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Pathway Planning of Nuclear Power Development 
Incorporating Assessment of Nuclear Event Risk

Xinxin Yang, Yusheng Xue, and Bin Cai

Abstract——The nuclear event risk (NER) is an important and 
disputed factor that should be reasonably considered when plan‐
ning the pathway of nuclear power development (NPD) to as‐
sess the benefits and risks of developing nuclear power more ob‐
jectively. This paper aims to explore the impact of nuclear 
events on NPD pathway planning. The influence of nuclear 
events is quantified as a monetary risk component, and an opti‐
mization model that incorporates the NER in the objective func‐
tion is proposed. To optimize the pathway of NPD in the low-
carbon transition course of power supply structure evolution, a 
simulation model is built to deduce alternative NPD pathways 
and corresponding power supply evolution scenarios under the 
constraint of an exogenously assigned carbon emission pathway 
(CEP); moreover, a method is proposed to describe the CEP by 
superimposing the maximum carbon emission space and each 
carbon emission reduction (CER) component, and various CER 
components are clustered considering the emission reduction 
characteristics and resource endowments of different power gen‐
eration technologies. A case study is conducted to explore the 
impact of NER and its risk valuation uncertainty on NPD path‐
way planning. The method presented in this paper allows the 
impact of nuclear events on NPD pathway planning to be quan‐
tified and improves the level of coordinated optimization of ben‐
efits and risks.

Index Terms——Low-carbon transition, power supply structure 
evolution, nuclear power development (NPD), quantitative anal‐
ysis, nuclear event, risk evaluation.
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Numbering of carbon emission reduction 
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ing to characteristics

Severity of a nuclear event

Type of generation technology

Time period

Coefficient describing trend of CER compo‐
nent curve of non-hydro renewable energy gen‐
eration

Average coal consumption rate of power sup‐
ply in period t

Carbon dioxide emission factor of standard coal

Amount of carbon dioxide emitted per unit of 
electricity of generator i of generation technolo‐
gy n in period t

Carbon emission cost in period t

Operation and maintenance cost per unit of 
electricity of generator i of generation technolo‐
gy n in period t

Fuel cost per unit of electricity of generator i 
of generation technology n in period t

Decommissioning cost per unit of electricity of 
generator i of generation technology n in peri‐
od t

CER amount of non-hydro renewable energy 
generation in the starting year t0

Carbon emission cap of system power genera‐
tion in period t

Annual utilization hours of nuclear power in 
period t

Lower limit of annual newly installed capacity 
of generation technology n in period t

Grid-level system cost of generation technolo‐
gy n per unit of electricity in period t

Electricity demand forecast in period t

Discount rate

Starting year of assessment period

Target year of assessment period
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Upper limit of annual newly installed capacity 
of generation technology n in period t

The maximum operational installed capacity of 
generation technology n by the target year

Depreciation cost of generator i of generation 
technology n in period t

Financial expense of generator i of generation 
technology n in period t

Investment cost of generation technology n in 
period t

Operation and maintenance cost of generation 
technology n in period t

Fuel cost of generation technology n in period t

Carbon emission cost of generation technology 
n in period t

Decommissioning cost of generation technolo‐
gy n in period t

Grid-level system cost in period t

Socioeconomic loss per reactor year of m-level 
nuclear events in period t

Generation-side cost of nuclear power in peri‐
od t

Generation-side cost of renewable energy gen‐
eration in period t

Generation-side cost of fossil power generation 
in period t

Carbon emission from system power genera‐
tion in period t

CER amount of nuclear power generation in 
period t

CER amount of non-hydro renewable energy 
generation in period t

CER amount of non-hydro renewable energy 
generation in target year tf

Annual power generation of generator i of gen‐
eration technology n in period t

Nuclear power generation in period t

Renewable energy generation in period t

Fossil power generation in period t

Probability of occurrence per reactor year of m-
level nuclear events in period t

Risk cost of nuclear events in period t

Installed capacity of generation technology n 
in the target year tf

Installed capacity of nuclear power in period t

Annual newly installed capacity of generation 
technology n in period t

Number of operating nuclear reactors in period 
t
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The maximum carbon emission space

