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Abstract This paper discusses the obstacles that hamper robust estimations of the
cost of nuclear accidents. From an economic standpoint, risks of accidents are often
quantified by the assessment of an expected cost; that is the product of a monetary
loss by its probability of occurrence. In the case of nuclear power, this definition is
inadapted. Estimating the probability of a nuclear disaster is subject to high
uncertainties, and so is the assessment of its monetary equivalent. This paper first
discusses the two specific challenges in estimating the probabilities of nuclear
accidents: these accidents are too sparse to identify frequencies of occurrence with
probabilities; they are also dreadful, which makes risk-aversion a complex phe-
nomenon. This paper then focuses on the assessment of nuclear damage. The large
discrepancies exhibited in the existing literature arise from three sources: the scope
of the assessments, the conflict between the use of past data or PSA studies in the
assessment of radiation damage, and the methods that are used to quantify
non-monetary welfare losses.

Keywords Probabilistic analysis � Dreadful event � Cost assessment � Monetary
valuation � Nuclear countermeasures

1 Introduction

Resilience has been defined as the ability of a society facing an extreme event to
react, adapt to its new environment and recover from the damage incurred. If
economics is not a priori well suited to discuss the short-term reaction or
decision-making processes of people facing extreme events, it nonetheless offers
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tools to describe how the risks of nuclear accidents can be anticipated, prepared for,
and somehow mitigated in case an accident occurs. This paper will thus focus on
the economic assessment of the risks of nuclear accidents. We will emphasize on its
major drawbacks and on the policy guidelines this assessment entails.

Risks of accidents are often quantified by the assessment of their expected
costs [1]; that is the product of damage by the probability of occurrence. In the case
of nuclear power, this definition is particularly inconvenient. Estimating the prob-
ability of a nuclear disaster is subject to high uncertainties, and so is the assessment
of its damage. Yet, this assessment serves two purposes. First, ex ante cost
assessments provide policy-makers with guidelines regarding hazardous activities;
such as choosing among various technologies for electricity production, or setting
efficient safety standards. Ex ante assessments are thus economically driven.
Second, ex post cost assessments allow victims to be compensated according to
their losses. This assessment takes place after the accident. It focuses on the
evaluation of the different damage to individuals, to society and to nature. Such ex
post assessments are usually legally driven (see BP Deepwater Horizon or TEPCO
Fukushima-Daiichi payouts).

One major difference between the ex ante and ex post approaches is that the
former is confronted with much more uncertainties. The future is less known that
the past and the accident is only one possible outcome. The cost to consider is thus
an expected cost. Generally speaking, the probability of an event is derived from its
observed frequency. Some authors also increase this product by a coefficient to
account for risk-aversion. This canonical method in the economics of accident is not
easy to apply to nuclear catastrophes. Probabilities cannot be derived from observed
frequencies and psychological biases regarding dreadful events are not simply
risk-aversion. These issues will be addressed in the first part of this paper, which is
divided into two parts. The first part deals with the limitations of observed
frequencies and of the so-called Probabilistic Safety Assessment (hereafter, PSA) as
a method to estimate the overall probability of nuclear accidents. It argues that
knowledge from observed occurrence of accidents and knowledge from safety
engineers and experts have to be combined. The second part focuses on the gap
between the probabilities of nuclear accidents as calculated by experts and the
probabilities of nuclear accident as perceived by individuals. It shows how
psychological biases in estimating probabilities are amplifying the perceived risk of
nuclear accidents.

Numerous assessments of the cost of a nuclear accident have been performed
over the years. This paper will review some of these assessments and present their
very different results. We argue that these differences are not peculiar from an
economic standpoint. Similar differences are also observed in other hazardous
activities, such as car accidents, oil spills or climate change. We then try to identify
the origins of the discrepancies in the assessments. The uncertainty characterizing
these results stems from three sources: existing studies have a very different scope;
they rely on either past data or probabilistic safety assessments (PSA); and they
assess the consequences of the accident and their monetary costs with different
methodologies. Second, we highlight the fact that most studies focus on damage

80 R. Bizet and F. Lévêque



and try to produce assessments that account for as many consequences of an
accident as possible. Even if this is necessary for the aforementioned goals, it fails
to provide insights into how the aftermath of nuclear accidents might be mitigated.
Indeed, numerous countermeasures are available and can help reduce the impact of
a nuclear accident on the economy. Yet, few economic studies try to assess the
impact of mitigation policies on the cost of nuclear accidents. Those who do reduce
their scope to a specific nuclear countermeasure—such as land decontamination—
often yield less uncertain results or clearer insights for policy-makers. Therefore, we
stress the need for future research in the economics of nuclear countermeasures,
which could provide guidelines for mitigation policies.

2 Evaluating the Expected Cost of Nuclear Power

2.1 Limitations in Estimating the Probabilities of Nuclear
Accidents

The expected costs of nuclear accidents seen as car crashes

How to compare different technologies to produce electricity? What is the optimal
mix of power generation? To answer these questions economists use the levelized
cost of electricity (hereafter, LCOE), defined as the price of electricity required to
balance discounted costs and benefits throughout a power plant’s service life. From
a welfare perspective, the costs and benefits must include both the private costs the
operators will incur (e.g., fuel costs) and the external costs society will have to pay
for (e.g., polluting emissions). For instance, the UK department of energy and
climate change estimates the LCOE of a Combined Cycle Gas Turbine and of a
nuclear power plant (hereafter, NPP) to respectively 80 and 90£/MWh for a project
starting in 2013 with a 10% discount rate.1

As far as nuclear generation is concerned, accidents have to be included in the
LCOE. However, this inclusion has a negligible impact because the huge amount of
damage is multiplied by an infinitesimal probability. Let’s consider a simple
back-of-the-envelope calculation: 1 billion euros of damage and a large early
release frequency of 10−5 per reactor-year. This leads to 1 €/MWh, that is about one
hundredth of the total cost to produce one MWh from a nuclear plant. According to
a recent study on nuclear costs based on a comprehensive literature survey [1], the
order of magnitude of external costs due to nuclear accident is between 0.3 and .

