6764  1.1365** 

 (0.4538) (0.6312) (0.9436) (0.4581) 
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Nuclear · North America -3.9970*** -1.1831* -0.4784 0.5284  

 (0.5560) (0.6304) (1.0620) (0.4321) 

Renewables · Europe -3.9267*** -1.7630*** 1.5984*** 3.5624*** 

 (0.2819) (0.4157) (0.3752) (0.3891) 

Renewables · North America -1.9590*** -1.7958*** 0.6891* 1.2238*** 

 (0.3137) (0.4137) (0.3805) (0.3918) 

Constant 142.0479*** 28.0964*** -1.4029 58.5031*** 

 (5.0117) (10.8891) (8.0162) (10.4023) 

ln(Energy) 1.0000 1.0000 1.0000 1.0000 

 (exposure) (exposure) (exposure) (exposure) 

Ln(alpha) 1.1854*** 1.6051*** -0.0064 -0.1521*   

 (0.0233) (0.0325) (0.0668) (0.0813) 

No. of observations 3,553 1,349 626 465 

Log likelihood -12104 -11,175 -1,636 -1,071 

Standard errors in parentheses. ***p<0.01, **p<0.05, *p<0.1. 
 

3.4 Projecting future accidents 

To project future energy accidents, we had to extrapolate our data across trends in technology 

for fatalities and damage costs, as well as by region.  

 

Based on the historical accidents we gathered, we projected the severity and cost for future 

accidents by energy source and region. We rearranged ten energy sources into eight groups; 

those are “coal,” “oil,” “nuclear,” “bioenergy and geothermal,” “hydroelectricity,” “solar,” and 

“wind.” Biomass, biofuels, and geothermal consist of a single section since BP reported 

biomass and geothermal as a combined sector, and IEA provides the outlook for bioenergy, 

which includes biomass, biofuels, and biogas. The regions are separated into six groups; those 

are “Asia-Pacific,” “Africa,” “Middle East,” “South America,” “Europe,” and “North America.” 

When projecting future energy accidents to 2040, we divided the energy source and region as 

many as possible. There could be risks doing this since our historical dataset has no observation 

in some combinations, such as a wind accident in Africa. That is, because of the mechanism of 

regression analysis, a mean incident rate of other energy sources will be applied for the future 

wind accidents in Africa. Despite those risks, we separated the regions and technologies for 

three reasons. First, the energy outlook varies considerably by region and technology, and we 

should thus take them into account in the projection. Second, governance frameworks for 

energy systems also vary by region. Third, matching the accident projection as much as 

possible with the IEA’s energy outlook—which provides projections to 2040 by eleven 

technologies and seven regions (IEA, 2018)—is more plausible. 

 

We were only able to use technology, region, year, and energy consumption as explanatory 

variables to project future energy accidents. Therefore, the selection of a regression model was 

also limited. An ordinary linear least squares model could be one candidate. It is intuitive, easy 

to implement and interpret. An accident data, however, have a property of count data, and the 

distribution of our historical dataset was over-dispersed. That is why we chose a negative 

binomial regression model as the best model to describe our data. The explanation power of a 
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negative binomial model was also better than an ordinary linear model in all cases. We 

suppressed a constant term in the negative binomial model since there was zero accident in 

specific combinations of source, region, and year. We did not consider the interaction between 

energy source and region because lots of combinations—eight sources and six regions create 

35 combinations—hinder a convergence of estimation and significance of coefficients. After 

estimating the number of fatalities and costs per accident, we also projected the future 

frequency of accidents by energy source and region. The total number of fatalities and losses 

were obtained by multiplying them. We dropped insignificant variables in each equation. The 

estimation results are in Table 2. 

 

Table 2: Regression results for the projection of accidents  

 

 Per accident Frequency 

 Fatalities Damages Fatalities Damages 

Year -0.0018*** 0.0016*** -0.0020*** -0.0030*** 

 (0.0000) (0.0001) (0.0000) (0.0001) 

Sources     

Natural gas 0.9390*** 1.0268*** -1.0884*** 0.7638*** 

 (0.1158) (0.2954) (0.1340) (0.2326) 

Oil 0.5146*** 1.9423*** -1.2782*** 0.3974* 

 (0.0741) (0.2566) (0.1085) (0.2177) 

Nuclear 2.1253*** 6.2239***  2.1119*** 

 (0.1582) (0.2905)  (0.2372) 

Bioenergy and Geothermal 1.5484*** 1.5708*** 2.0230*** 3.8746*** 

 (0.2062) (0.3143) (0.2381) (0.2622) 

Hydro 7.1144*** 4.3706***  1.3255*** 

 (0.1896) (0.4088)  (0.2837) 

Solar 4.4596*** 2.7979*** 3.1751*** 3.5691*** 

 (0.8525) (0.8225) (0.6746) (0.9239) 

Wind 0.6959*** 2.5253*** 2.9754*** 6.0564*** 

 (0.1700) (0.2708) (0.2314) (0.2449) 

Regions     

Africa 2.9778***  1.0741*** 1.5799*** 

 (0.1755)  (0.1702) (0.2387) 

Middle East 5.2791*** 0.8019* 0.7837*** 1.3697*** 

 (0.2339) (0.4626) (0.2407) (0.2766) 

South America 2.8955***  0.6620*** 0.9683*** 

 (0.1889)  (0.1846) (0.2119) 

Europe -0.2626*** -2.1637*** -0.9556***  

 (0.0965) (0.1813) (0.1146)                         

North America -1.5148*** -1.8239***   

 (0.0740) (0.1805)   
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ln(Energy) 1.0000 1.0000 1.0000 1.0000 

 (exposure) (exposure) (exposure) (exposure) 

ln(alpha) 1.1006*** 1.5637*** -0.3100*** -0.8047*** 

 (0.0233) (0.0326) (0.0720) (0.1043) 

No. of observations 3,553 1,349 626 465 

Log likelihood -11,958 -11,136 -1520 -957 

Standard errors in parentheses. ***p<0.01 and *p<0.1. 
 

