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Abstract: With the uncertainty concerning the future use of natural resources due to depletion and
lack of access caused by the pandemic and recent political events that led to increased prices, nuclear
energy may become an alternative efficient energy. NPPs raise serious concerns, including waste
management, and any case of an NPP accident has the potential to disrupt the positive impact
of energy production in terms of circular economies. Our research analyzed the impact of nuclear
incidents as examples of disasters worldwide to decide whether any of the different forms of insurance
coverage could be useful in future events. By using 2533 historical records of incidents from 1901
to June 2022, we set out to find the best predictor of damage causes and further observe whether
the validation of current forms of insurance may be possible. The disaster subtype and declaration
represent the best predictor of the total damage value (adjusted or not) for all types of disasters,
including nuclear. The results are important inputs for underwriters working in insurance, including
in radioactive waste management, which must consider historical data in order to tailor future
contracts, adjusting the cost and coverage to the type of disaster. Our results highlight that with an
increase of only one event involving a nuclear source, the total adjusted damages will increase by
USD 1,821,087.09 thousand, representing 75% of the damage costs of the rest of the disaster subtypes.
The results are useful for public entities to evaluate nuclear energy as a new solution and can help
further adapt existing policies to include better responses for waste prevention, reuse and recycling.

Keywords: nuclear energy; green energy; cost assessment; resources; insurance; liability; statistical
methods; disasters; historical data; economic modeling

1. Introduction

Among several alternative energy sources (such as solar, wind, wave or geothermal
energy) currently being analyzed and implemented in different countries, nuclear energy
is seen as the quickest and most efficient solution for national energy independence and
carbon footprint reduction, according to governments. The increased electric energy de-
mand after the introduction of the greenhouse emission limitations, mainly CO2, has caused
currently increasing interest in nuclear power station construction [1]. Nuclear energy is
not without controversies if we refer to European or Asian countries [2] that refused to
develop such energy projects in their countries, but in 2019, nuclear power plants (NPPs)
supplied 2657 TWh of electricity, about 10% of the world’s total consumption [3]. On the
other hand, the impressive quantities of energy created by a limited number of locations
and the advantage of compatibility with national electricity grids are two of the most im-
portant competitive advantages of nuclear projects. Nevertheless, nuclear energy generates
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significant apprehension among security experts, environment protectors and even large
parts of the population. Because of the heavy media coverage of nuclear exposure or the
malfunction of nuclear plants, each time an incident occurred, concerns were raised, and,
hence, governments imposed rules for identifying and implementing risk management
solutions that would take care of the financial losses generated by those incidents. As a result,
compensation and provision schemes [4,5] for nuclear damages were developed around the
world, in the form of either a public-funded solution or an insurance transfer solution. From
an insurance point of view, when it comes to nuclear safety, the focus of the insured should
be on preventive actions, meaning a reduction in the frequency of nuclear plant incidents [6],
or reduction measures, such as the reduction in the financial losses incurred after the event.

In an era where electricity represents the core of all human activity and life, it is
impossible to evaluate how we would manage a lack of energy or its restriction—or it was
unthinkable before the political risk scenario in the southeastern part of Europe became
a reality.

There are several factors that affect the production of the world’s energy. The retail
market is still a significant but inefficient energy consumer. The infrastructure of the energy
sector has reached its maximum functional limit, which is causing supplementary expenses
for networks to operate at the minimum required level of security. The European objective
of an Energy Union based on low oil and gas prices [7] was delayed by the pandemic
period and, recently, by the war in Ukraine. Searching for alternatives in Central Asia,
building a Mediterranean corridor or importing liquefied natural gas from the US would
seem to be alternatives to be implemented as soon as possible to cope with the current
situation. Measures for harmonizing the transfer of electricity across national systems of
transportation are already in place—an improvement that had been desired for some time.
There is still a need for the evolution of national grids and new storage facilities so that
the market integration of the renewable energy market is possible. This is also due to the
fact that the number of producers will surely increase, and consumers will also demand
the possibility to contribute to the grid with their own production capacity. All around
the world, small steps are taken in terms of transparency toward the end user concerning
the structure of energy prices, the regulation of tariffs, the competitiveness of electricity
providers and renewable support schemes.

Nuclear energy is used or planned to be used in 40 countries globally, yet the con-
tribution of nuclear energy to sustainable development remains an area of contention [8].
Campaigns against the use of nuclear energy are frequent due to public misapprehen-
sions [8–10]. The Fukushima effect [11,12] is still dividing economies around the world:
on the one hand, the USA, Canada, China and France are still supporters of this type of
energy, at least for the period until renewable energy sources have a higher weight in the
world energy market; on the other hand, Germany and Switzerland have taken a phase-out
approach [13,14]. Major disasters in NPPs (Three Mile Island in Pennsylvania in 1979 and
Chernobyl in 1986) have influenced the development of nuclear power engineering not
only in the aforementioned countries but also in most other countries availing of such
technologies [1]. Nevertheless, cautionary measures are taken in the development of new
NPPs and the enforcement of security measures for existing plants [15,16]. In countries with
nuclear power, radioactive waste constitutes a very small proportion of the total industrial
hazardous waste generated [3]. Radioactive waste management is a demanding problem
that is raising tensions and misunderstanding among the general public, experts, and policy
makers in a number of countries [9,12]. The aim of this research is to economically analyze
the costs of nuclear incidents/accidents compared to the large range of general incidents
over the last century based on historical [2,11,17] data to highlight the different forms of
insurance coverage that could be useful in future events. For analysis purposes, we used
2533 registrations of incidents that occurred between 1901 and June 2022 collected from the
EM-DAT CRED [18] database and subjected the data to complex statistical methods [19] to
identify the best predictor of damage causes.

Despite the limited data concerning nuclear events, our main objectives are:
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• To validate whether there is a direct relationship between the value of losses caused
by nuclear events, the insured amount and the incident location;

• To observe whether there is a connection between the value of losses and the maximum
limits of coverage established in the US vs. the international market.

In recent years, in any database, the split between direct and indirect losses and
between nuclear plant and third-party liability has been thoroughly analyzed for the
Fukushima incident and only estimated for previous incidents [11,12]. Catastrophic risk
modeling has been an integral part of the insurance industry over the last decade, given
the occurrence of a growing number of catastrophic events worldwide [17]. The systematic
management of plant risk is crucial for enhancing the safety of NPPs [20].

All these details justify and represent the main reason (and one of the practical contri-
butions and novelties of this paper) that financial losses (property losses) were analyzed
together with other losses (number of injuries and number of deaths) so that an empirical
evaluation of coverage for property versus third-party liability losses would be possible,
even though there are no explicit amounts paid distinctly for these two types of losses. Both
the theoretical and practical contributions of the paper are based on a complex research
framework addressing the relationship between nuclear energy and the associated risks
from three important perspectives: (1) the risk in terms of the cost of damages from nuclear
incidents in the worldwide context of disasters; (2) risks in terms of human and social
costs, as well as short-term post-event risks and long-term post-nuclear-incident risks [21],
(3) risks in terms of radioactive waste management (RAWM) and population health effects
of nuclear incidents.

2. Literature Review
2.1. Theoretical Background of Nuclear Incidents, Nuclear Energy and Radioactive Waste
Management (RAWM)

Energy supply and consumption play vital roles in the transition toward a sustainable
society [8]. During the last several years, important questions have emerged related to the
increased use of nuclear energy worldwide and to the need to store high-level radioactive
waste [22,23] from nuclear energy plants [24]. Nuclear power can replace fossil fuels and
will have a decisive impact on the approach to conventional energy [25]—the new trend in
energy decisions—and is regarded as a green investment [26].