Set of CER component curves

CER component curve numbered j

CER component curve of nuclear power

CER component curve of non-hydro renewable 
energy generation

CER component curve of hydropower

Set of generating units of generation technolo‐
gy n

Set of severities of nuclear events

Set of generation technologies n

Set of fossil power generation technologies

Set of renewable energy generation technolo‐
gies

Set of all time periods during assessment

I. INTRODUCTION 

IN the last two years, the frequent occurrence of extreme 
weather and changes in the international situation have 

overlapped and intensified the global energy crisis. The com‐
prehensive utilization of nuclear power and renewable ener‐
gy has gradually become the key to achieving climate com‐
mitments and ensuring energy security [1]. China has ranked 
first in the number of nuclear power units under construction 
worldwide for many years. The “carbon peaking and carbon 
neutrality” goals have further accelerated the approval of 
new nuclear power projects, and ten nuclear power units 
were approved for construction in 2022, reaching a new high 
since 2008. Nuclear power, a controllable low-carbon tech‐
nology that can potentially replace fossil power generation 
on a large scale, can effectively fill the incremental baseload 
deficit in constructing a new electric power system based on 
new energy sources. Therefore, nuclear power is a signifi‐
cant component of the low-carbon transition of power sys‐
tems, and studying the pathway planning of nuclear power 
development (NPD) is of great practical significance.

The future NPD is a balanced choice between potential 
benefits and hidden risks. There are many reasons for deci‐
sion-makers to consider introducing or expanding nuclear 
power into the energy supply mix, including its benefits in 
providing employment opportunities, supporting socioeco‐
nomic development, enhancing energy security by expanding 
dependable and autonomous sources of supply, mitigating cli‐
mate change, and enhancing national competitiveness in sci‐
ence and technology [1]-[4]. However, hidden risks must al‐
so be seriously considered in the planning horizon, including 
accidents and safety issues, the challenge of nuclear waste 
disposal, the potential for nuclear proliferation, and the eco‐
nomic feasibility associated with construction delays and 
cost overruns [2], [3], [5]. In particular, nuclear events (in‐
cluding incidents and accidents) have always caused contro‐
versies over the NPD [6]. A severe nuclear accident is likely 
to overturn the global NPD strategy, as the Fukushima Dai‐
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ichi nuclear disaster did in 2011.
The uncertainty of NPD is driven not only by technologi‐

cal, environmental, and climate factors, but also by social 
factors such as energy economics, policy, and public accep‐
tance. It is a typical problem that needs to be considered un‐
der the framework of the cyber−physical− social system in 
energy (CPSSE) [7], [8]. Reference [8] systematically re‐
views the research status of NPD optimization from the 
CPSSE perspective. It points out that complex factors such 
as nuclear events, the contribution of nuclear power to long-
term power adequacy, policy, and investment behavior have 
yet to be well considered in existing studies, and it suggests 
that the results of the specialized studies on nuclear power 
can be incorporated into the research on planning decisions 
and optimization of NPD. On this basis, this paper mainly 
discusses how to consider NER and incorporate it into the 
medium- to long-term planning of NPD. Target planning and 
pathway planning are both parts of full energy transition 
planning [9]. This paper is mainly about pathway planning 
for NPD, which means figuring out the installed capacity 
evolution path year by year to reach the goal.

Most current studies on NPD are limited to qualitative dis‐
cussions of nuclear events. Categorized by research methods, 
some studies estimate the future development space of nucle‐
ar power according to the development priority order and 
supply capacity of different power generation technologies. 
Overall, these studies are somewhat confined to static evalua‐
tion. For instance, [5] estimates the total expansion of nucle‐
ar power in China and the layout of installed capacity in spe‐
cific provinces under the 1.5 ℃ global temperature target 
and analyzes site resources, equipment manufacturing, and 
fuel supply and demand. Another category of existing re‐
search is the low-carbon transition of power systems and 
power structure optimization, which usually uses a techno‐
logical-economic energy model to obtain the (quasi- ) opti‐
mal energy development and power supply plan. NPD is in‐
cluded to minimize cumulative economic costs during the as‐
sessment period. For example, [10] adopts an iterative com‐
bination of the model for energy supply strategy alternatives 
and their general environmental impact and the dynamic of 
the energy system−atomic energy model to simulate energy 
supply and NPD scenarios and optimize nuclear power 
growth according to available nuclear fuel resources. Refer‐
ence [11] examines the potential of NPD in France with vari‐
ous nuclear policy options and emission targets. This analy‐
sis is based on a specialized integrated MARKAL-EFOM 
system model called TIMES-FR, which accurately represents 
the French energy system. Nevertheless, the aforementioned 
studies have not considered the impact of nuclear event risk 
(NER) on NPD.