More on our projections tied to the IEA data are offered in the Appendix.  

3.5 Limitations of the study  

We used only available data from public datasets and the peer-reviewed academic literature, 

meaning we could not access private, industry, or confidential data behind paywalls, such as 

the dataset from ENSAD; we also searched only for sources in English, Danish, French, 

German, Russian, and Korean, meaning we would miss accidents reported in national presses 

such as Chinese (or other languages).  

 

Furthermore, in the interests of accuracy and completeness, we did all of this coding “by hand” 

(a real person rather than a machine), and building the dataset took almost five years when you 

account for all of the person-months.  It means we seek to be as representative as possible 

with our dataset, but given the nature of energy accidents—people tend not to actively publish 

reliable data about them—and the lack of open data—many companies and even governments 

consider it confidential data—it’s very likely we are underreporting, rather than overreporting, 

our results. 

 

Also, the duration of energy accidents is not wholly considered in our investigation. We have 

tried to determine the most recent estimate(s) for the fatalities and damages of accidents. Still, 

there could be accidents with long-lasting impacts, and the costs of those accidents are 

increasing hitherto—catastrophic accidents like the Fukushima nuclear accident, for example, 

have economic damages that are still unfolding. Thus, there is a possibility of underestimating 

catastrophic accidents, nuclear in particular. One study reveals that cancer incidence by the 

Chernobyl disaster would remain constant from 1986 to 2065 (Cardis et al., 2006). The 

meltdown and contamination of the Fukushima accident are still in progress and the estimated 

costs of the accident have been increasing as time goes on (Behling et al., 2019). 

 

In addition, our study has shortcomings mentioned in the “Building an empirical dataset” 

section, and it also has only seven elements those are the type and size of accidents, technology, 

region, stage, year, and energy use. The estimates in our models are sometimes explained in 

ceteris paribus when there’s no observation in a specific year, region, and technology. This 

consequently means, again, we likely underreport and underestimate the severity and scope of 

energy accidents.  

 

When making projections using are binomial regression model, we relied on this technique 

because accidents by their very nature are outliers, events that most statistical techniques would 

exclude entirely.  That we seek to better understand the outliers means we cannot rely on more 

conventional norms for statistical analysis. Above all, our dataset has a highly dispersed 

distribution. We estimated the projections of all energy systems with a single equation treating 
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them as factor variables, not with multiple equations for each energy system. As we can see in 

Figures 4 and 5, projections by each energy system using a simple regression model could 

mislead us into wrong results - biomass/biogas accidents after 2015 will be below zero, for 

example. Therefore, combining all observations into a single estimation framework is a better 

strategy, and the negative binomial model is the best fit for our dataset among the models which 

can handle count data with categories—even if we only had seven observations for some 

technologies such as solar energy.  

 

Also, note that since our estimates are inferred from the 1965–2018 data, the effect of recent 

technological progress of each energy system is not considered. Lastly, our analysis did not 

account for possible interlinkages or the sharing of energy infrastructure across different energy 

supply chains or fuel sources.  Despite these shortcomings, we believe that providing an 

inclusive assessment and projection, with limitations, is better than doing nothing at all. 

Although we identify thousands of accidents, it is likely these only scrape the surface of all 

accidents. Due to biases in transparency and information, it is highly likely we are over 

representing (comparatively) accident rates from Europe and North America and 

underrepresenting accident rates from Africa and Asia—findings that do not bode well given 

our findings already project that Africa will have the greatest future fatalities and the Asia 

Pacific the greatest economic damages from accidents.  

 

Therefore, while we believe our findings offer valuable insights bracketed by our limitations, 

we see our study as a starting point, rather than an ending point, for accidents based research. 

We are after all merely two small research institutions building this dataset with a 

comparatively small team of students and colleagues.  For this reason, we are publishing our 

full dataset openly alongside our study in the hopes that others will continue to build on it.  

 

4. Results: Frequency, severity, and cost in energy accidents  

 

As Table 3 indicates, accident frequency, severity, and cost rates differ substantially across 

different energy systems across our dataset, and also whether the data is presented in absolute 

form or normalized according to energy production (in terms of million tons of oil equivalent, 

or MTOE). Our analysis reveals that these collective energy systems involved more than 4,450 

accidents resulting in more than 278,000 human fatalities and approximately $421.3 billion in 

economic damages.  Across the entire sample, the mean amount of property damage was 

$286.63 million and 62.50 fatalities per accident, though when reflected as a median, the 

numbers substantially improve to $6.24 million in damages per accident and five fatalities.   

This section discusses our core results relating to accident recurrence, accident fatalities, and 

accident economic damage. 
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Table 3: Summary of major energy accident frequency, severity, and scope, 1800 to 2018 

Description Coal Oil Natural 

gas 

Hydro Nuclear Wind Solar Hydrogen Biofuels Biomass Geothermal Total  

Frequency (total number 

of accidents) 

2,428 890 298 160 178 339 8 34 52 58 5 4,450 

Severity 

(fatalities) 

Sum 55,414 26,215 4,090 187,227 4,856 130 9 58 32 99 0 278,130 

Mean 22.82  29.46  13.72  1,170.17  27.28  0.38  1.13  1.71  0.62  1.71  0.00  62.50  

Median 8.00  5.00  4.00  5.50  0.00  0.00  1.00  0.00  0.00  1.00  0.00  5.00  

Standard 

deviation 

104.63  177.49  32.31  13,513.96  306.80  1.13  0.83  3.20  1.11  4.48  0.00  
2,566.85  

Scope 

(property 

damage in 

millions 

US$) 

Sum 3,658.07  113,983.70  10,252.29  28,780.94  261,160.86  855.35  17.84  1,155.89  489.20  952.16  37.74  421,344 