Such an approach to compute the social external cost of nuclear power gener-
ation is far from satisfactory. It views nuclear accidents as transport crashes. It is

1DECC, Electricity Generation Costs 2013, https://www.gov.uk/government/uploads/system/
uploads/attachment_data/file/223940/DECC_Electricity_Generation_Costs_for_publication_-_
24_07_13.pdf.
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reasonable to make cost comparison of different means of transportation because
their probabilities can be derived from observed frequencies. For instance, there
have been worldwide 90 to 118 annual airplane accidents between 2009 and 2013
(including 9–13 annual fatal accidents with 173–655 fatalities per year).2 Based on
the frequencies observed during this period, the probability for a passenger to have
an airplane accident when embarking at the airport is approximately 3 � 10−6.
Road traffic accounts for more than 1 million deaths per year worldwide, mainly
pedestrians and motorcyclists.3 In a small country like New Zealand, the number of
fatalities due to car crashes has been 254 in 2013. It corresponds to a frequency of
0.8 deaths per 10,000 vehicles.4 On the basis of 2011–2013 statistics the probability
for a driver to be killed is about 3 � 10−9 per km. In 2013, the social cost of fatal
car accident is estimated to NZ$ 4.5 million. The expected cost of fatal accident per
km can be estimated to 0.03 NZ$, that is about one tenth of gas price. Given the
observed frequencies of transport accidents (and assuming the value of loss life is
the same and neglecting the other damage), one can easily compare the social
accident costs of rail, air, maritime and road transportation per km or per travel.
Moreover, data on car accidents can generally be broken down by local area,
models of car, types of roads, age categories of the driver, etc. As a result precise
probability can be estimated according to different situations.

2.2 Nuclear Accident Are no Car Crashes

Estimating probabilities of nuclear accident from frequencies is a non-sense. Since
the first grid-connection of nuclear power plant in 1956 there have been 12
core-meltdowns of reactors, including very limited ones [2]. According to the INES
classification there have been 2 major, or level 7, accidents (Chernobyl and
Fukushima-Daiichi) and 21 accidents with a level equal or higher to 4. Knowing
that since the end 1950s 14,500 reactor-years have passed worldwide the observed
frequencies are 1.6 � 10−3 per reactor-year for INES >3; 8.3 � 10−4 per
reactor-year for core-meltdown; and 2.7 � 10−4 per reactor-year for INES = 7. Is it
sound to infer probabilities from these values? For instance, using a Poisson dis-
tribution and knowing that the worldwide nuclear fleet amounts to 435, is it relevant
to say that the probability of an INES 7 accident in 2015 on the planet is 0,11
(i.e., [1−(1–2.7 � 10−4)435]?

No! The reasons are twofold. The obvious one is that the number of observations
is too small. The observed events cannot be assumed as representative. Reactors are
neither identical, nor exposed to the same locational risk (e.g. earthquake, flooding).

2International Civil Aviation Organization, 2014 Safety Report.
3World Health Organization, Global Safety Support on Road Safety 2013.
4Ministry of Transport, Motor Vehicle Crashed in New Zealand 2013.
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In addition, nuclear accidents are not independent—the current nuclear fleet is close
to the 1980s fleet for more than three quarters of reactor is over 25 years old.
Moreover, the evolution of safety performances and standards makes heroic to
assume that safety is time-invariant.

A second reason is that assessing the risk of nuclear accidents exclusively on
data from past observations implicitly assumes that no other knowledge is available
on nuclear safety. It ignores all the works carried out over the past 50 years by
thousands of nuclear scientists and engineers on safety. This knowledge has partly
crystallized in PSAs. The first large-scale probabilistic assessment was carried out
in the US in the 1970s. It was led by Norman Rasmussen, then head of the nuclear
engineering department at MIT. PSAs have now been carried out on all nuclear
power plants (hereafter, NPP) in the US and many others worldwide. Similarly
reactor vendors carry out such studies for each reactor model while it is still in the
design stage. For instance, the calculated core meltdown frequency for the UK EPR
is 10−6 per year and the core damage with early containment failure is estimated to
3.9 � 10−8 per year.

As for observed frequencies, assessing the risk of nuclear accident based
exclusively on PSAs would be unsound. The use of PSAs has strong limitations,
too. Firstly, they are not mainly designed to provide a final single number. They are
designed to detect exactly what may go wrong, to identify the weakest links in the
process and to understand the failures which most contribute to the risk of an
accident. Secondly, PSAs have a limited scope. They study known initiating events
such as seism or loss of coolant but not all the possible states of the world because
the list of all causes and failures is unknown. Thirdly, PSAs assumes perfect
compliance with safety standards and regulatory requirements. An implicit
assumption is that safety standards are enforced thanks to an independent, com-
petent and powerful safety regulatory authority. All these limitations can explain in
part why PSAs figures are much lower than observed frequencies.5