In assessments of nuclear power’s sustainability and com‐
parative studies with other power generation technologies, 
certain researchers have considered indicators related to 
NER based on methods such as multi-criterion decision-mak‐
ing techniques, fuzzy logic, and fuzzy multi-attribute utility 
theory. For example, [12] considers reactor safety and nucle‐
ar proliferation risk using linguistic values (strong, weak, 
and medium); [13] uses marking to describe technical reli‐

ability and accident risk; and [14] considers indicators such 
as radionuclide external costs, past fatal accidents, and se‐
vere accidents expected in the future. The initial values and 
weight coefficients of evaluation indicators depend highly on 
experts’  experience and subjective judgment. Furthermore, 
coordinating the NER with other power supply costs is chal‐
lenging.

Currently, there are numerous studies on nuclear power 
safety risk assessment. Among them, the probabilistic safety 
analysis (PSA) is the most fundamental risk quantification 
method in the nuclear industry. It analyzes the accident se‐
quence caused by the initial event through logical reasoning 
about its structure; it is commonly used for numerical estima‐
tion of the safe operation and vulnerability risk of a nuclear 
power plant (NPP) [15]. The reliability of PSA largely de‐
pends on the inclusiveness of scenarios and the accuracy of 
modeling potential cascading effects. Some studies have not‐
ed that PSA underestimates the risk of nuclear events [16]. 
Another method is probabilistic and statistical analysis based 
on risk theory, which mainly constructs stochastic models of 
the frequency and severity of historical nuclear events and 
predicts their return periods. For the severity of nuclear 
events, [17] uses the International Nuclear Event Scale (IN‐
ES) to rank it discretely from 1 to 7; [18] proposes a new 
quantitative nuclear accident magnitude scale (NAMS) using 
only off-site atmospheric release of radioactivity; [19] and 
other related references suggest applying the monetary value 
of damage to make it comparable. For the occurrence proba‐
bility of nuclear events, the prediction results of different 
studies vary widely. For example, [18] predicts that a nucle‐
ar disaster of (or exceeding) the Fukushima scale will occur 
every 12-15 years, whereas [6] claims a 50% probability of 
at least one occurrence every 60-150 years. Although people 
may question the accuracy of using historical data to assess 
current and future NER, the above studies do provide valu‐
able insights into calibrating PSA and understanding the loss 
and insurability of nuclear events. Undoubtedly, if the im‐
pact of NER can be factored into the overall optimization of 
the NPD pathway, new insights will be gained.

In summary, although nuclear events have long received 
attention at a qualitative level, they are yet to be well consid‐
ered in the mid-to-long-term pathway planning of NPD. 
Hence, this paper explores the risk evaluation of nuclear 
events and examines the optimization of the NPD pathway 
considering the NER. The impact of NER on NPD pathway 
planning and decision support is also analyzed through dy‐
namic simulation. The contributions of this paper are briefly 
summarized as follows.

1) This paper builds a bridge between the coordinative op‐
timization of the low-carbon energy transition and dual-car‐
bon transformation. A simulation model is developed to de‐
duce the installed capacity evolution pathway of nuclear 
power and renewable energy generation under the constraint 
of an exogenously assigned carbon emission pathway (CEP). 
The CEP is defined by the maximum amount of emission 
space and multiple carbon emission reduction (CER) compo‐
nents, which are clustered and described according to the 
emission reduction characteristics of different power genera‐
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tion technologies.
2) NER is defined as the product of the probability and 

loss of nuclear events. Quantitative assessment of the NER 
for a given NPD pathway is achieved by statistical analysis 
of global historical nuclear events and applying findings 
from existing nuclear event evaluation studies to NPD path‐
way planning. An NPD pathway optimization model that in‐
cludes the NER in the objective function is constructed, 
which realizes the coordination between the NER and other 
power supply costs.

3) Through dynamic simulation and multi-scenario com‐
parison, the impact of NER and its valuation uncertainty on 
the planning outcomes of NPD are quantitatively analyzed, 
and a decision-making methodology that combines stakehold‐
ers’  subjective risk perceptions with objective technology−
economy−environment simulation is discussed to support the 
actual planning of NPD pathways better.

The remainder of this paper is organized as follows. Sec‐
tion II introduces the methodology and model, including a 
simulation model for deducing NPD pathways and corre‐
sponding power supply evolution scenarios, quantitative eval‐
uations of NER, and an optimization model accounting for 
NER. Section III presents a case study that compares the 
simulation results with and without consideration of NER 
and analyzes the impact of NER and its uncertainty on the 
NPD pathway planning. Conclusions are summarized in Sec‐
tion IV.