The relationship between energy consumption and economic growth using different
models has been analyzed by several authors [27–29], who concluded a converging trend
in the short run for the industrial sector and a lack of a clear causal relationship in the
countries analyzed; all the papers stressed the need for caution in the evaluation of national
energy sector policies [27,28]. Sovacol [29] analyzed the link between NPPs and renewable
electricity technologies according to six criteria: cost; fuel availability; land degradation;
water use; climate change; and safety/security [29]. Nuclear energy has a large potential
impact on carbon abatement costs [30].

For decades, European countries were considered dependent on gas imports, under-
lining the obligation to invest more in the EU energy sector [7]. The latest developments
show that stringent action is still needed. Nuclear energy has distinctive merits [31], such
as sustainable resources, low costs and no greenhouse gases. The rapid rise in nuclear
energy use outside the EU (China, India, etc.) also means that the EU needs to maintain its
global leadership and excellence in the technology and safety domains [32]. Even though the
academic community and businesses have worried about the importance of the renewable
energy sector since the 1990s [29], only recent projects were prioritized on the level of the
international energy market; in this regard, European companies have taken the leading
position in the terms of international patented ideas [7]. The international literature includes
studies on the perceived risk and perceived costs concerning RAWM among the popula-
tion [1,26] but lacked an analysis of the disaster risk associated with NPPs. In Russia, trust in
nuclear energy is, on the contrary, very high, with two-thirds of the population supporting
its continued development [33].
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According to the World Nuclear Association (WNA), nuclear power is the only large-
scale energy-producing technology that takes full responsibility for all its waste and fully
accounts for these costs in the product [3].

There are several papers showing that, from the safety perspective, the substitution of
nuclear power plants with wind generation results in a small decrease in the overall core
damage frequency in the given system [34].

At the same time, the clean transport of energy, waste management, radiophobia and
the safety of nuclear energy [31] represent the main points in the energy strategies of Europe
and the US [7,35]. Often, studies modeled the cost of nuclear waste management very simply
or neglected it entirely [30]. The investigation of waste management methods is limited to
European countries [25], especially for RWM. The production level of nuclear energy has
increased over the years, having a positive impact on the reduction in CO2 emissions but
also bringing about challenges in nuclear waste management and the exposure associated
with radioactive leaks/accidents [36]. Radwaste management in present practices for coastal
NPPs has very low local and global impacts on health and the environment [37].

The main concern regarding nuclear incidents is radioactive waste, especially the
radiological properties of the waste [38]. The safe disposal of radioactive nuclear waste is
currently an urgent and challenging issue [23]. Many countries, including the United States,
Sweden, Switzerland, Finland, Germany, Canada, Belgium, France and Japan, have initiated
radioactive waste management programs [23]. According to the International Atomic Energy
Agency (IAEA), nuclear waste must be processed to ensure that it is safe for disposal [38],
and this implies another important cost (especially for the treatment processes necessary
to reduce the volume of radioactive waste) and also the problem of insurance coverage
provided by compensation schemes worldwide. Used nuclear fuel may be treated as a
resource or simply as waste [3], but there are opinions regarding the economic advantages
of building NPPs, and there are only real concerns regarding high-level radioactive waste
(HLW) [3].

Even though the number of incidents is significantly limited as compared with other
industries that generate massive losses from accidents, the public is still reluctant to adopt
nuclear energy [8,9,26], remembering the Chernobyl accident in 1986 [39] or the Fukushima
incident in 2011 [11,12]. Certain economies are considering whether the efficiency and
profitability of nuclear energy outweigh the negative impact and losses [13] generated by
the two largest events, Chernobyl and Fukushima (March 2011): the cost of the two events
is equal to nearly five times that of the other 173 events [19]. Society approval represents a
critical and decisive stage in the process of radioactive waste management [26]. Additionally,
Barron and Hill [30] show the importance of using discount rates that may underestimate
the cost of nuclear waste management and therefore overestimate the value of nuclear
energy as a low-carbon energy technology [30]. There are authors recommending integrated
nuclear waste management for eventual accident waste. Risk, waste management and social
issues of sustainability were mentioned relatively less frequently than the environmental,
governance and economic aspects of sustainability [8].

2.2. Compensation Schemes and Provisions for Nuclear Incidents and Radioactive Waste

According to the international literature, the estimates of nuclear power plant safety
are usually based on probabilistic safety analyses [40–43] or probabilistic risk assessment
(PRA) [44,45] by comparing the accident risks of present and future nuclear power plants
with accident risks due to other energy sources [40–43]. It was estimated that the NPPs
in Eastern Europe dominate the estimated risk pattern and contribute at least 40–50% to
the average risk in Western Europe. Recently, for the estimation of NPPs, safety specialists
used a new method for Multi-Hazards Risk Aggregation (MHRA) [46], spatial analysis [47]
or the system dynamics method [48] or applied a risk matrix with the AHP method [49].

The risk assessment of NPPs usually consists of constructing a set of scenarios of
the occurrence and development of possible accidents, followed by an evaluation of the
frequency and severity of the consequences of each one [45,47,50]. A group of authors [20]
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developed the Accident Sequence Precursor methodology, which may systematically con-
tribute to identifying plant risk significance as well as to enhancing the safety of nuclear
power plants.

As a means to cope with massive losses, compensation schemes for nuclear damage
were developed in the 1960s based on a set of principles that allowed a combined payment
from the nuclear plant owner and public funds (especially for indirect effects on the popula-
tion) [1,51]. There are mainly two systems of compensation at the international level—the
American and the international approach: the main difference resides in the liability limit on
the coverage of losses. The initial Price–Anderson Act applied a 1:10 two-tier compensation
system (one-tenth covered by the nuclear plant, and the state would cover almost 10 times
more from public funds). Over the years, revisions led to a new financing scheme, where
both tiers are financed by all licensed American nuclear operators. The last revision of the
Price–Anderson Act was approved in 2005 as part of the Energy Policy Act of 2005, and
amendments were expected in 2022 after Congress approval; however, the compensation
coverage of the Act was extended until the end of 2025. Since 2008, the US system must also
comply with the rules of the International Atomic Energy Agency—meaning that nuclear
operators must participate in risk-pooling programs to cover the costs of US incidents.
Trebilcock and Winter, in 1997, sternly criticized the approaches to the coverage and liability
of nuclear incidents, as the conventions for compensating victims of nuclear incidents were
obsolete, and the frequency of updates was too small [52].

There are several differences between the two types of compensation regimes; for
instance, the American system offers better compensation because the total loss amounts are
raised based on retrospective premiums. According to the international regime, the nuclear
operator is held exclusively liable for suffered losses. The American regime excludes public
financing, whereas the international approach is to increase public funding, a decision
taken after the major incidents in Ukraine and, later, in Japan. A pooling of all nuclear
operators was proposed several times in the US as a complementary solution to classic
nuclear insurance pools [53]: this solution would offer the possibility of coverage up to tens
of billions of USD or Special Drawing Rights (SDR) (for example, in the US, the liability
limit of the operator is USD 13.4 billion) [54]. In some countries, the liability of the operator
is not limited per se (such as Austria, Cuba, Estonia, Finland, Germany and Japan) for
damages suffered within the country. Those countries established a limit of liability of
SDR 125 million [54] based on the provisions of the international conventions active in the
member states, as can be seen in Table 1. Such liability conventions include the Brussels
Convention Supplementary (BSC) in 1963, the Paris Convention in 1960 and the Convention
on Supplementary Compensation for Nuclear Damage in 1997 (CSC), which are sets of
rules providing a pre-determined formula for the liability limit. Regarding the safety of
NPPs, the IAEA organized the Convention on Nuclear Safety (CNS) in 1994 with the main
aim to commit contracting parties to maintain a high level of safety [38,55].

Table 1. Overview of nuclear liability conventions.