If we want to make progress in estimating probabilities of nuclear accident, we
have to use all the current available quantitative knowledge and therefore to
combine information from PSAs and observed accidents. Escobar-Rangel and
Lévêque have made such an attempt [4]. The issue addressed in their paper is to
compute the post Fukushima-Daiichi global probability of a core-meltdown.
Different models are used including a Poisson Exponentially Weighted Average
model to capture the idea that recent accidents are more informative than past ones
and to introduce some inertia in the safety performances of the fleet. This model
shows that the Fukushima Daiichi accident results in a huge increase in the prob-
ability of an accident. The arrival rate in 2011 is similar to the arrival rate computed
in 1980s. To put it another way, this catastrophe has increased the probability of an

5For a detailled discussion on the discrepancy between observed frequencies and calculated
frequencies in PSA models see [3], chapter “Consequences of Severe Nuclear Accidents on Social
Regulations in Socio-Technical Organizations”.
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accident for the near future in the same extent it has decreased over the past
30 years owing to safety improvements. This huge effect of Fukushima Daiichi in
revising the global estimation of a core meltdown can be interpreted as evidence
that besides the design, the location and the operating of reactors the probability of
an accident also depends on institutional factors like the strength and ability of
nuclear safety authorities, a factor which is not taken into account in probabilistic
assessments. In fact, like in Japan there are a lot of countries wherein nuclear safety
authorities are captured by operators and fail to enforce safety standards.

As a conclusion, uncertainties prevail. There is no overarching probability of
nuclear accident to use to make a rational decision for society to invest in or to
phase out nuclear power generation, to determine the right level of nuclear safety
expenditures, not to say to identify the economically optimal level of nuclear safety.
Unlike transport crashes no means can be inferred from observed frequencies.
Moreover, the probability of a nuclear accident differs according to the design and
the location of reactors but also according to institutional characteristics (inde-
pendent regulator, liability rules, experience of operators, etc.). We do not know the
probability distribution of nuclear accidents, even for a given reactor design and
location. Last but not least, one has always to keep in mind that probabilistic
analysis requires knowing all the states of the world. A probability cannot be
assigned to an unknown event, or to put it another ways to black swans and
unknown unknowns.

2.3 Perception of Probabilities

Utility function and human behavior

It is well known that many people are risk-averse: they would rather, for instance, a
certain gain of 100 to an expected gain of 110. Since Bernoulli [5], this psycho-
logical trait is represented by a concave utility function. The Swiss mathematician
opened the way for progress towards decision theory6 through a back-and-forth
between economic modeling and psychological experimentation. The latter would,
for instance, pick up an anomaly—in a particular instance people’s behavior did not
conform to what theory predicted—and the former would repair it, altering the
mathematical properties of the utility function or the weighting of probabilities. The
works by Allais and Ellsberg were two key moments in this achievement.
Following an experiment showing that people with good knowledge of the theory
of probability were violating an axiom of expected utility theory, Allais [7] pro-
posed to weight probabilities depending on their value, with high coefficient for low
probabilities, and vice versa. Putting it another way, preferences assigned to
probabilities are not linear. This is more than just a technical response. It makes

6For a comprehensive panorama on decision theory under uncertainties see [6].
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allowances for a psychological trait, which has been confirmed by a large body of
experimental study: people overestimate low probabilities and underestimate high
probabilities.

Another anomaly well known to economists is ambiguity aversion. This char-
acteristic was suggested by Keynes and latter demonstrated by Ellsberg [8] in the
form of a paradox. In his treatise on probabilities Keynes [9] posited that greater
weight is given to a probability that is certain to one that is imprecise. Ellsberg has
shown that just as there is a premium for taking risks, some compensation must be
awarded to individuals for them to be indifferent to gain (or lose) with a one-in-two
probability or an unknown probability with an expected value of one-in-two.
Recent developments in economic theory offer several solutions to tackle this
problem, in particular by specifying new types of utility functions, yet again [10].
What is important to keep in mind here is that individuals usually prefer the
exposure to a hazard associated with a clearly defined probability—because experts
are in agreement—rather than the exposure to a hazard characterized by uncertain
or fuzzy probabilities—because experts may disagree. Putting it another way, in the
second instance people side with the expert predicting the worst-case scenario.

More recently, Kahneman’s work followed on that of Bernouilli, Allais and
Ellsberg. He and his fellow author, Tversky, introduced loss-aversion: individual
are more affected by loss than gain [11]. Kahneman also diverged from his pre-
decessors in adopting a more positive approach. Observing the distortion of
probabilities is a way to understand how our brain works rather than to build a
theory where the decision-maker optimizes or maximizes the outcome. Kahneman’s
line of research is comparable to subjecting participants to optical illusions to gain a
better understanding how our brain functions. For example, a 0.0001 probability of
loss will be perceived as lower than a 1/10,000 probability. Our brain seems to be
misled by the presentation of figures, much as our eyes are confused by an optical
effect which distorts an object’s size or perspective. This bias seems to suggest than
our brain takes a short cut and disregards the denominator, focusing only on the
numerator.

2.4 The Effects of Perception Biases on Nuclear Accidents

The overall biases in our perception of probabilities, briefly discussed above,
amplify the risk of a nuclear accident in our minds. A nuclear accident is a rare
event, so its probability is overestimated. The risk of a nuclear accident is
ambiguous. As expert appraisals diverge, people are therefore inclined to opt for the
worst-case scenario. The highest probability of accident prevails. Along with plane
crashes or terrorist attacks targeting markets, hotels or buses, a nuclear accident is a
dreadful event. Rather than acknowledging the probability of the accident, attention
focuses exclusively on the accident itself, disregarding the denominator. Moreover,
several other common routines or heuristics which have been identified by
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experimental psychologists distort the probability of a nuclear accident7 and
increase our aversion vis-à-vis such a disaster.