II. METHODOLOGY AND MODEL 

A. A Simulation Model for Dynamic Deduction of NPD 
Pathways and Corresponding Power Supply Structure Evolu‐
tion Scenarios

The energy transition and dual-carbon transformation are 
complex giant system problems of cross-domain multi-objec‐
tive optimization, which need to be solved by decoupling 
and iterating from domain, time, space, and other dimen‐
sions [20]. NPD pathway planning is one of the sub-prob‐
lems. In 2018, the authors’  research team proposed a re‐
search paradigm based on technology−economy−behavior−re‐
al human hybrid interactive simulation and coordinated opti‐
mization of transition goals and pathways [21]. Based on 
this paradigm, [9] describes the energy transition pathways 
by clustering them in the form of a power function on a 
phase plane composed of the time axis and the non-fossil en‐
ergy proportion, and constructs several typical scenarios sat‐
isfying a given non-fossil energy proportion to quantitatively 
assess China’s energy revolution strategy (2016-2030). After 
the “carbon peaking and carbon neutrality” goals are put for‐
ward, [20] and [22] propose a fresh idea of coordinative opti‐
mization of energy transition and dual-carbon transformation 
based on whole-reductionism thinking (WRT). Based on the 
above research, this paper focuses on the long-term pathway 
planning of NPD. Considering the CEP constraint and NPD 
characteristics of being strictly constrained by site resources, 
the policy environment, and other factors, a method to de‐
duce NPD pathways and corresponding power supply evolu‐
tion scenarios under a given CEP constraint is constructed. 
Carbon sinks are not considered in this paper. The following 
will describe how to give the CEP constraint in terms of ex‐

ogenous policy-related variables. In future studies, the CEP 
is derived from the results of carbon balance optimization.

It is challenging to set the CEP directly, which needs to 
be matched with the status quo of installed capacity, develop‐
ment goals, resource endowment, and the rest. Therefore, we 
provide a way to set a reasonable CEP for the power system 
to be evaluated by considering the CER characteristics of 
low-carbon power generation technologies for feature cluster‐
ing: ① decoupling the to-be-planned CEP into the maximum 
carbon emission space and several CER components (i. e., 
the carbon emission reduced by the equivalent replacement 
of fossil power generation); ② estimating the maximum car‐
bon emission space based on the current status of installed 
capacity, load growth rate, and other factors; ③ analyzing 
the carbon reduction characteristics of each low-carbon pow‐
er generation technology, clustering them by features, and se‐
lecting appropriate expressions to describe each CER compo‐
nent, respectively; ④ superimposing curves of the maximum 
carbon emission space and various CER components to ob‐
tain the planned CEP.

CE(t)=CEcaps (t)+CERnf (t) (1)

CERnf (t)=CERnf
1 (t)+ +CERnf

j (t)+ +CERnf
J (t) (2)

Equation (1) indicates that the CEP is set by superimpos‐
ing the maximum carbon emission space and CER compo‐
nents. Equation (2) represents CER component curves classi‐
fied according to their emission reduction characteristics.

The clustering and mathematical descriptions of CER com‐
ponents are closely related to the research system. Take the 
regional power system in the case study in Section III of 
this paper as an example to explain the process of generat‐
ing CEP in detail. Hydropower has limited and prioritized 
development potential, which allows its CER component to 
be a given input value. Nuclear power has a large single-unit 
capacity, high annual utilization hours, and a long construc‐
tion time; newly installed capacity of nuclear power will 
bring a partial and significant emission reduction increment 
to the system in the year of grid connection. Therefore, the 
CER curve of the nuclear power has discrete characteristics 
related to the construction and grid connection time se‐
quence. New energy (this paper primarily considers wind 
power and photovoltaic (PV)) needs to generally meet the re‐
quirements of high-quality industry development and the 
steady growth of grid consumption; thus, its CER compo‐
nent grows smoothly overall, as expressed by a power func‐
tion. Equation (3) represents the decomposition of the sys‐
tem CER into nuclear power, non-hydro renewable energy 
generation, and hydropower based on their characteristics. 
Equations (4) and (5) represent the calculation of the CER 
of nuclear power and non-hydro renewable energy genera‐
tion in year t, respectively.