Mean 30.48  259.64  57.60  442.78  1,492.35  2.55  2.23  34.00  9.41  16.42  7.55  286.63  

Median 2.87  40.14  8.66  55.96  36.23  0.33  0.00  2.44  0.05  0.16  0.22  6.24  

Standard 

deviation 

121.86  2,322.36  163.51  1,373.66  13,406.81  25.02  4.54  74.60  33.39  114.11  16.39  
4,816.44  

Normalized 

risk* (risks 

per MTOE) 

Frequency 0.01  0.00  0.00  0.01  0.01  0.18  0.02    0.05  0.03  0.01  

Fatalities 11.61 8.39 2.53  540.64  14.20  1,764.17  1.88    0.64  2.04 2,346.09 

Damages 1.04 31.87  5.72 69.94  1,292.21  72.63  13.84    4.48  11.10  1,502.82 

Normalized 

risk* 

(mean) 

Fatalities 0.01 0.01 0.01 5.88  0.09  5.20  0.23    0.01  0.03 0.66  

Damages 0.01 0.07 0.03  1.63  8.23  0.22  1.73    0.09  0.18 1.11  

* Applies only to a smaller subsample of 1965-2018, a period of time that had a majority of our data points. Hydrogen is excluded from this subsample, and biomass and 

geothermal are handled in a combined sector due to how such data is aggregated in the literature. The Research methods and data analysis section details the process of 

normalization to energy consumption. 

Source: Authors 
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4.1 Frequency: Accident recurrence 

 

In terms of the frequency of energy accidents, Figure 1 shows that coal is the most frequent to 

incur an accident within our sample, accounting for more than half of accidents (2,428 

accidents), followed by oil (890 accidents) and wind energy (339 accidents).  Most energy 

accidents have occurred in the three previous decades, a possibly paradoxical finding (energy 

systems are often presumed to get safer over time) until one considers that society is producing 

massively more energy each decade than it did before. A consequence is a greater number of 

energy accidents in absolute terms, although the jump of accidents in the 1990s is likely 

explained by a spike in coal mining accidents in China, rather than any other energy system.  

 

Figure 1: Frequency of energy accidents, 1800 to 2018 (n=4,450) 

a. Top panel: by year 

  
b. Bottom panel: by technology or fuel source  
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Source: Authors 

 

4.2 Severity: Accident fatalities  

 

In terms of severity, our data reveals that energy accidents resulted in 278,130 deaths, although 

the data tables in the Appendix reveal these fatalities are dominated by hydroelectricity (four 

of the most fatal accidents in the top ten) and oil and gas (three of the most fatal accidents in 

the top ten).  Figure 2 shows overall, coal, oil, and wind energy had the greatest number of 

fatal energy accidents, with coal at more than 2,400, oil at 890, and wind at 339.  

 

However, when one accounts for the mean and median fatalities, the numbers shift greatly.  

Hydropower leads with a mean of 1,170 fatalities per accident, followed by oil/LPG (29.4), 

nuclear (27.3), and coal (22.8).  The median numbers also show coal leading at 8.0 fatalities 

per accident followed by hydroelectricity at 5.5 and oil/LPG at 5. When normalized to MTOE, 

the numbers shift again, with wind and hydroelectricity clearly causing the most fatalities per 

unit of energy produced, wind at more than 1,700, and hydroelectricity at more than 500. 

 

Figure 2: Energy accident fatalities by technology (top panel) and normalized energy 

produced (bottom panel) 

 

a. By technology, absolute figures (n=4,450) 
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b. Normalized by energy production (MTOE) 

 

  
Source: Authors 

4.3 Cost: Accident property damage and lost product 

Our final category of risk was the cost of an accident, meant to include not only direct property 

or facility damage, but also the economic losses associated with emergency response, 

environmental remediation, evacuation, lost product, fines, and court and insurance claims.  
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As Figure 3 reveals, in absolute terms, nuclear energy accidents resulted in the most economic 

damage by mean, $1.49 billion per accident.  Also, Table A2 in the Appendix shows that half 

of the most costly energy accidents in the top ten were from nuclear power.   

 

Even when normalized to energy production, nuclear has by far the most economic damages 

per MTOE, followed distantly by wind, hydroelectricity, and oil/LPG. 

 

Figure 3: Energy accident costs by technology (top panel) and normalized energy 

produced (bottom panel) 

 

a. Damages by source & decade 

  
b. Normalized by energy production (MTOE) 
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Source: Authors 

5. Discussion: Learning, lifecycle, and location across energy accidents  

 

As interesting as the descriptive statistics are behind our dataset, perhaps of equal interest are 

the insights our study offers in terms of technological innovation and learning, different 

lifecycle stages of each energy system, and geographic location. Here, we draw on our same 

dataset as well as a series of complex regressions analyses to analyze these themes in greater 

depth.  

5.1 Technological learning and prevention  

 

Logically, as energy systems manufacturers and operators gain collective experience with 

accidents, one could expect that best practices and better emergency procedures would 

minimize their occurrence and then mitigate damage and fatalities when they do occur.  

Indeed, when Felder (2009) normalized a smaller sample of worldwide energy accidents to 

energy production, he found a drop in accidents from about 0.29 accidents per quadrillion 

BTUs in the 1970s to 0.11 from 1998 to 2007. 

 

To give a single example, many potential accidents in the energy sector can be caused by or 

affected by the fire.  Manufacturers have responded with research into the use of less 

flammable lubrication oils, damping materials and plastics and by encouraging active measures 

such as fire alarms, fire extinguishers, lightning protection, and other fault surveillance tools 

(Smith, 2014). Engineers have also started perfecting and implementing predictive 

maintenance, which consists of advanced thermographic, vibrations analysis, or ultrasound 

practices that study the behavior of materials and equipment to project when failures will occur. 