As a consequence, public decision exclusively based on perceived risk entails a
series of drawbacks. Firstly, it tends to an over-investment in nuclear safety. The
perceived risk of a nuclear accident being amplified, the benefits to decrease it
seems higher and therefore efforts to reduce it seems more worth to be undertaken.
Secondly, the choice of technology is distorted in favor of ways generating elec-
tricity which are not less hazardous. Coal is perceived as less dangerous whereas
according to data on fatalities it is more [12]. Thirdly, public decisions exclusively
based on perceived probabilities could lead to costly premature phase-outs. After
Fukushima-Daiichi, the German government decided to accelerate the decommis-
sioning of NPPs. It entails an economic loss estimated to a 100 billion of euros in
comparison to the previous more progressive nuclear exit as enacted in the Atomic
law passed a few months before the accident [13].

However, public decisions ignoring perception biases can also result in wasting a
lot of money. It could be costly to treat the attitude of the general public as the
expression of fleeting fears which can quickly be allayed, through call to reason or
the reassuring communication of the ‘true’ facts and figures. The reality test, in the
form of hostile demonstration or electoral reversals, may substantially add to the
cost for society of going back on past decisions ignoring public perception. Nuclear
power history is full of cases of abandoned projects after several years of con-
struction. In France, for instance, about 10 billion of euros have been spent to build
the fast breeder commercial reactor Superphénix for nearly nothing. It had only
produced a modest quantity of electricity when it was shut down.

In short, public decision-making must avoid two pitfalls: ignoring how proba-
bilities of nuclear accident are perceived and exclusively taking them into account.

3 Economic Assessment of Nuclear Damage and Their
Insights into Mitigation Policies

3.1 Existing Assessments of the Cost of a Nuclear Accident

A review of existing studies

Assessments of the cost of nuclear accidents have been carried out since the
mid-seventies and the beginning of probabilistic safety assessments. Since then,
numerous studies have been published, and several reviews of these studies exist.
Namely, in 2000, the Nuclear Energy Agency published a methodological review in
which several cost assessments were described [14]. In 2011, after the
Fukushima-Daiichi accident, the GermanRenewable Energy Foundation performed a

7See [3] pp. 115–117.
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calculation of the adequate insurance premium that the nuclear industry would need to
pay to fully cover the accident risk. This study also reviewed some existing assess-
ments [15]. The D’Haeseleer report for the European commission also provides a
comprehensive review of studies that assess the external cost of nuclear accidents [1].
Finally, the IRSN8 published in 2013 an assessment of the cost of severe and major
accidents in which other studies were reviewed [16]. Those four reviews reference
numerous studies and give a thorough overview of the state of the art literature on the
evaluation of the costs of nuclear accidents. As we do not wish to tackle here the
question of the probability of nuclear accidents, Table 1 below only presents the
studies that assess the cost of nuclear accidents before weighting.9

Table 1 shows high discrepancies. How can one assess the cost of nuclear
accidents at approximately €10 billion [17], while others announce a cost of more
than a trillion Euros [21]? First, it can be noticed that all studies do not assess the
same cost. Some only focus on the damage to the population (health and food
costs), while others try to assess the total impact of the accident on the economy.
Yet, this cannot be the only cause of these differences. Indeed, even within cost
sections (health, food…), there is little consensus as to which cost section repre-
sents the highest share of the total cost. The comparison between the “IRSN-major”
[16] and the assessment from the German Renewable Energy Federation [15]
embodies this observation: even though it only assesses health, food and production
costs, the German study calculates a total cost ten times superior to the IRSN figure,
which accounts for a larger panel of consequences.

3.2 The Assessments of the Costs of Other Hazards Exhibit
Similar Discrepancies

This is not specific to nuclear power: other hazardous activities exhibit the same
kind of discrepancies. In 1995, Elvik studied the assessments of the cost of car
accidents in twenty countries. This work was motivated by the observation of large
disparities in the evaluation of this cost: while the Netherlands were evaluating the
total cost of a car accident at U.S. $0.12 million, Switzerland estimated it at U.S.
$2.5 million [25]. This study argued that the deviation was caused by the lack of
common methodology in the assessment of the cost and the consideration by only a
limited number of countries of the value of the lost quality of life.

The estimations of the damage caused by oil spills are also prone to large
disparities. In 1995, Cohen assessed the damage of the Exxon Valdez oil spill. She
claimed that the upper bound of the estimation of the damage caused by the oil spill
in the first two years following the disaster was U.S. $155 million [26]. In 2003,

8The IRSN is France’s technical support organization for the Nuclear Safety Authority (ASN).
9The cost of a nuclear accident can be weighted by an electrical output to yield an external cost or
by a probability to yield an expected cost.
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another study assessed the cost of this oil spill at approximately U.S. $2.8 billion
[27]. In these studies, Cohen limited her assessment to the costs incurred by
southcentral Alaska’s fisheries, while Carson assessed the population’s
willingness-to-pay to restore the lost passive use of the damaged environment.

Finally, the climate change literature also exhibits large discrepancies. In a
review published in 2009, Tol shows that there is little agreement on the long term
effects of climate change. While some authors [28] predict an overall small positive
effect due to the heating of cold regions, others predict dramatic consequences [29].
This overview highlights the fact that the uncertainty pertaining to cost estimates
can originate from several sources.