CERnf (t)=CERnf
nucl (t)+CERnf

nhRen (t)+CERnf
hyd (t) (3)

CERnf
nuclt = S G

nuclt Hnucltσ
CG
t σ CO2

c (4)

CERnf
nhRent =CERnf

nhRent0
+ (CERnf

nhRentf
-CERnf

nhRent0
) ( t - t0

tf - t0 ) α(5)

This paper constructs a simulation flow for deducing NPD 
pathways and corresponding power supply structure evolu‐
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tion scenarios under a given CEP constraint and electricity 
demand, as shown in Fig. 1. Also, a relevant functional mod‐
ule is built and embedded in the energy transition dynamic 
evaluation model and simulation application, which is devel‐
oped based on the simulation platform for the cyber−physical−
social system (Sim-CPSS) of the State Grid Electric Power 
Research Institute [23] (also known as the dynamic simula‐
tion platform for the power market and power system 
(DSPMPS) [24]-[26]). Due to space limitations, the genera‐
tor-level technical−economic−emission model, as well as the 
modeling of external environments such as the power mar‐
ket, the capital market, and the carbon emission system, are 
not presented in this paper, but can be seen in [9] and [27] 
for details. The simulation time depends on the size of the 
evaluated power system, the length of the evaluation period, 
the simulation time step, the computing power used, and oth‐
er considerations. For instance, our case study in Section III, 
with an assessment period between 2019 and 2035, a yearly 
simulation time step, and an Intel Core i7-13700H CPU @ 
2.40 GHz computer processor, will take approximately 10-12 
min to simulate.

Firstly, the annual generation from fossil and non-fossil 
energy sources is calculated separately under a given CEP 
constraint and electricity demand balance. Secondly, alterna‐
tive NPD pathways are set considering plant site resources, 
policy orientation, and construction duration. Taking the 
NPD pathway as the principal decision variable, generation 
from nuclear and new energy is calculated to meet the total 
amount of electricity from non-fossil energy sources. Then, 
based on some heuristic allocation principles (e.g., installed 
capacity ratio of wind power and PV in the target year), the 
upper and lower limits of development resources, annual 
growth limits and other constraints, and power generation 
curves of wind power, PV, and other new energy sources are 
deduced. Finally, according to the exogenous simulation in‐
put parameters given, such as annual utilization hours, con‐
struction time, and design lifespan, the yearly cumulative in‐
stalled capacity and newly installed capacity are inversely 
calculated from power generation curves of each technology 
to realize the construction of an NPD pathway and the corre‐
sponding power supply evolution scenario under a given 
CEP constraint.

B. Optimization Model Considering NER

1)　Objective Function
Reference [28] proposes that some inequality constraints 

such as power supply security constraints can be converted 
into default costs and considered in an objective function. 
Based on this idea, the impact of nuclear events is quantita‐
tively characterized as a monetary value of NER, which is 
included in the objective function to coordinate with the 
power generation cost. In addition, the widely varying costs 
of supplying electricity to the grid from different generating 
options must play a role in future energy decisions. Grid-lev‐
el system costs are therefore also taken into account, com‐
prising the costs for additional investments to extend and re‐
inforce transport and distribution grids, as well as to connect 
new capacity, and the costs for the short-term balancing and 
the maintenance of long-term secure electricity supplies [29]. 
The optimization objective function (6) minimizes the cumu‐
lative power supply risk cost during the assessment period.

min TRC =∑
tÎ T

(C Gen
nuclt +C Gen

rent +C Gen
fost +C GridSys

t +RC NEs
t )×
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Input an exogenously given CEP
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Y

Does each new energy technology

complete the calculation?

N

Calculate power generation and carbon

emissions of fossil power generation

technologies which have a defined

development plan

Calculate the maximum generation of

other fossil power generation technologies

based on the remaining carbon emission space

Calculate the annual total non-fossil power

generation according to the system

electricity demand balance

Step 1: coordination of 

fossil and non-fossil

power generation under

a given CEP constraint

Set an NPD pathway considering site

resources and policy, and calculate the

annual nuclear power generation curve

Calculate the annual power generation of

each new energy source

Calculate the annual cumulative installed

capacity of each technology from their

annual power generation curves

Calculate the annual newly installed

capacity of each technology based on

their construction time and lifespan, etc.