Approach Convention

International Atomic
Energy Agency

Vienna Convention on Civil Liability for Nuclear Damage, 1997
Joint Protocol Relating to the Application of the Vienna Convention and the
Paris Convention, 1988
Convention on Nuclear Safety (CNS), 1994
Convention on Supplementary Compensation for Nuclear Damage, 1997

Nuclear Energy Agency Paris Convention on Third Party Liability in the Field of Nuclear Energy
(Source: authors’ work based on [3,38,51,55]).

The question of the economic assessment of nuclear incidents [56] is important in
order to understand which liability convention provides better tailored coverage for nuclear
operators, as the social costs of a nuclear incident can rise to unimaginable levels, and
existing limits in the insurance industry can decrease the efficiency of this risk management
technique. The efficiency of insurance coverage is also undermined by political risks,
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such as terrorist attacks after September 11 [51] and the Russian war in Ukraine, as the
probability of available compensation sources is increasing. In the long run, nuclear energy
may become effective from a liability point of view if social costs are fully covered by
nuclear operators (as internal costs) in the case of an incident.

The concept of compensation, mentioned by the international conventions, comprises
different types of liability: (1) strict liability (the victim of a nuclear incident does not have to
prove a fault committed by the operator) of the nuclear operator; (2) exclusive liability (the
operator is the only party that can be sued in case of a liability claim); (3) compulsory insur-
ance, (4) jurisdiction of court. The traditional conventions stipulate a prescription period of
10 years from the date of the incident, unless the insurance contract provides otherwise.

2.2.1. The American Scheme of Compensation

The American approach to nuclear claims (based on the Price–Anderson Act) divides
the loss coverage between the private operator and the government program if an Ex-
traordinary Nuclear Occurrence is established by the Nuclear Regulatory Commission. In
such an instance, the strict liability of the operator is decided, without the possibility of
exercising tort law, except for the cases of wars, terrorist attacks and workers’ compensation
claims. Public funding implies the contribution of all American nuclear operators that are
licensed by the Nuclear Commission, which can amount to USD 300 million.

In terms of costs, the American regime of compensation expresses the importance of on-
site cleanup rather the third-party liability coverage of the nuclear operator. The insurance
coverage must first be used for the decontamination of the nuclear site and for the stabiliza-
tion of the reactor, as waste management must be taken into consideration by the cleaning
crew. For these types of operations, the Commission establishes a minimum insurance
amount of USD 1.06 billion/reactor station site [51]—known as the “property rule”.

Traditional insurance companies do not offer coverage for damage caused by a nuclear
accident, even though the exposure caused by the civil use of nuclear energy is regarded
as high-cost and low-frequency. Therefore, the only solution for this case is the nuclear
insurance pool, which increases the underwriting capacity of small and medium insurance
companies up to the sum of all contributions of the pool’s members. One main advantage
of such pools is that reinsurance companies can provide financial support, which in turn
increases the appetite of insurers to cover a much larger part of the nuclear risk. Most
nuclear pools operate in national markets; slightly more than 30 nuclear entities are known
at the international level (they include around 300 insurance companies) to cover third-party
liability and damage to the nuclear plant itself.

Any licensed nuclear operator must prove the existence of a minimum liability insur-
ance policy upon opening the plant. In the USA, the policy is not an insurance contract
per se, but a contractual bond by which the nuclear operator will be obliged to pay the
retrospective premiums in case of a nuclear incident. If the operator fails to pay the premi-
ums, the national pool must offer coverage, which will later be recovered from the nuclear
operator (the sum corresponding to the third-party liability). The property insurance cover-
age is accessible by a mutual insurance company, as an alternative to nuclear pools, with a
maximum limit of USD 2.75 billion.

2.2.2. The European Scheme of Compensation

In Europe, there is no distinction between third-party liability and property protection,
as the coverage is not set up to a certain limit. European nuclear operators created a mutual
insurance company that offers coverage for property damage and business interruption,
not only related to nuclear plants. The European Mutual Association for Nuclear Insurance
(EMANI) is a mutual insurance association that covers more than 100 nuclear sites for its
member states (including the US), with the purpose of reducing insurance premiums for
the members. The coverage offered by EMANI is different from the protection offered by
nuclear pools, as it does not cover third-party liability losses; the levels of compensation are,
nevertheless, lower than in the case of the US [51]. In order to get coverage for third-party
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liability losses, European Liability Insurance for the Nuclear Industry (ELINI) was created
in 2002 for cases of terrorism with a 30-year prescription period. According to data for 2021,
ELINI covered losses of up to EUR 264,830,835 for one single member, a significant increase
in the maximum capacity if compared to EUR 10,485 million in 2006 [51,57]. Taking into
consideration the diversification of the coverage of losses caused by nuclear incidents at
the international level, as seen above, the two international schemes for compensation
and the provisions for radioactive waste, we undertook to test the following hypotheses
(established intuitively due the lack of research results in the field):

H1: There are significant differences between locations in terms of the disaster category/subtype and
damage level.

H2: The damage levels and human losses from radiation/nuclear accidents are significant in the
total damages registered worldwide.

H3: There are differences between the US and the rest of the world in terms of damage levels.

H4: The disaster subtype is one of the best predictors of damage levels.

For the validation of the above-mentioned research hypotheses, we applied inferential
statistical methods [19], regression models and other quantitative methods, detailed in the
following section. The research objectives were established based on the availability of
insurance coverage for losses generated by different disasters, including nuclear events.

3. Materials and Methods

The set of data originates from the EM-DAT database [18], which consists of over
22,000 important disasters in the world starting from 1900 until today. The Emergency
Events Database (EM-DAT) was created in 1988 with the initial support of the World Health
Organization and the Belgian Government and centralizes data from different sources, such as
non-governmental organizations, research institutes, UN agencies and the insurance industry.
The declared objective of EM-DAT is to enable decision making for disaster preparedness, as
well as provide an objective basis for vulnerability assessment and priority setting.

The variables used in this research are from available historical data [2,11,17], with a
total of 2533 records extracted from the EM-DAT CRED database (The International Disaster
Database—Center for Research of Epidemiology of Disaster, UC Louvain, Belgium) [18]
for the period from 1901 to June 2022 for both disaster groups and disaster subgroups,
Technological and Complex Disasters:

• Categorical variables:

# Disaster group and disaster subgroup with the same categories and code: (1)
Technological and (2) Complex Disasters;

# Disaster type: (1) Industrial accident, (2) Complex Disasters and (3) Miscella-
neous accident;

# Disaster subtype: (1) Collapse, (2) Explosion, (3) Famine, (4) Fire, (5) Poisoning,
(6) Radiation and (7) Other;

# Other categorical variables: event name, country, region, continent (the vari-
ables received the following codes in SPSS: 1—Europe; 2—Africa; 3—Americas;
4—Asia; 5—Oceania), appeal (code 1 for yes; code 0 for no), declaration (code 1
for yes; code 0 for no), the US/rest of the world/continents (the variables re-
ceived the following codes in SPSS: 1 for the US and 2 for the rest of the world).

• Continuous variables: Total number of deaths, number of injured persons, number
of affected persons, number of homeless persons, total number of affected persons,
total damages (000 USD), total adjusted damages (‘000 USD) and CPI (Consumer
Price Index).

In order to describe the data, we used descriptive statistics: for continuous variables,
absolute and relative frequencies were used, and for categorical variables, the mean ±
standard deviation (minimum-maximum) was used (Table 2).
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Table 2. Descriptive statistics of the research data according to disaster subtype.