4 Uncertainties and Mitigation Policies

If these discrepancies are not peculiar from an economic standpoint, it is
nonetheless interesting to try and understand why they occur. In basic economic
theory, costs are often defined as anything that causes a loss of welfare [30]. The
cost of a nuclear accident can thus be defined as the gap between the welfare levels
obtained with and without its occurrence. This theoretical definition induces
divergence in the assessments: the consequences of an accident—direct or induced
by mitigation countermeasures—are so numerous and intricate that it is impossible
to be sure that all consequences have been accounted for properly. Studies differ
first in their assessment of the consequences of the accidents, and then on the
monetary valuation of these consequences.

4.1 Cost Assessments Do not Speak the Same Language

First, it seems obvious that results will be different if the type and location of
accidents assessed are different. Nuclear plants are highly sophisticated, so there is a
large panel of possible accidents which do not have the same consequences.
Likewise, nuclear plants are located in areas which are not equally densely popu-
lated [31]. As an example from Table 1, Hohmeyer’s study calculates the external
cost of a hypothetical Chernobyl-like accident in the Biblis nuclear plant (Germany)
in 1990. The IRSN study calculates the social cost10 of a hypothetical DCH11

nuclear accident in France in 2025. The scopes of these two studies are radically

10The private cost of an accident is the cost incurred by the utility; the external cost is the cost that
will not be incurred by the firm because either a legal liability threshold exists, or the firm is
limited by the total worth of its assets. The social cost of the accident is the sum of private and
external costs.
11The IRSN describes a Direct Containment Heating accident, which consists in a direct heating of
gases within the containment vessel.
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different. More generally, the comparison of the studies presented in Table 1 is
impossible because they do not stand on common definitions.

Similarly, the boundaries of a cost assessment also need to be clearly defined. In
2006, two reports on the consequences of the Chernobyl accidents were published.
Their assessments of the number of radio-induced cancers differed by a factor ten.
The IAEA/WHO report [32] focused on the consequences of the accident in
Belarus, Ukraine and Russia, while the TORCH report accounted for all conse-
quences across Western Europe [33]. Nuclear accidents can have cross borders
consequences, so it is paramount to define clearly the boundaries of cost assessment
studies to fully understand their implications for public policies. As an example,
Hayashi and Hughes have shown that the Fukushima-Daiichi accident had an
impact on the electricity bill of households in gas-intensive countries such as the
United-Kingdom or South-Korea [34]. How and by whom should these impacts be
accounted for?

Finally, the statistical choices in the presentation of the cost are also crucial for
their comparison or their use in policy making. There is for example no consensus
as to whether the cost of a nuclear accident should be presented as a distribution
function or as a single number. The IRSN decided to produce a median cost so that
decision makers know that there is a 50% chance for the cost of an accident to be
above or below the result. Conversely, the 2011 study from the German Renewable
Energy Federation provided an average maximum value in order to calculate an
“adequate” insurance premium.

4.2 The Aftermath of a Nuclear Disaster: PSA or Past
Events?

The consequences of a nuclear accident are numerous and intricate. An accident has
on-site consequences, such as casualties, highly-irradiated workers or material
losses in adjacent reactors. It also causes off-site consequences, such as the release
of radioactive materials in the atmosphere, the collective absorbed dose, the area of
contaminated lands or the quantity of crops and cattle contaminated. The negative
consequences of the countermeasures, such as psychological distress, also have to
be estimated. Yet, these numerous consequences have to be assessed in order to
derive their monetary value.

The source of divergence in the assessment of the consequences is twofold. First,
all studies do not assess the same range of consequences. Some studies argue that
health effects dominate all other effects [15, 19, 20]. They thus focus on the col-
lective absorbed dose and neglect other consequences. Other studies focus on a
wider panel of effects, such as land exclusion, or image effects (tourism, regulatory
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changes…). Second, studies also differ in their assessment strategies. Physical
consequences can be modelled by dedicated programs (MACCS, COSYMA…
[35]) that rely on level-three probabilistic safety assessments; or assessed by
adapting the figures derived from past catastrophes. Most studies performed in the
early nineties were based on Chernobyl’s figures, and find particularly high values
for the total cost of the accident [19–21]. More recently, another very high cost was
assessed by the German Renewable Energy Foundation which happens to be also
based on Chernobyl’s figures. This observation raises an important question. Can
we assess future accidents solely by using the consequences of past catastrophes? A
preliminary answer is that we cannot. Relying on past figures fails to account for the
learning from past consequences, the enhancement of safety standards, and the
progress in available mitigation technologies.

4.3 Converting Consequences into Costs Requires Various
Hypotheses and Assessment Methodologies

Once the consequences of a nuclear accident have been assessed, they have to be
given a monetary value. Indeed, a cost is the monetary valuation of foregone
welfare. Among the consequences discussed previously, some welfare losses are
easily derived (cost of material losses). For other physical consequences, various
hypotheses are required to bridge the gaps in our limited knowledge. Regarding
health issues, we do not know precisely the effect of exposure to low doses on
cancer or hereditary diseases probabilities. Regarding the environmental impact of
an accident, the size of lost lands depends on the geographical spread of the
radioactive materials and on the acceptable radioactivity threshold that a population
can bear. The consequences on food are also uncertain since the population can
react to food-bans by boycotting healthy products. The harm caused by nuclear
countermeasures, such as psychological distress due to relocations, is also hard to
assess. Some hypotheses substantially differ from one study to another. As an
example, the excess rate of radio-induced cancer varies from 5 to 10% in the
assessments presented in Table 1.