Step 2: coordination of

nuclear and new energy

power generation within

non-fossil power

generation

Complete the construction of an NPD

pathway and corresponding power

structure evolution scenario

Step 3: deduction of

an NPD pathway and

corresponding power

supply structure

evolution scenario

Fig. 1.　Flowchart of deduction process of NPD pathways and correspond‐
ing power supply structure evolution scenarios under a given CEP constraint 
and electricity demand.
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C Dec
nt =∑

iÎ In

Entic
dec
nti (14)

C GridSys
t =∑

nÎN
∑
iÎ In

Enit psys
nt (15)

Equations (7)-(9) represent the generation-side costs in pe‐
riod t of nuclear power (i,e., n = nucl), renewable energy gen‐
eration, and fossil power generation, respectively. Equation 
(10) represents the investment cost of generation technology 
n in period t. Note that the annual investment cost consists 
of two parts: the costs associated with unit depreciation and 
financial expenses, which are apportioned to each year on a 
full life-cycle basis and related to installed capacity, construc‐
tion cost, interest rate, depreciation life, construction period, 
operating lifespan, etc. Equations (11)-(13) represent the op‐
eration and maintenance (O&M) cost, fuel cost, and carbon 
emission cost of generation technology n in period t, respec‐
tively. Equation (14) represents the decommissioning cost in 
period t. Note that only nuclear power currently includes de‐
commissioning cost in generation-side costs through the nu‐
clear facility decommissioning reserve fund. Equation (15) 
represents the grid-level system costs in period t. It should 
be noted that the calculation of actual grid-level system 
costs is very complex and requires detailed grid planning 
and operation optimization. This paper only makes assump‐
tions and estimates based on the NEA research report [29]. 
In addition, the quantitative assessment of NER is intro‐
duced in detail in Section II-C.
2)　Constraints in Dynamic Simulation

PDt =Enuclt +Erent +Efost    "tÎ T (16)

CEt £CE ul
t     "tÎ T (17)

LLS NG
nt £ S NG

nt £ULS NG
nt     "tÎ TnÎN (18)

S G
ntf
£ULS G

n     "nÎN (19)

This paper focuses on the long-timescale expansion plan‐
ning of power generation. Therefore, the supply-and-demand 
balance of electricity is the primary equality constraint, as 
shown in (16). Note that the electricity demand is assumed 
to be met by installed capacity within the system without 
considering net import electricity. Inequality constraints (17)-
(19) represent carbon emission caps, generation resource lim‐
its, and installed capacity expansion planning constraints, re‐
spectively, limited by cost reduction, resource endowment, 
engineering construction capacity, policy, development condi‐
tions, and other factors. These inequality constraints are not 
converted into costs or considered in the objective function.

C. Quantitative Evaluation of NER

Based on the concept of risk, the probability of occur‐
rence and loss consequence of nuclear events are uniformly 
monetized as NER, as shown in (20). The variable wt is re‐
lated to the NPD planning pathway.

RC NEs
t = ∑

mÎM

wt P
NE
tmC NE

tm (20)

The occurrence probability and loss valuation per reactor 
year are essential to evaluate NER quantitatively. Many stud‐
ies have been conducted to analyze historical nuclear events 

statistically, yet the findings have not reached a broad agree‐
ment. The main objective of this paper is to monetize NER 
and add it to the objective function of NPD pathway optimi‐
zation. For this purpose, existing typical studies that statisti‐
cally analyze historical nuclear events, such as those in [6], 
[18], [30], [31], are applied to estimate the NER per reactor 
year, which are incorporated into the NPD pathway planning 
research. The specific estimation process and results are as 
follows. Without special notation, economic losses are dis‐
counted to the purchasing power in 2019 (the starting year 
of the case study in this paper).
1)　Estimate Based on Statistical Averages of Historical Fre‐
quency and Loss Valuation of Each INES-level Nuclear Event

Referring to [17] and [32], INES is used to describe the 
severity of nuclear events, and a statistical analysis of histori‐
cal nuclear events is performed. The probability of a nuclear 
event per reactor year is considered by counting the number 
of historical nuclear events at each INES level, using a stan‐
dardized ratio of the number of operating reactors per year. 
Economic losses are conservatively estimated and assumed 
according to the loss valuations of historical nuclear events 
in each INES level, i. e., economic losses of equally severe 
future nuclear events are assumed to be the statistical averag‐
es of empirical losses for the corresponding INES level. The 
probability and cost are multiplied to obtain the estimated 
NER per reactor year.

Using the nuclear event database provided in [31] and ob‐
taining the annual number of nuclear reactors in operation 
from [33], as shown in Fig. 2, this paper performs a prelimi‐
nary analysis of 216 historical nuclear events from 1954 to 
2015, of which 102 have INES scores, and 68 have currency 
valuations (including direct economic loss and statistical life 
values of casualties [31]). The estimated NER per reactor 
year is about 31.94 M$, identified as “ENER-1” hereafter.