As Swanson (2001) writes, “While these newer maintenance strategies require increased 

commitments to training, resources and integration, they also promise to improve performance.” 
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Some of the accidents in our dataset involved not direct death or damage but secondary 

incidents such as resulting fires, explosions, or famine. The improvement of disaster response 

and evacuation protocols has been shown to greatly minimize these secondary damages (Jarvis 

and Sovacool, 2011). Still, other accidents involved breaches in facility security.  Security 

measures such as higher fences, security cameras, and night watchpersons have been shown to 

deter and catch unauthorized intruders (Reddy and Painuly, 2004).  

 

Our results, however, only confirm learning or improvement in some energy systems, none in 

some energy systems, and even negative learning (increasing accidents) over time in other 

energy systems. As Figure 4 summarizes, four energy systems do seem to learn over time and 

improve (reduce) the severity of energy accidents: coal, natural gas, biomass/bioenergy, and 

hydrogen. Oil/LPG remains constant, with little change over time.  Oddly, nuclear, 

hydroelectricity, wind energy, solar, and biofuel all see increasing accident fatalities over 

time—perhaps because these are generally the fastest growing sources of energy worldwide, 

and also some of the newest (the exception being hydropower).  

 

Figure 4: Energy accident fatalities and trend lines for different energy systems 
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Note: P-values are in parentheses. 

Source: Authors  

 

From the results of the three clusters, it is hard to conclude that modern renewable energy 

sources are necessarily safer than conventional fossil fuels or nuclear power plants. Renewable 

energy supply is also much smaller than the other energy sources. It took 11.5% of the total 

world primary energy consumption in 2018 (BP, 2019). 

 

In terms of the cost of accidents rather than fatalities, we see similar countervailing (and 

complex) trends—as well as starkly different trends from the fatalities numbers.  As Figure 5 

shows, solar, biofuel, and hydrogen accidents are getting less costly over time.  Wind energy 

has seen the costs of its energy accidents stay roughly constant. Coal, natural gas, oil/LPG, 

nuclear, hydroelectricity, biomass/biogas, and geothermal have seen their accident costs get 

more expensive over time.  
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Figure 5: Energy accident costs and trend lines for different energy systems 
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Note: P-values are in parentheses. 

Source: Authors 

5.2 Lifecycle stage  

 

In addition to analyzing our accident data by energy system and time, we also analyzed where 

within each energy system an accident occurred. Table 4 shows seven different lifecycle stages 

that we coded for each energy accident, from fuel collection and transport to transmission or 

distribution to construction and even operation, storage, and decommissioning.  

 

Table 4: Definition and scope for global energy accidents 

  

Lifecycle stage Examples of included events 

Fuel collection and 

extractive industries 

(“upstream”) 

Coal mining, oil and gas exploration, biomass processing, 

hydrogen manufacturing, uranium enrichment 

Transportation Transportation by oil and fuel tankers, LNG carriers, road and 

train transportation of fuels, shipment to transport biomass 

Transmission and 

distribution 

Distribution of oil and gas through pipelines, LNG facilities, 

distribution facilities 

Construction and 

installation 

Engineering, procurement, and construction of facilities as 

well as transportation of materials or major components (solar 

panels, wind turbine blades, boilers, transformers) 

Conversion and operation Fires, explosions, and other failures onsite at operating 

nuclear reactors, windfarms, thermoelectric power plants, and 
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small-scale sources of renewable energy, petroleum refining, 

a biomass plant 

Storage Fly ash ponds, landfills, temporary and permanent nuclear 

waste repositories, fuel storage tanks, biodiesel warehouse, 

electricity storage system 

Decommissioning Repowering of facilities, bioremediation of accident-related 

spills, recycling of components, final decommissioning of 

facilities, and land reclamation 

Source: Authors  

 

Figure 6 presents our data by lifecycle stage across all energy accidents, illustrating clearly that 

fuel extraction and processing, transmission and distribution, and transportation have the most 

fatalities; however, it is conversion and operation, transmission and distribution, and 

transportation that have the most damages.  When normalized to MTOE, the two lifecycle 

stages with the costliest energy accidents were conversion and operation and storage; when 

normalized for fatalities, they were conversion and operation as well as construction and 

installation.  

 

Figure 6: Global energy accident data by lifestyle stage for both fatalities and economic 

damages 

 

a. Top panel: Accidents by lifecycle stage across all energy systems  

  
b. Middle panel: Economic damages by lifecycle stage (normalized to MTOE) 
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c. Bottom panel: Fatalities by lifecycle stage (normalized to MTOE) 

  
Source: Authors  

 

Admittedly, there could be connections between energy chains that we do not capture here, i.e., 

those for oil are similar to gas, and some oil and gas pipelines are also laid side by side (a 

prominent example being the BTC oil pipeline and South Caucasus Pipeline for natural gas in 

Central Asia, which use the same corridor).  Petrol trucks often deliver both ethanol and 
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gasoline in Brazil in the same vehicle (in separate tanks), and some Very Large Crude Carriers 

(VLCCs) can carry either LNG or oil.   Some “integrated energy facilities,” “complexes,” or 

“campuses” in the United States house coal-fired boilers alongside nuclear reactors, and even 

wind turbines and solar panels. Moreover, one contractor may be installing heat pumps, solar 

panels, and small-scale wind turbines at the same time during a whole-house retrofit.  These 

potential synergies and linkages between energy chains and systems mean that some accidents 

may be coupled or have common causes. While they are not covered directly in our analysis, 

they do open up promising opportunities for future research.  

5.3 Geographic location and regulation  

 

A final way our historical data can be examined is by geographic location, which serves as a 

fairly robust proxy for regulation and governance.  This dynamic is connected to the literature 

suggesting that countries with more robust governance frameworks may have stronger social 

and environmental impact assessment requirements, stakeholder inclusive permitting, and 

enhanced transparency or accountability requirements, which may see lower risks of accidents 

than countries with weaker regulatory governance (Jarvis and Sovacool, 2011). 