Disaster
Subtype
Variables

Collapse Explosion Famine Fire Poisoning Radiation Other

Total number of
deaths

50.62 ± 113.278
(1–1335)

46.5 ± 122.743
(1–2700) 610,000 ± 0 61.74 ± 216.8

(1–3800)
71.56 ± 100.538

(1–459)
14.33 ± 12.226

(1–31)
56.97 ± 185.791

(1–2236)

Number of
injured persons

75.9 ± 126.952
(1–922)

114.55 ± 400.862
(1–6000) - 66.24 ± 168.849

(1–2350)

1183.52 ±
3330.27

(3–20,000)

326.33 ± 365.659
(29–935)

212.89 ± 433.542
(1–3000)

Number of
affected persons

12,024.39 ±
31,927.709
(1–150,000)

3859.23 ±
10,505.776
(1–90,000)

2,169,125 ±
2,679,863.613

(3000–8,000,000)

4573.82 ±
8788.39

(2–55,000)

37,130 ±
136,864.901

(100–550,000)

148,448.6 ±
164,384.553

(243–400,000)

49,680.0 3±
178,638.005
(1–990,000)

Number of
homeless
persons

1811.73 ±
2337.276
(33–8000)

21,000.19 ±
67,286.046
(1–300,000)

-
4684.41 ±

7423.07
(36–50,000)

- 320,000 ± 0
18,150 ±

25,243.712
(300–36,000)

Total number of
affected persons

1697.04 ±
12,018.252
(1–150,000)

1722.66 ±
15,720.201
(1–306,000)

2,169,125 ±
2,679,863.613

(3000–8,000,000)

2419.52 ±
6386.777

(1–55,563)

10,631.51 ±
70,322.038
(3–550,000)

133,025.13 ±
160,464.692
(49–400,935)

9354.84 ±
77,683.436
(1–990,000)

Total damages
(‘000 USD)

47,300.0 ±
74,753.542

(1000–199,000)

85,5016.13 ±
3,553,558.690
(4–20,000,000)

-
25,870.74 ±
154,531.785

(20–1,750,000)
- 2,800,000 ± 0

4,982,203.5 ±
7,040,242.906

(4000–9,960,407)

Total adjusted
damages (‘000

USD)

88,134.83 ±
131,051.696

(15,064–353,864)

1,081,114.17 ±
4,180,843.241
(8–24,853,277)

-
52,490.54 ±
217,720.45

(156–1,792,034)
- 6,922,056 ± 0

7,511,286 ±
10,597,272.151

(17,883–
15,004,689)

In order to ensure a better granularity of the results, the database was split according
to the location, disaster type and disaster subtype, and the indicators of descriptive statistics
were calculated according to these sub-samples, too.

The first hypothesis of the research (H1 = There are significant differences between
locations in terms of the disaster category/subtype and the damage level) was tested
using inferential statistics. In order to test whether there are statistically significance differ-
ences according to the location of the event/disaster and the disaster type/subtype, we
applied the chi-square bivariate test and One-way ANOVA in combination with descriptive
statistics and box plots.

To verify the second research hypothesis (H2 = The damage levels and human losses
from radiation/nuclear accidents are significant in the total damages registered world-
wide), we performed a structural analysis by using relative frequencies and graphical
representations with bar charts and pie charts, as well as descriptive statistics together with
One-way ANOVA.

The third research hypothesis (H3 = There are differences between the US and the rest
of the world in terms of damage levels) was also verified by using inferential statistics to test
whether there are statistically significant differences according to the location (continent) of
the disaster based disaster level indicators. We applied One-way ANOVA, Student’s t-test
and the chi-square bivariate test together with descriptive statistics.

To validate the fourth research hypothesis (H4 = The disaster subtype is one of the
best predictors of damage levels) and to determine the causal relationship between total
damages (‘000 USD), total adjusted damages (‘000 USD), the total number of affected
persons, number of homeless persons, disaster group, disaster type, disaster subtype,
continent, appeal and declaration, we applied a multilinear regression model with the
Enter method and a collinearity diagnosis using total damages (‘000 USD) (Model 1) and
total adjusted damages (‘000 USD) (Model 2) as dependent variables and all of the other
continuous variables as independent variables of the models. We developed a specific
model for nuclear incidents (Model 3) similar to Model 1 and Model 2 with the same
independent variables and total adjusted damages (‘000 USD) as the dependent variable.

We centralized the descriptive statistical indicators for the continuous variables, as
presented in Table 2, according to the disaster subtype, and the results are presented as the
mean ± standard deviation (minimum-maximum).
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An evolution of the total number of disasters in terms of frequency is represented in
Figure 1, showing the frequencies of the total number of disasters between 1900 and June
2022, while in Figure 2, we detail the distribution of all disaster subtypes per location.

Figure 1. The number of disasters (all types) for analyzed period of 1900–June 2022 (source: authors’
work based on EM-DAT CRED database [18]).

For graphical representations of data/results, the SPSS 23.0 software (licensed) and
Microsoft Excel were used, and a threshold of p-value < 0.05 was considered statistically
significant. All these results are presented in detail in the next section.

Figure 2. Distribution of disaster type according to the continent.

4. Results

For the validation of the first research hypothesis (H1 = There are significant differences
between locations in terms of the disaster category/subtype and damage level), we started
with the results of descriptive statistics from Table 2, and we observed that nuclear incidents
(radiation) represent the main category of disaster in terms of total adjusted damages (‘000
USD). The distributions of the disaster type and disaster subtype according to the location
are presented in Figures 2 and 3.
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Figure 3. Distribution of disaster subtype according to the continent.

Further, we applied complex statistical methods to test whether there are statistically
significant differences between locations of events in terms of the disaster level. The results
of the chi-square bivariate test (p-value < 0.05) presented in Table 3 indicate that there are
statistically significant differences among locations of events. Practically, Asia remains the
continent with the biggest number of all types of disasters, 1420 of the total number of 2533
(56.06%), with 643 industrial accidents and 771 miscellaneous accidents. From the total
number of nine nuclear accidents, four events were located in Asia, three were in Europe
and two were registered in the Americas (radiation).

Table 3. The results of chi-square bivariate test.

Value df Asymptotic Significance
(2-Sided)

H0 = There are statistically significant differences according to the location (continent) of the event
in terms of the disaster subtype

Pearson chi-square 94.922 24 0.000
Likelihood Ratio 94.335 24 0.000
Linear-by-Linear Association 0.237 1 0.626
N of Valid Cases 2526

H0 = There are statistically significant differences according to the location (continent) of the event
in terms of the disaster type

Pearson chi-square 87.171 8 0.000
Likelihood Ratio 89.525 8 0.000
Linear-by-Linear Association 28.605 1 0.000
N of Valid Cases 2533

(Source: authors’ calculations).

Figure 4 presents a visualization of the differences between the mean values of the
total number of affected persons according to the location of the disaster. In terms of the
number of affected persons, radiation surpasses the other disaster subtypes—collapse,
explosion, poisoning and others—being exceeded only by famine on two continents, Africa
and Asia.
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Figure 4. Box plots of total number of affected persons according to the disaster subtype and the
continent where the disaster occurs. (Note: * = extremely cases).

Moreover, we intended to test whether there are statistically significant differences
between the mean values of disaster indicators for different locations of disasters. The
results of the One-way ANOVA test indicated that there were no statistically significant
differences in disaster indicators according to the continent where the event occurs (Table 4),
except for the disaster subtype (p = 0.053). These results confirm the second research
hypothesis regarding the position and the impact of nuclear events on worldwide damages.

The results for the validation of the second research hypothesis (H2 = The damage
levels and human losses from radiation/nuclear accidents are significant in the total
damages registered worldwide) can be seen in Figure 5. We used the logarithmic scale for
the values in order to ensure a uniform comparison of the data. It can be noticed that, even
for a limited number of nine nuclear incidents, the economic and social impacts are similar
in value to those of the rest of the disasters, especially for the number of affected persons,
number of homeless persons, total affected persons, total damages (‘000 USD) and total
adjusted damages (‘000 USD). Detailed impacts are presented in Figures 6 and 7.