2)　Estimate by Applying Stochastic Model of Frequency and 
Severity of Historical Nuclear Events Established in [30]

Since the Fukushima nuclear accident, there has been a 
significant increase in research on nuclear power safety and 
assessments of historical nuclear events. Reference [30] is 
one of the earlier studies that uses classical probability mod‐
els from risk theory to analyze 102 historical nuclear events 
from 1957 to 2011, which guides many subsequent studies. 
We apply the annual loss-count and loss-severity distribution 
model of nuclear events constructed in [30] to estimate the 
NER per reactor year, and the corresponding steps are as fol‐
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lows.
1) Select a typical range of possible economic losses, and 

based on the loss-severity distribution model, the estimated 
excess probability curve of the annual nuclear event loss dis‐
tribution for an average single NPP is determined, with the 
horizontal coordinate being the economic loss and the verti‐
cal coordinate being the probability of nuclear events exceed‐
ing the corresponding economic loss.

2) Divide the entire typical economic loss range into sev‐
eral closely spaced loss intervals, use the median of each 
loss interval to represent the loss valuation of a nuclear 
event falling within that loss interval, and estimate the proba‐
bility of a nuclear event at that loss level based on the ex‐
cess probability of two adjacent loss intervals.

3) Estimate the risk of each loss interval and add it up to 
obtain the overall estimated NER per reactor year.

The typical possible economic loss range is set to be 20 
to 242800 M$ (as of 2010), of which the minimum possible 
loss is the fixed threshold used in loss modeling in [30], and 
the maximum potential loss is the highest economic loss val‐
uation of the historical nuclear disasters that can be investi‐
gated as far as the author knows (from [31]). The estimated 
excess probability curve of the annual nuclear event loss dis‐
tribution for an average single NPP is obtained as shown in 
Fig. 3. According to the segmentation bound of 150 M$ (as 
of 2010) for the loss-severity distribution model in [30], the 
loss interval is spaced at 10 M$ and 100 M$ (as of 2010), 
respectively. The estimated NER per reactor year is approxi‐
mately 2.65 M$, denoted as “ENER-2”.

3) Estimate by Applying Frequency-loss Relationship of His‐
torical Nuclear Events in [6], [18], and [31]

By quantitatively examining the frequency-loss relation‐
ship of historical nuclear events, several studies have predict‐
ed the return periods of future nuclear events at various se‐
verity levels. The findings of [6], [18], and [31] are applied 
to estimate the NER per reactor year in this paper. The prob‐
ability of nuclear events per reactor year can be roughly esti‐
mated based on the predictions for the return periods. On 
this basis, a conservative estimate is made to evaluate the 
NER per reactor year, assuming that the highest losses of 
historical nuclear events at various severity levels represent 
the maximum possible losses of future nuclear events at the 
same severity levels.

We utilize the above valuation approach to estimate the 

NER per reactor year, and the results are presented below 
and detailed in Appendix A Table AI. Based on [18], the esti‐
mated NER per reactor year ranges from approximately 
28.00 M$ to 35.00 M$, with the high and low values denot‐
ed as “ENER-3” and “ENER-4”, respectively. The valuation 
of the NER per reactor year based on [6] is about 6.22 M$, 
identified as “ENER-5”. Based on the findings in [31], the 
estimated NER per reactor year falls within the range of 
2.40 M$ to 5.53 M$, with the high and low values designat‐
ed as “ENER-6” and “ENER-7”, respectively. It should be 
noted that the aforementioned studies have focused mainly 
on “major events” resulting in significant losses. Neverthe‐
less, the ten most costly historical nuclear events constitute 
over 90% of the total losses in the dataset and, consequently, 
can reflect the overall risk level associated with nuclear 
events to a certain extent.

In summary, based on the existing statistical analysis of 
historical nuclear events and safety evaluation studies, this 
paper estimates the overall range of NER per reactor year to 
be about 2.40 M$ to 35.00 M$, with the maximum and mini‐
mum estimates differing by one order of magnitude. By sub‐
stituting the estimated NER per reactor year and the number 
of nuclear reactors in operation in the system year by year 
into (20), the NER of a planned NPD pathway in each level 
year and for the entire assessment period can be obtained.