Some of these welfare losses such as reduced tourism, strengthened safety stan-
dards for nuclear plants, or higher energy prices, can easily be given amonetary value.
They are assessed throughmacroeconomicmethods such as the IO-tablemethod. Yet,
all welfare losses caused by nuclear accidents are not necessarily monetary.
Therefore, some methodologies have been developed in health and environmental
economics in order to give monetary values to non-monetary losses. Environmental
losses can be assessed by the evaluation of individuals’ willingness to pay (WTP) to
avoid these losses. Two families of methods allow the assessment of this WTP: the
revealed-preference methods and the stated-preference methods. Revealed-prefer-
ence methods such as the travel cost method or the hedonic pricing method, use past
individual behaviors to infer the value of environmental losses. These are hard to
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apply to nuclear accidents because they rely on past behaviors and thus require data
[36–38]. Stated-preference methods are based on surveys that try to elicit the will-
ingness to pay of people to restore the environment. The contingent valuation method
is often used to value the environmental consequences of rare disasters.

Regarding health costs, the human capital method calculates the economic value
of fatalities or impairments by assessing the number of lost years of production and
multiplying it by the average yearly production of a human being. Other methods,
such as the friction cost method, exist and have very different ways of calculating
those health costs [39–42]. This variety of methods is responsible for some of the
discrepancies observed in Table 1. First, a consequence can be assessed by different
methods. Second, even if a cost is assessed by two studies with the same method,
some aspects of the evaluation remain quite arbitrary. In the human capital method
applied to the cost of radio-induced cancers, Hohmeyer assesses the cost of a death
at $1 million while Ottinger assesses it at $4 million [15].

4.4 Drawbacks

Table 1 shows that the tendency over the last twenty years has been to provide an
estimation of the cost of nuclear accidents which would account for as many
consequences as possible. This emphasis on completeness, which is particularly
stressed in the IRSN study, is indeed necessary for the goals mentioned in the
introduction of this paper. Ex ante policy making and ex post compensations both
need to rely on a complete assessment of the consequences of a nuclear accident,
since an incomplete assessment might lead to an underestimation of the cost and
entail an underinvestment in nuclear safety, a disproportionate share of nuclear
power in the electricity mix, or an inadequate compensation of victims [43, 44].

This quest for completeness also has its drawbacks. First, it fosters the aggre-
gation of numbers that differ by nature. As we have seen, all costs of consequences
are not assessed using the same methodologies, and are thus not subject to the same
uncertainties. Summing them up to provide a global cost of nuclear accidents
propagates the highest uncertainty to the final result. Second, completeness can be
detrimental to scientific rigor. Some costs currently have no corresponding
assessment methods. It is the case for food bans; which are estimated in the most
recent study by comparison with recent non-nuclear food bans [16]. Their inte-
gration in cost assessments is thus parochial, since they don’t stand on robust
economic grounds. Finally, to achieve completeness, existing studies have focused
on damage and consequences, and tried to identify new consequences, or “lines of
cost”. By doing so, most studies overlook the impact of nuclear countermeasures,
which is the object of the next part of this paper.
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4.5 Cost Assessment Fails to Provide Guidelines
into Mitigation Policies

Current research on cost assessment focuses on providing complete assessments by
identifying more and more consequences of an accident. This trend is necessary, but
is not adapted to mitigation policies. First, the theory of “sunk costs” [45] explains
that once a cost has been incurred, it is no longer relevant for decision making
regarding the future. In the case of mitigation policies, the capital losses due to the
destruction of a power plant are incurred at the time of the accident. Those losses
are an example of sunk costs, and should thus not enter the mitigation policy
decisions. Current estimates, as they account for all kinds of losses regardless of the
time at which they are incurred, cannot be used in the determination of mitigation
policies. This observation raises one question: can we expect cost assessments to
provide useful guidelines for mitigation policies?

We believe it can. Cost-benefit analysis (CBA) of countermeasures could pro-
vide at least three useful insights regarding mitigation policies. First, it was shown
by the report on the consequences of Chernobyl that countermeasures are costly
[32]. Cost-benefit analysis could thus help determine which countermeasures are
most efficient by comparing their costs to society with the valuation of the pre-
vented damage. Second, there are numerous countermeasures that address the same
harmful consequences. Some measures are substitutes (emergency relocation and
confinement), while others are complements (iodine prophylaxis and confinement).
Hence the assessment of their costs and benefits could help policy-makers identify
tradeoffs or synergies when implementing several countermeasures. Finally, the
consequences of a nuclear accident do not happen all at once. Cost-benefit analysis
is thus a good tool to search for the optimal inter-temporal allocation of mitigation
resources.

This kind of assessment is already carried out in other hazardous activities such as
car accidents or biosecurity [46, 47]. In the case of nuclear power, Munro studied the
tradeoff between long-term relocation and land decontamination. As radioactive
decay reduces the cost of land decontamination over time, he calculated the optimal
decontamination date which occurs approximately ten years after the accident [48].
Other studies also focus on particular tradeoffs between countermeasures, namely
land decontamination and food restrictions [49, 50]. Yet, these studies focus on
multi-criteria decision making rather than on performing a CBA of countermeasures.

Existing studies that deal with mitigation only focus on long-term counter-
measures. Being able to deal with emergency countermeasures is a barrier that
needs to be overcome if CBA is to provide guidelines for mitigation policies.
Indeed, an important tradeoff has to be solved right after the accident, and concerns
the confinement or the emergency relocation of populations. A question for future
research is whether CBA can deal with this emergency. Indeed, the optimal miti-
gation scheme cannot be determined ex ante, as it requires ex post data such as the
plant impacted or the weather and its impact on the path of the radioactive materials
dispersed in the atmosphere.
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5 Conclusions

Regarding the estimation of the probabilities of nuclear accidents, two directions of
research could be worthwhile. First, more research seems necessary to get a better
knowledge on the uncertainties related to these probabilities. It includes uncer-
tainties propagation in PSAs event trees, combinations of observed frequencies and
PSAs and the use of new probability axiomatic such as imprecise probability
theory. Second, more research is needed on methodologies that could help
law-makers to make decision based both on probabilities as perceived by indi-
viduals and probabilities as calculated by experts.