Concerning the specific disaster subtype radiation, the descriptive statistics indicate a
total of nine incidents between 1957 and 2006 as follows: 1 in Brazil (1987), 1 in the USA
(1979), 2 in China (2005 and 2006), 2 in Japan (1991 and 1999) and 3 in the Soviet Union
(1957, 1985 and 1986).
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Table 4. The results of One-way ANOVA test for groups by location of the event.

Sum of Squares df Mean Square F Sig.

Total number of deaths
Between Groups 64,520,692,859.568 4 16,130,173,214.892 1.397 0.232
Within Groups 25,292,708,274,910.445 2191 11,543,910,668.604
Total 25,357,228,967,770.010 2195

Number of injured persons
Between Groups 1,391,283.163 4 347,820.791 0.643 0.632
Within Groups 681,789,186.787 1261 540,673.423
Total 683,180,469.949 1265

Number of affected persons
Between Groups 267,296,880,706.215 4 66,824,220,176.554 0.261 0.903
Within Groups 90,459,855,513,103.970 353 256,260,213,918.142
Total 90,727,152,393,810.190 357

Number of homeless persons
Between Groups 5,217,023,649.136 4 1,304,255,912.284 0.945 0.440
Within Groups 220,842,650,144.501 160 1,380,266,563.403
Total 226,059,673,793.636 164

Total number of affected persons
Between Groups 58,677,897,866.174 4 14,669,474,466.544 0.256 0.906
Within Groups 92,153,679,626,400.160 1608 57,309,502,255.224
Total 92,212,357,524,266.330 1612

Total damages (‘000 USD)
Between Groups 9,612,988,355,616.158 4 2,403,247,088,904.040 0.634 0.639
Within Groups 712,194,202,776,898.000 188 3,788,267,036,047.330
Total 721,807,191,132,514.100 192

Total adjusted damages (‘000 USD)
Between Groups 25,120,556,308,314.010 4 6,280,139,077,078.503 1.070 0.373
Within Groups 1,097,873,302,445,750.200 187 5,870,980,226,982.622
Total 1,122,993,858,754,064.200 191

Disaster Subtype Between Groups 33.516 4 8.379 2.337 0.053
Within Groups 9039.609 2521 3.586
Total 9073.125 2525

(Source: authors’ calculations).

Figures 6 and 7 illustrate the weight of nuclear incidents in the total number of
incidents. The two pie charts support the aim of the paper and research hypothesis H2: The
damage levels and human losses from radiation/nuclear accidents are significant in the
total damages registered worldwide according to the subtype of the disaster.

Nuclear incidents (radiation) represent only 0.36% of the total number of disasters
in the analyzed period (Figure 6), but the impact (in terms of persons affected and total
damages) is important, as can be seen in Figure 7. The annual impact of nuclear incidents
was consistent: 61.25% for the number of homeless persons, 58.93% for total affected,
99.6% for total damages and the same percent for total adjusted damages. So, if we
extrapolate and multiply by the total number of nuclear incidents, the impact becomes
more important and justifies the present analysis. Additionally, we examined whether there
are differences among subtypes of disasters (radiation/nuclear and all the other subtypes),
and we statistically tested all visible differences from Figure 5 using One-way ANOVA
(the results are summarized in Table 5). The results confirmed that there were differences
between disaster subtypes (including radiation) for all disaster levels with p-value = 0.000.
Practically, these results confirm the observable differences in Figures 4 and 5.

For the third research hypothesis (H3 = There are differences between the US and
the rest of the world in terms of damage levels), we used inferential statistics (One-way
ANOVA, Student’s t-test and the chi-square bivariate test) to determine whether there are
statistically significant differences between the US and the rest of the world in terms of
disaster level indicators from the analysis. Because of the methodological differences in
loss compensation in the US compared with the rest of the world, we split the database
according to these dichotomic variables and applied the independent Student’s t-test to
analyze whether there are significant differences between mean values of the disaster
economic indicators for the two regions (US/rest of the world). The results are presented in
Table 6 and indicate statistically significant differences (p-value < 0.05) between the US and
the rest of the world only for (p-value < 0.05) total damages (‘000 USD) and total adjusted
damages (‘000 USD).
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Figure 5. Comparative structure according to disaster subtype for period of 1900–June 2022 (source:
authors’ work based on EM-DAT CRED database [18]).

Figure 6. Structure of number of events according to disaster subtype (source: authors’ work based
on EM-DAT CRED database [18]).

Figure 7. Structure of total adjusted damages according to disaster subtype (source: authors’ work
based on EM-DAT CRED database [18]).
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Table 5. The results of One-way ANOVA test for grouping by disaster subtype.

Sum of Squares df Mean Square F Sig.

Total number of deaths
Between Groups 371,865,783,749.186 6 61,977,630,624.864 2,390,447.019 0.000
Within Groups 56,702,816.284 2187 25,927.214
Total 371,922,486,565.470 2193

Number of injured persons
Between Groups 54,039,659.467 5 10,807,931.893 21.645 0.000
Within Groups 629,140,810.483 1260 499,318.104
Total 683,180,469.949 1265

Number of affected persons
Between Groups 36,502,729,848,564.040 6 6,083,788,308,094.007 40.544 0.000
Within Groups 51,919,211,603,237.200 346 150,055,524,864.847
Total 88,421,941,451,801.250 352

Number of homeless persons
Between Groups 103,525,844,301.224 4 25,881,461,075.306 33.795 0.000
Within Groups 122,533,829,492.412 160 765,836,434.328
Total 226,059,673,793.636 164

Total number of affected persons
Between Groups 37,463,494,982,074.470 6 6,243,915,830,345.745 191.389 0.000
Within Groups 52,231,439,169,125.360 1601 32,624,259,318.629
Total 89,694,934,151,199.830 1607

Total damages (‘000 USD)
Between Groups 75,484,790,639,018.160 4 18,871,197,659,754.540 5.489 0.000
Within Groups 646,322,400,493,496.000 188 3,437,885,109,007.958
Total 721,807,191,132,514.100 192

Total adjusted damages (‘000 USD)
Between Groups 182,719,755,237,918.880 4 45,679,938,809,479.720 9.085 0.000
Within Groups 940,274,103,516,145.200 187 5,028,203,762,118.424
Total 1,122,993,858,754,064.100 191

Table 6. The results of Student’s t-test group comparison between US and rest of the world.

Levene’s Test for
Equality of Variances t-Test for Equality of Means

F Sig. t df
Sig.

(2-Tailed)
Mean

Difference
Std. Error
Difference

95% Confidence Interval
of the Difference

Lower Upper

Total number of deaths
EVA 0.840 0.360 −0.460 2194 0.645 −2974.573 6460.248 −15,643.416 9694.269

EVNA −1.105 1870.057 0.269 −2974.573 2692.002 −8254.218 2305.072

Number of
injured persons

EVA 0.176 0.675 0.125 1264 0.901 7.172 57.604 −105.839 120.183
EVNA 0.197 530.557 0.844 7.172 36.458 −64.448 78.792

Number of
affected persons

EVA 0.543 0.462 −0.359 356 0.720 −26,013.398 72,398.872 −168,396.639 116,369.842
EVNA −0.683 301.904 0.495 −26,013.398 38,106.698 −101,001.769 48,974.973

Number of
homeless persons

EVA 2.311 0.130 −1.060 163 0.291 −8683.085 8195.097 −24,865.325 7499.155
EVNA −2.525 150.228 0.013 −8683.085 3439.305 −15,478.743 −1887.427

Total number of
affected persons

EVA 0.367 0.545 −0.316 1611 0.752 −5318.074 16,825.467 −38,320.178 27,684.029
EVNA −0.608 1136.352 0.544 −5318.074 8753.260 −22,492.441 11,856.292

Total damages (‘000 USD) EVA 3.927 0.049 1.155 191 0.249 401,166.992 347,270.595 −283,811.056 1,086,145.041
EVNA 0.764 42.132 0.449 401,166.992 525,052.360 −658,333.073 1,460,667.057

Total adjusted damages
(‘000 USD)

EVA 4.280 0.040 1.234 190 0.219 535,820.418 434,362.448 −320,971.752 1,392,612.589
EVNA 0.819 42.216 0.417 535,820.418 653,907.626 −783,618.783 1,855,259.620

(Source: authors’ calculations; Note: EVA = equal variances assumed; EVNA = equal variances not assumed).