 

Additionally, emerging and developing economies may have a comparative lack of experienced 

teams, potentially leading to poor construction techniques, improper maintenance, and/or 

inadequate materials or spare parts (Reddy and Painuly, 2004). For instance, the Paul Scherr 

Institute (2012) reported in their own accidents study that the geographic distribution of 

fatalities for fossil fuels and hydroelectric were concentrated in Asia (predominately China), 

Africa (e.g. Nigeria), and Eastern Europe (e.g. Russia), which accounted for upwards of 60 

percent of all fatalities, making them “rather unequally distributed.”  It also noted that “overall 

fatality rates” were lowest in members of the Organization of Economic Cooperation and 

Development (OECD), the European Union, and the Asia-Pacific Economic Cooperation, and 

highest in members of the Organization of Petroleum Exporting Countries, non-OECD 

countries, and China.  As Burgherr and Hirschberg (2014) surmise in another study, 

“generally, OECD and EU 27 countries perform better than non-OECD countries.” 

 

Our findings, however, cast some doubt on these assertions. As Figure 7 reveals, by frequency 

North America had the most accident fatalities followed by the Asia Pacific (due largely to 

Chinese coal mining) and Europe. The most costly energy accidents, moreover, occurred in 

North America followed by Europe.  When normalized to MTOE, the numbers shift again 

with Europe having the most costly energy accidents and North America having the highest 

numbers of fatalities.  

 

Figure 7: Energy accident frequency, cost, and severity by geographic region  

 

a. Top panel: Accidents by region across all energy systems 
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b. Middle panel: Economic damages by region (normalized to MTOE)  

  
 

c. Bottom panel: Fatalities by region (normalized to MTOE)  
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Source: Authors 

 

As a limitation, these results could be caused not by less safe energy systems in North America 

and Europe, but by a combination of sample bias and transparency. First, it was considerably 

harder to get information on least developed countries in Africa and South America, so they 

may be underrepresented, given that we searched primarily for sources in English. Second, it 

is likely that accidents are more reported in Europe and North America, owing to recent trends 

in transparency and demands for information. Third, only recently (in the past three to four 

decades) have developing countries started producing and using energy at per capita 

consumption levels on par with industrialized countries, driven by large-scale electrification 

efforts and national programs to expand energy access, meaning there is a potential temporal 

dimension to our sample as well. Whether there were sample biases and transparency problems 

or not, it is evident that establishing more robust governance frameworks is essential for 

developing counties in the rapid growth of energy consumption. 

 

5.4 Hypothesis testing: Predictive margins of historical accidents 

In terms of the first hypothesis, the predicted frequency and number of fatalities per accident 

for renewable energy sources are about 38.7 times and 554 deaths, holding the other variables 

at their means. On the other hand, those for fossil fuels are 4.4 times and 23 deaths, which 

means renewable sources are 8.8 times more frequent and 24.5 times more severe than fossil 

fuels if the other conditions remain the same. These results may be counter-intuitive, but it is 

not so surprising if we consider an energy density of renewables sources relative to fossil fuels. 

The results indicate that we should shed careful attention to the safety of renewable sources in 

the process of an energy transition (see Table 5). 

 

Table 5: Predictive margins of energy accident fatalities  
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Technology 
Fatalities per accident 

(number of persons) 
Frequency 

Fossil fuels 22.584*** 4.406*** 

 (0.849) (0.244)  

Nuclear 32.742*** 12.356** 

 (7.294) (5.372)  

Renewables 554.151*** 38.723*** 

 (69.046) (6.184)  

Standard errors in parentheses. ***p<0.01, **p<0.05, *p<0.1. 
 

Holding the other variables at their means, the predicted frequency and amount of damages per 

accident for renewable energy sources are about 89.1 times and 324 million US$, whereas those 

for fossil fuels are 1.6 times and 100 million US$. These results are in line with those of 

fatalities (see Table 6). The huge predicted damages per accident in nuclear power plants are 

within the expectation since it could be catastrophic likewise the Fukushima accident. 

 

Table 6: Predictive margins of energy accident costs and damages 

 

Technology 
Damages per accident 

(million US$) 
Frequency 

Fossil fuels 100.465*** 1.550*** 

 (9.535) (0.123) 

Nuclear 6,950.717*** 8.293*** 

 (1,393.174) (1.287) 

Renewables 324.497*** 89.104*** 

 (36.829) (13.817) 

Standard errors in parentheses. ***p<0.01, **p<0.05, *p<0.1. 
 

The second hypothesis can be tested by the statistical significance of the “Year” variable. Note 

that the estimates of the Year variable in all negative binomial regression models were negative. 

This result means that the frequency, severity, and costs of accidents were decreasing over time 

when controlling the technology, region, and energy use of accidents. Although the time 

variable may contain various effects, it can be a good proxy of technological changes in energy 

systems. 

 

The statistical analysis results by location also support the third hypothesis. Even though the 

predicted frequency of fatalities in North America and damages in Europe were not so different 

from those in the rest of the world (ROW), the predicted number of fatalities and costs per 

accident was quite smaller in both regions. For the fatalities, the number of North America was 

merely one-27th of the ROW, and that of Europe was about one-seventh. The damages per 

accident in the ROW was 6.4 times bigger than that in North America and 9.5 times bigger than 

Europe (see Table 7). 

 

Table 7: Predictive margins of energy accident frequency by location 

 

Region Per accident prediction Predicted frequency 
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Fatalities 

(number of 

persons) 

Damages 

(million US$) 
Fatalities Damages 

North America 6.672*** 202.279*** 9.858*** 0.619*** 

 (0.407) (19.940) (0.964) (0.498) 

Europe 25.030*** 135.736*** 3.140*** 5.652*** 

 (2.166) (16.141) (0.325) (5.466) 

Rest of the World 180.188*** 1288.915***  9.510*** 6.627*** 

 (10.175) (190.418) (0.833) (0.817) 

Standard errors in parentheses. ***p<0.01, **p<0.05, *p<0.1. 