This paper also raises two research questions regarding the cost of nuclear
damage. The first is whether assessing the cost of nuclear accidents using the
figures derived from past events is a robust method. As it fails to account for safety
enhancements, progress in mitigation technologies, and learning from past catas-
trophes; it can drive cost assessments upwards, provide pessimistic numbers and
entail overinvestments in safety or an unbalanced electricity technology mix. The
second question is whether cost assessments should only focus on ex ante policy
making and ex post compensations. We believe that cost assessments should also be
used in order to improve mitigation policies.

References

1. W.D. d’Haeseleer, Synthesis on the Economics of Nuclear Energy (Study for the European
Commission, DG Energy, 2013)

2. T.B. Cochran, M.G. McKinzie, World Federation of Scientists’ International Seminars on
Planetary Emergencies (Ettore Majorana Centre, Erice, 2011)

3. François Lévêque, The Economics and Uncertainties of Nuclear Power (Cambridge
University Press, Cambridge, 2014)

4. L.E. Rangel, F. Lévêque, How Fukushima Dai-ichi core meltdown changed the probability of
nuclear accidents? Saf. Sci. 64, 90–98 (December 21, 2013)

5. D. Bernouilli, Exposition of a new theory on the measurement of risk. Econometrica 22,
23–36 (1954)

6. Itzhak Gilboa, Theory of Decision under Uncertainties (Cambridge University Press,
Cambridge, 2009)

7. M. Allais, Fondements d’une théorie positive des choix comportant un risque et critique des
postulats et axiomes de l’École américaine, vol. XL (Colloques internationaux du CNRS,
Paris, 1953), pp. 257–332.

8. D. Ellsberg, Risk, ambiguity, and the savage axioms. Q. J. Econ. 75, 4 (1961)
9. J.M. Keynes, A Treatise on Probability. (Macmillan, London, 1921)
10 Massimo Marinacci, Model uncertainty. J. Eur. Econ. Assoc. 13(6), 1022–1100 (2015)
11. Daniel Kahnemann, Amos Tversky, Prospect theory: an analysis of decision under risk.

Econometrica 47, 263–291 (1979)
12. Nuclear Energy Agency, Comparing nuclear accident risks with those from other sources

(Organization for Economic Co-operation and Development, Paris, 2010)
13. Jan Horst Keppler, The economic cost of the nuclear phase-out in Germany. NEA News 30,

8–14 (2012)

94 R. Bizet and F. Lévêque



14. Nuclear Energy Agency, Methodologies for Assessing the Economic Consequences of
Nuclear Reactor Accidents (Organization for Economic Co-operation and Development,
Paris, 2000)

15. German Renewable Energy Federation (BEE). Calculating a risk-appropriate insurance
premium to cover third-party liability risks that result from operation of nuclear power
plants. (Versicherunsforen, Leipzig, 2011)

16. IRSN. Méthodologie appliquée par l’IRSN pour l’estimation des coûts d’accidents nucléaires
en France. PRP-CRI/SESUC/2013-00261 (2013)

17. Rasmussen, N. WASH-1400 (Reactor Safety Study). An assessment of accident risks in US
Commercial Nuclear Power Plants, vol. 8 (1975)

18. U.S.N.R.C. CRAC-2 Report NUREG/CR-2239 (U.S.N.R.C. & Sandia National Lab,
Rockville, 1982

19. O. Hohmeyer, Latest Results of the International Discussion on the Social Costs of Energy—
How Does Wind Compare Today? (The European Commission’s Wind Energy Conference,
Madrid, 1990)

20. R.L. Ottinger et al., Environmental Costs of Electricity. Pace University Center for
Environmental Studies (Oceana Publications Inc, 1990)

21. H.-J. Ewers, K. Rennings, Abschätzung der Schäden durch einen sogennanten Super-GAU.
Prognos-Schriftenreihe Identifizierung und Internalisierung externer Kosten der
Energieversorgung (Prognos, Bâle, 1992)

22. CEPN. ExternE : Externalities of Energy—Volume 5 : nuclear (European Commission
Directorate-General XII, Luxembourg, 1995)

23. L. Eeckhoudt, C. Schieber, T. Schneider, Risk aversion and the external cost of a nuclear
accident. J. Environ. Manage. 58, 109–117 (2000)

24. A. Rabl, V.A. Rabl, External costs of nuclear: greater or less than the alternatives? Energy
Policy 57, 575–584 (2013)

25. R. Elvik, An analysis of official economic valuations of traffic accident fatalities in 20
motorized countries. Accid. Anal. Prev. 27(2), 237–247 (1995)

26. M.J. Cohen, Technological disasters and natural resource damage assessment: an evaluation
of the exxon valdez oil spill. Land Econ, 65–82 (1995)

27. R.T. Carson et al., Contingent valuation and lost passive use: damages from the exxon valdez
oil spill. Environ. Resource Econ. 25, 257–286 (2003)