The results in Table 7 indicate statistically significant differences (p-value < 0.05) be-
tween the US and the rest of the world for the disaster type, disaster subtype and declaration.

Table 7. The results for chi-square bivariate test for group of comparison US/rest of the world.

Value of Pearson
Chi-Square df Asymptotic Significance (2-Sided)

H0 = There are statistically significant differences between the US and the rest of the world in terms of:

• Disaster group 0.013 1 0.908

• Disaster subgroup 0.013 1 0.908

• Disaster type 17.102 2 0.000

• Disaster subtype 24.619 6 0.000

• Appeal 0.997 1 0.318

• Declaration 9.947 1 0.002
(Source: authors’ calculations).
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Based on the above results and according to the aim and objectives of this research, we
applied different regression models to test the last research hypothesis (H4 = The disaster
subtype is one of the best predictors of damage levels). We applied regression models with
the Enter method to analyze the causal relationship between the total damages (Model
1)/total adjusted damages (Model 2) as dependent variables and the location of the event,
disaster subtype, appeal and declaration as independent variables of the models. We con-
structed three models and decided to use only the statistically significant models with
p < 0.05 for ANOVA and R ∼= 0.700. Because nuclear disasters are technological disasters
according to the disaster subgroup and because of the sufficiency of data only for this group
of disasters, we limited the regression modeling to this subgroup of disasters (Model 3 for
nuclear events only). All statistics for these models are presented below (Tables 8–10). For
the categorical variable “continent”, included in the models as an independent variable, the
statistical software used (SPSS) allows the codification as follows: code 1 for Europe, code 2
for Africa, code 3 for Americas, code 4 for Asia and code 5 for Oceania. The results were
then interpreted accordingly to determine whether the continent is a good predictor in one
of the three models.

Table 8. Model summaries.

Model R R Square Adjusted R Square Std. Error of the Estimate

1 a 0.724 a 0.524 0.341 4,047,209.747
2 b 0.742 a 0.551 0.378 5,093,846.304
3 c 0.695 a 0.483 0.335 5,264,136.497

a Dependent variable: total damages (‘000 USD); predictors: (Constant), declaration, continent, appeal, disaster
subtype, disaster type; b dependent variable: total adjusted damages (‘000 USD); predictors: (Constant), declara-
tion, continent, appeal, disaster subtype, disaster type; c dependent variable: total adjusted damages (‘000 USD);
predictors: (Constant), disaster subtype, continent, declaration, appeal.

Table 9. ANOVA results for the regression models.

Model Sum of Squares df Mean Square F Sig.

1 a
Regression 234,565,791,325,801.560 5 46,913,158,265,160.310 2.864 0.059 a

Residual 212,938,787,528,879.200 13 16,379,906,732,990.707
Total 447,504,578,854,680.750 18

2 b
Regression 413,179,160,458,444.940 5 82,635,832,091,688.980 3.185 0.043 b

Residual 337,314,512,212,823.300 13 25,947,270,170,217.180
Total 750,493,672,671,268.200 18

3 c
Regression 362,537,809,912,356.060 4 90,634,452,478,089.020 3.271 0.043 c

Residual 387,955,862,758,912.200 14 27,711,133,054,208.010
Total 750,493,672,671,268.200 18

a Dependent variable: total damages (‘000 USD); predictors: (Constant), declaration, continent, appeal, disaster
subtype, disaster type; b dependent variable: total adjusted damages (‘000 USD); predictors: (Constant), declara-
tion, continent, appeal, disaster subtype, disaster type; c dependent variable: total adjusted damages (‘000 USD);
predictors: (Constant), disaster subtype, continent, declaration, appeal.

The values of the determinant coefficient R2 indicate that only around 50% of the
variance in the dependent variable for all three models is explained by the indepen-
dent variables, but the regression models are statistically significant (only for Model 1,
p-value = 0.059 ∼= 0.05, according to Table 9).

The results in Table 10 indicate that only the disaster subtype and declaration are
good predictors of total damages (‘000 USD) and total adjusted damages (‘000 USD) for all
disaster events registered between 1900 and 2022 but also for total adjusted damages (‘000
USD) for the specific disaster subgroup Technological (p-value < 0.100).
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Table 10. The regression coefficients for each model.

Model Independent
Variables

Unstandardized Coefficients Standardized
Coefficients t Sig.

B Std. Error Beta

1 a

(Constant) −765,599.935 3,690,346.570 −0.207 0.839
Disaster type −1,599,292.472 1,352,732.039 −0.325 −1.182 0.258

Disaster subtype 1,607,841.310 839,698.104 0.459 1.915 0.078
Continent −156,461.735 1,034,431.161 −0.036 −0.151 0.882

Appeal 4,591,482.982 4,828,538.094 0.211 0.951 0.359
Declaration 9,621,794.993 3,486,900.224 0.608 2.759 0.016

2 b

(Constant) −1,158,303.099 4,644,695.831 −0.249 0.807
Disaster type −2,378,530.385 1,702,557.943 −0.374 −1.397 0.186

Disaster subtype 2,426,867.565 1,056,849.867 0.535 2.296 0.039
Continent −265,597.392 1,301,942.245 −0.047 −0.204 0.842

Appeal 6,944,480.257 6,077,231.591 0.247 1.143 0.274
Declaration 11,910,570.530 4,388,636.846 0.582 2.714 0.018

3 a

(Constant) −1,544,446.643 4,791,463.929 −0.322 0.752
Continent −1,290,727.859 1,111,408.569 −0.230 −1.161 0.265

Appeal 4,901,334.990 6,095,827.679 0.174 0.804 0.435
Declaration 14,205,136.041 4,205,754.253 0.694 3.378 0.005

Disaster Subtype 1,821,087.090 996,018.038 0.402 1.828 0.089
a Dependent variable: total damages (‘000 USD); predictors: (Constant), declaration, continent, appeal, disaster
subtype, disaster type; b dependent variable: total adjusted damages (‘000 USD); predictors: (Constant), declara-
tion, continent, appeal, disaster subtype, disaster type; c dependent variable: total adjusted damages (‘000 USD);
predictors: (Constant), disaster subtype, continent, declaration, appeal.

So, according to the data in Table 10, the models’ equations are (Equation (1) for Model
1, Equation (2) for Model 2 and Equation (3) for Model 3):

Total damages (‘000 USD) = −765,599.935 − 1,599,292.472 Disaster Type + 1,607,841.310 Disaster subtype −
156,461.735 Continent + 4,591,482.982 Appeal + 9,621,794.993 Declaration

(1)

Total adjusted damages (‘000 USD) = −1,158,303.099 − 2,378,530.385 Disaster Type + 2,426,867.565 Disaster
subtype − 265,597.392 Continent + 6,944,480.257 Appeal + 11,910,570.530 Declaration

(2)

Total adjusted damages (‘000 USD) nuclear = −1,544,446.643 − 1,290,727.859 Continent + 4,901,334.990
Appeal + 14,205,136.041 Declaration + 1,821,087.090 Disaster subtype

(3)

Only two variables have statistically significant contributions to explaining the causal-
ity of the final effects on total damages (‘000 USD) and total adjusted damages (‘000 USD)
for all three models. The most important contributions are (from the most important to the
least important contributions):

• For Models 1 and Model 2, the declaration, the disaster subtype, the disaster type
and appeal;

• For Model 3 (nuclear incidents), the declaration, the disaster subtype, the disaster type,
continent and appeal.