 

6. Projecting future energy accidents to 2040 

 

Despite these limitations, our data can be utilized not only to inform policy via historical trends, 

but to form a reasonable foundation by which to predict future energy accident scenarios. 

Excluding hydrogen—because it was not possible to get anticipated MTOE/TWh data for that 

energy system—this section projects future energy accidents out to 2040 for the remaining ten 

energy systems. Although we used BP’s historical data (2019) for the normalization, we 

projected the accidents with IEA (2018)’s outlook for future energy demand. We switched to 

IEA data for three reasons: The data was more publicly accessible and available in the formats 

we needed for technology and region, the data was considered more independent, and the IEA 

data had more definitive scenarios that enabled us to project a range of accident scenarios. 

 

To project the accidents by 2040, we built a negative binomial model. To reflect differences by 

region and technology, we created a region variable with six categories and the technology 

variable with eight categories, as the IEA data did not fully map onto our 11 specific energy 

systems. The regression model with the number of fatalities and the amount of damage as 

dependent variables gives us the estimates per accident. To know the scale of future accidents, 

we had to estimate the frequency of those accidents. Consequently, we rearranged our historical 

data to get the accident frequency by technology and region and applied a negative binomial 

regression analysis on them. The estimated parameters from the regression model were utilized 

to project future accidents. The Research methods and data analysis section describe the details 

of the projection process and regression results, and the Appendix offers our detailed data tables 

across the three scenarios used by the IEA (current policies, new policies, and sustainable 

development). 

 

Our projections for the new policies scenario from the IEA, illustrated in Figure 8, reveal that 

Africa leads in energy accidents in 2040 (with almost 350,000 deaths), and globally energy 

accidents will result in the death of almost 986,000 people.  By technology, can see bioenergy 

and geothermal (314,542 fatalities), hydroelectricity (293,099 fatalities), and solar energy 

(266,224 fatalities) will account for most of those deaths; wind and nuclear the least; this leads 

to a strong policy suggestion on the need for innovation in the safety of bioenergy systems. 

(Interestingly, as our data tables reveal, the sustainable development scenario has even a greater 

share of fatal accidents, with deaths approaching 1.78 million). These results are contrary to 

Burgherr et al. 5's, and it could be due to the analysis period and model. We set up a negative 

binomial model for 1965–2018 data. In contrast, Burgherr et al. (2019) used 1990–2016 for 

fossil fuels, hydro, and biogas, 2009–2016 for Chinese coal, and constant for other renewables 
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without a binomial model. In any case, the results indicate that we should pay particular 

attention to the accidents of renewable energy sources. 

 

By 2040, the new policies scenario from the IEA would also suggest that the total cost of 

energy accidents will rise to almost $1 trillion ($951.8 billion). However, most of these will 

be in the Asia Pacific. Also, the costs of accidents significantly come from nuclear power, 

which will reflect almost half of all accident costs. This suggests a need for stronger liability 

and accountability schemes for nuclear, as well as hefty investments in accident prevention 

but also preparedness and response. 
 

Figure 8: Projections of energy accidents from 2025 to 2040, using the IEA’s new policies 

scenario and accident coefficients resulting from our dataset 

 

  

  
Source: Authors  

7. Conclusion 

 

In this study, we analyzed an original dataset of 4,450 historical energy accidents from 1800 to 

2018 across biofuels, biomass and biogas, coal, geothermal electricity, hydroelectricity, 

hydrogen, natural gas, nuclear power plants, oil and LPG, solar energy, and wind energy.  We 

then utilized this dataset to examine accident frequency, severity (fatalities), and cost 

(economic damages) as well as trends in learning and innovation, lifestyle stage, and 
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geographic location.  

 

Although the study is subject to the multiple limitations described in section 3.5, the 

comprehensive dataset for eleven energy systems worldwide and statistical analysis with them 

can give us original insight into energy accidents.  Three pertinent conclusions seem highly 

policy relevant.  

 

The first is that while some energy systems do seem to learn over time and improve (reduce) 

the severity of energy accidents, others do not. Specifically, nuclear power, hydroelectricity, 

wind energy, solar, and biofuel all see increasing accident fatalities over time—this clearly 

implies the need to couple aggressive energy and climate policies trying to accelerate 

decarbonization with those also focused on improved safety, preparedness, and accident 

response.  

 

The second is that, although bracketed by the confines of our research design, the specific 

lifecycle stages of energy systems contribute to the severity and scope of energy accidents in 

complex ways. Across all accidents, fuel extraction and processing, transmission and 

distribution, and transportation have the most fatalities, and yet conversion and operation, 

transmission and distribution, and transportation have the most damages.  Contrary to earlier 

evidence about presumed strong regulatory and energy governance in Europe and North 

America, when our data is normalized to MTOE, Europe has the most costly energy accidents, 

and North America has the highest numbers of fatalities. This, again, clearly implies the need 

for policy reform and enhanced regulation. 

 

Thirdly, future energy accident trends are likely to differ substantially from historical trends.  

Coupling our accident findings with future IEA scenarios of global energy demand, and energy 

accidents become extremely significant—with 986,000 to 1.78 million deaths forecasted in 

2040.  Furthermore, most of these are projected to come not from fossil fuels or nuclear power 

but from bioenergy, geothermal, hydroelectricity, and solar energy. Troublingly, as best as we 

can tell within the shortcomings of our research design, achieving strong climate goals leads to 

an unacceptably higher risk of accidents and human health and economic consequences. 

 

Moreover, Africa becomes the center for energy accident fatalities.  In terms of the projected 

future cost of energy accidents, which could reach almost $1 trillion in total, damages will 

befall mostly countries in the Asia Pacific and will be dominated by nuclear power. The 

implication for designing safer, less risky bioenergy and nuclear systems is inherently clear and 

compelling from our analysis.  