28. Robert Mendelsohn et al., Country-specific market impacts of climate change. Clim. Change
45(3–4), 553–569 (2000)

29. Richard S.J. Tol, The economic effects of climate change. J. Econ. Perspect. 23(2), 29–51
(2009)

30. M. Shechter, Valuing the environment, in Principles of Environmental and Resource
Economics: A Guide for Students and Decision-Makers, H. Folmer, H.L. Gabel and Hans
Opschoor (Edward Elgar Publishing Ltd., Aldershot, 1995)

31. Declan Butler, Reactors, residents and risk. Nature 474, 36 (2011)
32. AIEA. Chernobyl’s Legacy: Health Environmental and Socio-Economic Impacts and

Recommendations to the Governments of Belarus, the Russian Federation and Ukraine,
2nd edn. (The Chernobyl Forum, Vienna, 2003–2005, 2006)

33. I. Fairlie, D. Summer, The other report on Chernobyl. (MEP Greens/EFA, Berlin, 2006)
34. Masatsugu Hayashi, Larry Hughes, The Fukushima nuclear accident and its effect on global

energy security. Energy Policy 59, 102–111 (2013)
35. J.A. Jones, P.A. Mansfield, Irmgard Hasemann, PC COSYMA Version 2: An Accident

Consequence Assessment Package for use on a PC (European Commission, Brussels, 1996)
36. W. Adamowicz, J. Louviere, M. Williams, Combining revealed and stated preference

methods for valuing environmental amenities. J. Environ. Econ. Manage. 26, 271–292 (1994)
37. W.M. Hanemann, Willingness to pay and willingness to accept: how much can they differ?

Am. Econ. Rev. 81(3), 635–647 (1991)
38. J.L. Knetsch, J.A. Sinden, Willingness to pay and compensation demanded: experimental

evidence of an unexpected disparity in measures of value. Q. J. Econ. 507–521 (1984)

The Economic Assessment of the Cost of Nuclear Accidents 95



39. Bruno Fautrel et al., Costs of rheumatoid arthritis: new estimates from the human-capital
method and comparison to the willingness-to-pay method. Med. Decis. Making 27(2),
138–150 (2007)

40. W.Kip Viscusi, The value of risks to life and health. J. Econ. Lit. 31, 1912–1946 (1993)
41. W.B. Van den Hout, The value of productivity: human-capital versus friction-cost method.

Ann. Rheum. Dis. 69(Suppl 1), i89–i91 (2010)
42. W. Kip Viscusi, E. Aldy Joseph, The value of a statistical life: a critical review of market

estimates throughout the world. J. Risk Uncertainty 27(1), 5–76 (2003)
43. Michael G. Faure, Göran Skogh, Compensation for damages caused by nuclear accidents: a

convention as insurance. The Geneva Pap. on Risk and Insur. 17(65), 499–513 (1992)
44. Nigel Evans, Chris Hope, Costs of nuclear accidents: implications for reactor choice. Energy

Policy 10(4), 295–304 (1982)
45. Hal R. Arkes, Catherine Blumer, The psychology of sunk cost. Organ. Behav. Hum. Decis.

Process. 35, 124–140 (1985)
46. J. Matheny, M. Mair, B. Smith, Cost/success projections for US biodefense countermeasure

development. Nat. Biotechnol. 26(9), 981–983 (2008)
47. McFarland, William F, et al., Assessment of techniques for cost-effectiveness of highway

accident countermeasures (Federal Highway Administration, Environmental Design and
Control Division, 1979)

48. Alistair Munro, The economics of nuclear decontamination: assessing policy options for the
management of land around Fukshima Dai-ichi. Environ. Sci. Policy 33, 63–75 (2013)

49. Patrice Perny, Daniel Vanderpooten, An interactive multiobjective procedure for selecting
medium-term countermeasures after nuclear accidents. J. Multi-criteria Decis. Anal. 7, 48–60
(1998)

50. Raimo P. Hämäläinen, Mats R.K. Lindstedt, Sinkko Kari, Multiattribute risk analysis in
nuclear emergency management. Risk Anal. 20(4), 455–468 (2000)

Open Access This chapter is licensed under the terms of the Creative Commons Attribution 4.0
International License (http://creativecommons.org/licenses/by/4.0/), which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as long as you give appropriate
credit to the original author(s) and the source, provide a link to the Creative Commons license and
indicate if changes were made.
The images or other third party material in this chapter are included in the chapter’s Creative

Commons license, unless indicated otherwise in a credit line to the material. If material is not
included in the chapter’s Creative Commons license and your intended use is not permitted by
statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder.

96 R. Bizet and F. Lévêque

http://creativecommons.org/licenses/by/4.0/

	7 The Economic Assessment of the Cost of Nuclear Accidents
	Abstract
	1 Introduction
	2 Evaluating the Expected Cost of Nuclear Power
	2.1 Limitations in Estimating the Probabilities of Nuclear Accidents
	2.2 Nuclear Accident Are no Car Crashes
	2.3 Perception of Probabilities
	2.4 The Effects of Perception Biases on Nuclear Accidents

	3 Economic Assessment of Nuclear Damage and Their Insights into Mitigation Policies
	3.1 Existing Assessments of the Cost of a Nuclear Accident
	3.2 The Assessments of the Costs of Other Hazards Exhibit Similar Discrepancies

	4 Uncertainties and Mitigation Policies
	4.1 Cost Assessments Do not Speak the Same Language
	4.2 The Aftermath of a Nuclear Disaster: PSA or Past Events?
	4.3 Converting Consequences into Costs Requires Various Hypotheses and Assessment Methodologies
	4.4 Drawbacks
	4.5 Cost Assessment Fails to Provide Guidelines into Mitigation Policies

	5 Conclusions
	References