To understand how much influence the independent variables have on the dependent
one, total damages or total damage adjusted, we can look at the regression coefficients from
Equations (1) to (3):

• Equation (1): With an increase of 1 unit code of the disaster subtype (1—collapse,
2—explosion, 3—famine, 4—fire, 5—poisoning, 6—radiation, 7—other), the total
damages (‘000 USD) increase by 1,607,841.310 (‘000 USD); with an increase of 1 unit
code of the declaration (0—no, 1—yes), the total damages (‘000 USD) increase by
9,621,794.993 (‘000 USD).
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• Equation (2): With an increase of 1 unit code of the disaster subtype (1—collapse,
2—explosion, 3—famine, 4—fire, 5—poisoning, 6—radiation, 7—other), the total
adjusted damages (‘000 USD) increase by 2,426,867.565 (‘000 USD); with an increase of
1 unit code of the declaration (0—no, 1—yes), the total adjusted damages (‘000 USD)
increase by 11,910,570.530 (‘000 USD).

• Equation (3): With an increase of 1 unit code of the disaster subtype (1—collapse,
2—explosion, 3—famine, 4—fire, 5—poisoning, 6—radiation, 7—other), the total
adjusted damages (‘000 USD) increase by 1,821,087.090 (‘000 USD); with an increase of
1 unit code of the declaration (0—no, 1—yes), the total adjusted damages (‘000 USD)
increase by 14,205,136.041 (‘000 USD).

5. Discussion

From an economic point of view, the nuclear liability regime is rather simple, no
matter the approach (American or European), whereas, from a legal point of view, nuclear
plants must identify measures to maximize prevention by internalizing their costs—such
as compliance with safety regulations. Without the full exposure of the total potential cost
(both direct and indirect, in terms of property and third-party liability), operators will find
ways to exempt themselves from the actual coverage of the losses incurred and would
require subsidies from their governments. This is the rationale of the US regime for holding
the nuclear operator fully liable in case of an incident caused by their activity. As in other
catastrophic cases, the government’s intervention would only diminish the focus of nuclear
operators by taking care of all the claims arising from their activity. Even though there are
differences in the compensation systems applicable at the national level, depending on
the location of the disaster, the risk-based system of public funds (financed by risk-based
premiums paid by operators) is the only feasible solution in the long run.

According to the strict liability rule, the amount of compensation must be equal
to the real losses to the victim caused by the nuclear operator, which sometimes may
become problematic, as the total assets of the operator might prove to be insufficient for the
coverage, hence the requirement for a minimum compulsory insurance policy. In addition,
the extra protection offered by the supplementary compensation regime would offer certain
coverage. The most important issue is related to the estimates of the costs of a nuclear
incident, and a difficulty arises when establishing an accurate probability of occurrence.
The international forums present different scales of estimates—between USD 10 and 100
billion (for example, the Fukushima costs were estimated at USD 34.02 billion, including
decommissioning and damage compensation costs).

Taking into consideration the financial limit of the individual operator’s liability, the
supplementary layer of compensation offered by nuclear pools could be used as an excuse
for lowering compliance with safety measures; nevertheless, this is not the situation, as
the contribution paid to the pool depends on the loss history of the operator so that any
misbehavior will be sanctioned in the following contribution to the pool. The increase or
decrease in premiums paid by nuclear operators to mutual insurance companies is highly
dependent on the location, type of reactor, capacity, reactor performance and past statistics
of the operator.

The historical data on nuclear incidents and also concerns for the advanced age of
NPPs in Europe, which determines waste management situations, increased international
efforts to design and implement practical solution projects that would improve radioac-
tive waste governance. These efforts are supported by public institutions (governments,
non-governmental organizations), local communities and academic experts as viable, and
efficient decisions must be taken for the arising scenario of nuclear waste. Coping with
community needs and expectations and increasing society’s awareness of radioactive waste
management at the national or regional level are some of the objectives of projects undergo-
ing approval. Based on the ambiguous effects of such a project, the continuous interaction
of all stakeholders is the primary solution to waste management; there is definitely a need
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for networking between local authorities (processes), institutions (procedures, notifications)
and society in general.

At the international level, based on mutual agreements among countries, precautionary
measures must be implemented as early as the design of a new NPP in order to ensure that
waste management does not become a financial burden for future generations. The old
NPPs in the US are considered hotspots under revision by the international community,
as contagion risk is high, and large groups of the population would suffer in case of a
waste management incident. The insurance industry is focused on accurately estimating
the maximum possible loss in case of such incidents and further modifying the tariff quota
for future insurance policies. On the other hand, the international forms of loss coverage
are focused on better estimating the long-term effects of nuclear incidents (take a look at
the long-term health compensation requests arising from 11 September 2001 from those
who were present at the scene after the actual event took place).

As seen in the research described above, the main determinants of the total damage
are the disaster type, disaster subtype, declaration and location. Differences in the type of
funding implemented at the worldwide level are statistically significant in the relationship
between the total damages and the factors used in the models. There is no universal solution
and no unitary approach to cover the damages incurred by nuclear power plants (NPPs)
that could be used by all countries; this is the reason that the results of the regression
models are statistically significant. Each financing approach has its own benefits, and
interest in becoming members of nuclear pools and mutual insurers, no matter the location
of the NPPs, is one method to fill this gap.

Concerning the statistical analysis, it is important to remark upon the differences
among the disaster subtypes and locations based on the results of descriptive statistics
according to the disaster subtype and the distribution of the disaster subtype per location.
Our results confirm that, in recent decades, there has been an exponential increase in the
number of events due to various causes [58].

To determine whether these results are statistically significant, especially for nuclear
disasters, according to the aim and research objectives of this paper, we applied a series of
statistical methods, with the following main research results (summarized in Table 11 for
each research hypothesis):

• The chi-square bivariate test emphasizes that there are statistically significant differ-
ences between locations (continents) of disasters in terms of the disaster subtype and
disaster type (p-value = 0.000) and partially confirms hypothesis H1;

• One-way ANOVA for disaster grouping by continent shows that there are no statisti-
cally significant differences in the mean values of the main disaster indicators, except
for the disaster subtype, and therefore partially confirms hypothesis H1.

• One-way ANOVA for grouping by disaster subtype stresses the statistically significant
differences in all disaster indicators and, together with the results of descriptive
statistics, confirms research hypothesis H2.

• By comparing the US with the rest of the world, through Student’s t-test, for all
disaster indicators (the continuous variables only), we found that there are statistically
significant differences only for total damages (‘000 USD) and total adjusted damages
(‘000 USD), and therefore, research hypothesis H3 is partially confirmed.

• By comparing the US with the rest of the world, through the chi-square bivariate test,
for all the categorical variables linked to the disaster level, we found that there are
statistically significant differences only for the disaster type, disaster subtype and
declaration, and therefore, research hypothesis H3 is partially confirmed.

• The regression models with the Enter method verified the best predictors for total
damages (Model 1) and total adjusted damages (Model 2), taking into consideration
all types of disasters. For nuclear disasters, the regression model tested total adjusted
damages as the dependent variable in Model 3; according to the results, the best
predictors are the declaration and the disaster subtype, with research hypothesis H4
being confirmed.
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Table 11. Summary of research hypotheses, statistical methods and conclusions.

Research Hypothesis Statistical Methods Used Conclusions

H1: There are significant differences between
locations in terms of the disaster

category/subtype and damage level.