 

We therefore call in particular on industry groups as well as intergovernmental organizations 

such as the IEA and IRENA to begin better tracking, compiling, and calculating energy accident 

data in the same way they currently track trends in carbon emissions, levelized cost of energy, 

or capacity factors. This will ensure energy accidents feature as prominently in discussions of 

cost, safety, security, and performance as other commonly determined attributes, with the idea 

that better accident prevention strategies can then be designed and deployed. The lives of 

hundreds of thousands of future persons, as well as hundreds of billions of dollars, literally 

depends on it.   

8. Appendix and Data Tables 
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Table A1: Top ten energy accidents by fatalities  

 
No. Technology Year Location Fatalities 

1 Hydro 1975 Henan Province, China 171,000 

2 Nuclear 1986 Kiev, Ukraine 4,056 

3 Oil/LPG 1987 Mindoro, Philippines 4,047 

4 Coal 1952 London, United Kingdom 4,000 

5 Oil/LPG 1982 Salang Tunnel, Afghanistan  2,700 

6 Hydro 1963 Vajont, Italy 2,600 

7 Hydro 1979 Gujarat State, India 1,500 

8 Hydro 1993 Qinghai Province, China 1,250 

9 Oil/LPG 1998 Niger Delta, Nigeria 1,078 

10 Coal 1956 London, United Kingdom 1,000 

 

Table A2: Top ten energy accidents by economic damage or cost  

 
No. Technology  Year Location Damage  

(2018 million US$) 

1 Nuclear 2011 Fukushima Prefecture, Japan 176,442  

2 Oil/LPG 2010 Gulf of Mexico, United States 47,590  

3 Nuclear 1995 Tsuruga, Japan 16,814  

4 Hydro 1975 Henan Province, China 10,098  

5 Nuclear 1957 Rocky Flats, United States 8,883  

6 Nuclear 1986 Kiev, Ukraine 8,399  

7 Oil/LPG 2015 Gulf of Mexico, Mexico 6,320  

8 Oil/LPG 1989 Prince William Sound, United States 5,455  

9 Nuclear 1955 Sellafield, United Kingdom 4,773  

10 Oil/LPG 2002 Galicia, Spain 4,295  

 

Table A3: Descriptive statistics for energy accident fatalities (n=3,784 observations) 

 

  Full sample (number of persons) 
Normalized sample (number of persons per 

MTOE) 

  Number Mean Median S.D. Number Mean Median S.D. 

Coal 1,762  23.409  8.000  111.688  1,668  0.007  0.003  0.019  

Oil/LPG 890  29.455  5.000  177.494  882  0.010  0.002  0.059  

Natural gas 298  13.725  4.000  32.314  291  0.009  0.003  0.020  

Hydro 160  1,170.169  5.500  13,513.956  92  5.877  0.010  54.682  

Nuclear 178  27.281  0.000  306.798  159  0.089  0.000  0.903  

Wind 339  0.383  0.000  1.125  339  5.204  0.000  38.718  

Solar 8  1.125  1.000  0.835  8  0.234  0.113  0.353  
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Hydrogen 34  1.706  0.000  3.196          

Biofuels 52  0.615  0.000  1.105  51  0.012  0.000  0.021  

Biomass/Biogas 58  1.707  1.000  4.480  
63  0.032  0.000  0.137  

Geothermal 5  0.000  0.000  0.000  

Total 3,784  69.757  5.000  2,783.360  3,553  0.660  0.002  14.911  

 

Table A4: Descriptive statistics for energy accident damages (n=1,470 observations) 

 

  Full sample (million US$) Normalized sample (US$/TOE) 

  Number Mean Median S.D. Number Mean Median S.D. 

Coal 120  30.484  2.875  121.858  89  0.012  0.000  0.044  

Oil/LPG 439  259.644  40.137  2,322.355  431  0.074  0.013  0.564  

Natural gas 178  57.597  8.665  163.510  171  0.033  0.005  0.082  

Hydro 65  442.784  55.958  1,373.664  43  1.627  0.150  5.004  

Nuclear 175  1,492.348  36.232  13,406.810  157  8.231  0.096  33.988  

Wind 336  2.546  0.325  25.017  336  0.216  0.014  1.673  

Solar 8  2.230  0.000  4.540  8  1.729  0.000  4.865  

Hydrogen 34  33.997  2.441  74.599          

Biofuels 52  9.408  0.054  33.392  51  0.088  0.001  0.311  

Biomass/Biogas 58  16.417  0.159  114.114  
63  0.176  0.002  1.216  

Geothermal 5  7.547  0.217  16.391  

Total 1,470  286.629  6.238  4,816.441  1,349  1.114  0.012  11.926  

 

Table A5: Projection results for fatalities by region by IEA new policies scenario, 2025-

2040 (unit: number of persons) 

 

 North 

America 

South 

America 
Europe Africa 

Middle 

East 

Asia 

Pacific 
World 

2025 1,055  148,756  2,071  247,410  57,995  41,554  498,841  

2030 1,172  179,673  2,303  288,209  86,451  57,684  615,491  

2035 1,293  212,674  2,494  318,999  157,570  77,231  770,262  

2040 1,487  247,891  2,659  349,935  280,409  103,699  986,081  

 

Table A6: Projection results for fatalities by energy system by IEA new policies scenario, 

2025-2040 (unit: number of persons) 

 

 Coal Oil Gas Nuclear Hydro 
Bio & 

Geothermal 
Wind Solar 

2025 4,934  14,992  42,405  775  161,636  263,225  255  10,620  

2030 5,112  16,769  55,298  1,038  202,748  296,163  525  37,839  

2035 5,168  18,967  69,682  1,811  245,858  313,300  954  114,521  

2040 5,178  22,076  81,133  2,130  293,099  314,542  1,699  266,224  
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Table A7: Projection results for accident damages by region by IEA new policies scenario, 