• Descriptive statistics
• Box plots

• Chi-square bivariate test
• One-way ANOVA

Hypothesis H1 is partially confirmed (only for
disaster type and disaster subtype)

H2: The damage levels and human losses from
radiation/nuclear accidents are significant in

the total damages registered worldwide.

• Descriptive statistics
• One-way ANOVA

Hypothesis H2 is confirmed

H3: There are differences between the US and
the rest of the world in terms of damage levels.

• Descriptive statistics
• Independent Student’s t-test
• Chi-square bivariate test

Hypothesis H3 is partially confirmed for total
damages, total adjusted damages, disaster

type, disaster subtype and declaration.

H4: The disaster subtype is one of the best
predictors of damage levels.

• Multilinear regression with collinearity
diagnosis with total damages and total

adjusted damages as dependent variables

Hypothesis H4 is confirmed; the disaster
subtype together with the declaration are the

best predictors for total damages and total
adjusted damages, both overall and

specifically nuclear disasters.

Regarding the limitations of the research, (1) in the case of Constantini [27] or Pukala [35],
access to the series of data in the nuclear operator’s history of incidents and in the interna-
tional databases of nuclear pools is somewhat limited, and therefore, it is difficult to ensure
the consistency of the results; (2) further efforts and follow-up should be carried out in
order to eliminate certain biases of the research.

For future research, the authors intend to extend the database by taking into consider-
ation indexes referring directly to nuclear waste management costs, which are obviously
higher than previously assumed [30], cost estimations (lifecycle cost analyses) and an early
assessment of waste management [59]. Due to the accelerated pace at which technological
solutions are adopted for risk management (insurance industry), digital instrument and
control systems are being deployed in nuclear power plants (NPPs) for both existing and
advanced reactor designs [60], and a new trend in risk assessment for NPPs from a cyber
risk assessment perspective is indicated.

6. Conclusions

Nuclear energy remains one of the most efficient ways to provide the necessary
production quantities for an economy, despite the obvious risks (in the short term but also
in the long term) associated with the operation of a nuclear plant. Recent academic papers
extensively address radioactive waste management in the case of NPPs in the context of a
circular economy, the energy crisis, the lifecycle of nuclear energy, the population’s fear of
nuclear accidents in NPPs or the real and presumed benefits of nuclear energy. Regarding
radioactive waste management, IAEA assists member states in establishing a proper safety
framework for the management of radioactive waste and spent fuel [38], including waste
minimization. As a feasible alternative energy for any country, nuclear energy may still be
the solution to reduce costs to the population or industries and also to improve the carbon
footprint of energy. There are countries that are reluctant to implement such a solution,
even though there are limited costs associated with the production and transportation of
energy by a nuclear plant.

Through our approach to the paradox of NPPs between high-efficiency energy and ra-
dioactive waste management concerns in the context of disasters worldwide, we emphasize
the statistical differences by the location of the disaster and the disaster subtype, including
radiation near the collapse, explosion, famine, fire, poisoning and other disasters during the
last 100 years (1901–June 2022). Using big data (2533 registrations from EM-DAT CRED),
together with inferential statistics, we found the best predictors of total damages (‘000 USD)
and total adjusted damages (‘000 USD) overall for all types of disasters, including nuclear.
Practically, the disaster subtype and declaration are the best predictors, showing that with
an increase of 1 unit code of the disaster subtype (1—collapse, 2—explosion, 3—famine,
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4—fire, 5—poisoning, 6—radiation, 7—other), the total adjusted damages (‘000 USD) rise
by 1,821,087.090 (‘000 USD), and with an increase of 1 unit code of the declaration (0—no,
1—yes), the total adjusted damages (‘000 USD) increase by 14,205,136.041 (‘000 USD). These
values of the regression coefficient practically suggest that nuclear disasters represent 75%
of disasters worldwide in terms of total damages and total adjusted damages. In this
context, the availability of nuclear energy is still questionable. Therefore, used nuclear fuel
may be treated as a resource or simply as waste [3], but there are opinions regarding the
economic advantages of building nuclear power plants (NPPs) and the consumption of
nuclear energy, such as:

• The amount of waste generated by nuclear power is very small relative to other
thermal electricity generation technologies [3];

• Nuclear waste is neither particularly hazardous nor hard to manage relative to other
toxic industrial wastes [3,37];

• It can lead to the rapid expansion of renewable technologies [29].

Regarding the disadvantages of nuclear energy, the main concerns are linked to:

• Radioactive waste classified as HLW is a concern [3], but the majority of waste produced
by NPPs is classified as low-level waste (LLW) and very-low-level waste (VLLW);

• Greenhouse gas emissions associated with the nuclear lifecycle are notable, and reac-
tors and waste storage sites can degrade land and the natural environment [29];

• The models of Wheatley et al. [19] suggest that there is currently a 50% chance that a
Fukushima event (or larger) occurs every 60–150 years [19];

• Modern nuclear reactors are prone to accidents [29].

Despite the controversy of this subject, steps have been taken over the years to improve
the security of this process toward third parties in the form of coverage offered either by
governments or private entities. Starting in the 1960s, several nuclear damage compensa-
tion schemes were implemented around the world, each providing benefits and having
limitations. This article presents the key elements of the US vs. European approaches
to nuclear loss coverage, expressing the importance of understanding the prescription
period, strict liability, retrospective premiums, liability limits and the distinction between
direct losses and indirect losses (decommissioning). The year 2017 was the year with the
largest unsecured loss as a result of natural disasters in history, reaching USD 180 billion.
Protection schemes to cover the financial protection deficit have the same goal—to be a
strategic response solution by providing the funds needed for natural disaster recovery.
From an organizational point of view, there are considerable differences: governance; the
number of covered risks; risk solution; method of financing; or combinations of these [61].

This work is based on a quantitative analysis of losses incurred over a period of
121 years caused by different disaster-type events around the world—in terms of incurred
losses, insured losses, number of deaths, number of affected persons, number of homeless
persons, total affected persons, total damages and total adjusted damages. The series of
statistical methods applied supported (1) the significant impact of nuclear events on total
disaster damages and the differences and (2) the statistically significant differences between
two types of compensations, the US and the rest of the world, which reasonably justify the
different approaches to insuring nuclear plants in case of a disaster in the US versus the
rest of the world. The objective of the analysis was to evaluate whether nuclear incidents
were sufficiently documented in order to establish the sufficiency of the currently existing
protection schemes (including insurance solutions) for the producers of energy and for
the population.

This article presents a statistical analysis of past damages incurred in nuclear plants
and researches the extent of insurance benefits in this regard for a better understanding
of alternatives to be found if an incident occurs, and there is a deficit in covering nuclear
losses—as prevention is better than reduction as a risk management technique. As far
as the concept of risk management is concerned, it is internationally recognized that, in
the insurance industry, broad principles should be embedded into a risk management
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framework that cover the strategy, organizational structure, policies and procedures related
to the management of implicit risks [62].

The main limitation of this research is linked to the important number of missing
values from the EM-DAT CRED database, making it impossible to find the best predictors
through the regression model for NPPs. Moreover, missing values from historical data
made it impossible to perform a specific comparison of the United States with the rest of
the world according to local conventions for compensation coverage.

Our results emphasize important aspects of general incidents (including nuclear
disasters) and reveal that declaration, the disaster type and the disaster subtype are the best
predictors of total damages. These results, which are statistically significant, are important
inputs for the evaluation of cost and insurance coverage for different types of disasters and,
more specifically, for nuclear disasters. Despite these rare incidents, nuclear energy is still
one of the most important forms of energy that can be used as long as compliance with
production and transportation security and waste management is met (see the most recent
situation with the Zaporije nuclear plant in September 2022). Our results highlight not only
the associated risks of radioactive waste management but also the long-time consequences
of NPP incidents.
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