2025-2040 (unit: 2018 million US$) 

 North 

America 

South 

America 
Europe Africa 

Middle 

East 

Asia 

Pacific 
World 

2025 20,540  14,733  21,537  131,803  14,620  290,453  493,687  

2030 19,482  17,962  19,986  150,476  18,578  412,279  638,763  

2035 18,414  20,964  21,168  160,512  28,633  561,578  811,270  

2040 18,657  24,695  22,775  161,806  35,699  688,181  951,813  

 

Table A8: Projection results for accident damages by energy system by IEA new policies 

scenario, 2025-2040 (unit: 2018 million US$) 

 

 Coal Oil Gas Nuclear Hydro 
Bio & 

Geothermal 
Wind Solar 

2025 4,650  25,642  10,043  215,143  7,464  208,093  20,752  1,898  

2030 4,896  28,264  13,037  300,505  9,562  236,510  41,291  4,699  

2035 5,028  30,192  16,480  410,163  11,591  257,318  71,403  9,095  

2040 5,111  32,279  19,714  486,709  13,583  270,559  107,372  16,486  

 

Table A9: Projection results for fatalities by region by IEA current policies scenario, 2025-

2040 (unit: number of persons) 

 

 North 

America 

South 

America 
Europe Africa 

Middle 

East 

Asia 

Pacific 
World 

2025 1,035  150,617  2,043  248,155  60,390  40,300  502,540  

2030 1,119  183,751  2,168  287,121  89,242  50,643  614,044  

2035 1,225  220,574  2,304  319,275  150,555  61,872  755,807  

2040 1,400  260,320  2,460  339,157  250,186  76,512  930,035  

 

Table A10: Projection results for fatalities by energy system by IEA current policies 

scenario, 2025-2040 (unit: number of persons) 

 

  Coal Oil Gas Nuclear Hydro 
Bio & 

Geothermal 
Wind Solar 

2025 5,477  15,532  44,665  754  163,031  263,850  216  9,016  

2030 6,380  17,966  59,894  941  203,009  298,099  375  27,380  

2035 7,299  21,420  77,486  1,508  246,853  322,406  599  78,235  

2040 8,158  26,427  93,032  1,835  294,548  328,786  921  176,328  

 

Table A11: Projection results for accident damages by region by IEA current policies 

scenario, 2025-2040 (unit: 2018 million US$) 

 

 North 

America 

South 

America 
Europe Africa 

Middle 

East 

Asia 

Pacific 
World 

2025 20,456  14,324  22,633  132,828  15,106  273,605  478,951  

2030 19,351  17,319  21,225  152,679  19,026  371,081  600,682  
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2035 18,533  20,344  21,499  167,148  28,416  460,753  716,693  

2040 18,993  23,914  23,751  171,997  36,033  556,325  831,013  

 

Table A12: Projection results for accident damages by energy system by IEA current 

policies scenario, 2025-2040 (unit: 2018 million US$) 

 

 Coal Oil Gas Nuclear Hydro 
Bio & 

Geothermal 
Wind Solar 

2025 5,154  27,311  10,557  202,122  7,405  206,915  17,933  1,555  

2030 6,041  31,654  14,142  273,202  9,098  232,931  30,572  3,042  

2035 6,962  35,882  18,445  340,009  10,745  252,737  46,618  5,294  

2040 7,848  40,625  22,768  411,143  12,444  262,280  64,841  9,064  

 

 

Table A13: Projection results for fatalities by region by IEA sustainable development 

scenario, 2025-2040 (unit: number of persons) 

 

 North 

America 

South 

America 
Europe Africa 

Middle 

East 

Asia 

Pacific 
World 

2025 1,129  150,207  2,273  97,418  60,383  47,182  358,593  

2030 1,468  182,786  2,749  82,253  98,164  79,824  447,243  

2035 1,973  219,031  3,228  168,022  320,858  134,926  848,038  

2040 2,700  258,494  3,696  315,515  994,302  208,385  1,783,092  

 

Table A14: Projection results for fatalities by energy system by IEA sustainable 

development scenario, 2025-2040 (unit: number of persons) 

 

  Coal Oil Gas Nuclear Hydro 
Bio & 

Geothermal 
Wind Solar 

2025 3,465  11,961  37,778  930  169,417  105,688  386  28,969  

2030 2,347  10,272  43,089  1,601  217,998  56,268  1,657  114,011  

2035 1,464  9,032  42,345  3,454  270,545  63,427  5,122  452,649  

2040 987  9,309  38,396  5,483  333,285  70,904  9,765  1,314,964  

 

Table A15: Projection results for accident damages by region by IEA sustainable 

development scenario, 2025-2040 (unit: 2018 million US$) 

 

 North 

America 

South 

America 
Europe Africa 

Middle 

East 

Asia 

Pacific 
World 

2025 22,997  14,223  23,872  45,016  13,625  325,915  445,648  

2030 25,063  17,160  28,714  18,518  18,991  567,435  675,882  

2035 27,918  21,230  34,805  22,138  41,821  924,571  1,072,484  

2040 30,991  25,907  38,282  27,527  73,936  1,272,470  1,469,113  

 

Table A16: Projection results for accident damages by energy system by IEA sustainable 

development scenario, 2025-2040 (unit: 2018 million US$) 
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 Coal Oil Gas Nuclear Hydro 
Bio & 

Geothermal 
Wind Solar 

2025 3,258  21,684  9,328  255,867  8,146  113,709  29,964  3,690  

2030 2,234  19,593  11,080  450,196  11,255  84,793  85,062  11,668  

2035 1,396  16,470  11,820  711,553  14,502  105,990  183,072  27,681  

2040 931  14,349  11,592  929,607  17,918  128,520  312,616  53,581  
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