It should be noted that the assessment of NER in this pa‐
per is based on several assumptions, including but not limit‐
ed to estimating the NER of a specific power system based 
on global historical nuclear events and the current nuclear 
fleet, not considering factors such as regional differences 
and reactor types, assuming that the economic losses of nu‐
clear events of the same severity level are the same, using 
the maximum empirical loss of historical nuclear events to 
estimate, and assuming that the NER per reactor year is con‐
stant during the entire assessment period. The quantitative 
analysis of NER is a very complex research challenge. This 
paper mainly explores how to incorporate NER into optimiz‐
ing the NPD pathway and quantify its impact. Therefore, al‐
though there are limitations such as the small sample size of 
historical nuclear events, the difficulty in collecting econom‐
ic loss data, and the considerable uncertainty in risk valua‐
tion, they do not affect the overall analysis method of consid‐
ering NER in NPD pathway planning proposed in this paper. 
Moreover, in future research, more accurate NER quantifica‐
tion techniques and prediction results can be incorporated in‐
to the NPD pathway deduction, simulation, and evaluation 
model constructed in this paper to better support analysis.

III. CASE STUDY 

A. Scenarios and Parameters

We take the NPD pathway planning of a provincial power 
system in China as an example to carry out the case study. 
The existing total power capacity is about 136 GW in 2019, 
with the installed capacity of nuclear, renewable, and fossil 
power generation accounting for 3.47%, 20.08%, and 
76.45%, respectively. The region is a typical high-electricity-
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Fig. 3.　Estimated excess probability of annual nuclear event loss distribu‐
tion for an average single NPP.
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consumption province dominated by fossil power generation, 
with a current annual demand of 5.06×1011 kWh, and the 
proportion of nuclear, renewable, and fossil power genera‐
tion is 6.50%, 6.70%, and 86.80%, respectively.

Electricity demand varies at an assumed annual load 
growth rate and is assumed to be met entirely by in-province 
generation, with no external power; besides, grid planning 
has not been considered. According to the overall CER tar‐
get, annual carbon emissions from electricity generation are 
set to decrease by 30% by 2035, and the entire CEP is 
formed through the method presented in Section II-A.

Based on resource endowment and policy orientation, up 
to two new NPP sites can be developed during the assess‐
ment period, each capable of accommodating two to four 
new million-kilowatt-class nuclear power units. Based on the 
simulation reduction model built in Section II-A, three NPD 
pathways and corresponding power supply structure evolu‐
tion scenarios are constructed and identified as low-NPD, 
medium-NPD, and high-NPD, respectively, as shown in Ta‐
ble I. Due to the space limitation, the assumptions and set‐
tings related to the installed capacity expansions of other 
power generation technologies are described in Appendix B. 
Key background parameters and physical− economic− emis‐
sion parameters for various types of newly-built generators 
are described in Appendix B Table BI and Table BII, respec‐
tively. The NER per reactor year and related parameters are 
set as detailed in Section II-C, and the median of the above 
NER valuations is taken as the benchmark value (i.e., ENER-
5, about 6.22 M $ per reactor year). The grid-level system 
costs are set according to [29].

B. Result Analysis

1)　Comparison of Physical Quantities in Different NPD 
Pathways and Corresponding Scenarios

In different NPD scenarios, the annual carbon emission 
curves obtained from dynamic simulation are consistent with 
the expected CEP (the average yearly deviation is only about 
0.59%). Considering the limited remaining development 
space of hydropower in the evaluated region, the low-carbon 
power increment of the system mainly comes from nuclear 
power, onshore wind power, offshore wind power, and PV; 
thus, there is room for coordinated optimization of the in‐
stalled capacity growth of nuclear power and new energy. 
The sequential evolution trajectories of the system power 
structure and the proportion of installed capacity of nuclear 
power during 2020-2035 in different NPD scenarios are 
shown in Fig. 4.

Each scenario has the same power installation scale and 
structure until 2025, following the regional “14th Five-year 
Plan”. After 2025, no new nuclear power unit will be built 
in the low-NPD scenario, new low-carbon electricity demand 
will be mainly met by wind power and PV, and the propor‐
tion of installed capacity (generation) of nuclear power will 
decrease year by year from 3.76% (8.37%) to 2.54% 
(7.44%) by 2035. A new NPP site will be developed in the 
medium-NPD scenario, and 4.80 GW of nuclear power will 
be installed cumulatively from 2026 to 2029, with a corre‐
sponding reduction of about 15% in cumulative installed ca‐
pacity of new energy compared with the low-NPD scenario. 
During this period, the proportion of installed capacity (gen‐

eration) of nuclear power will grow year by year at an aver‐
age annual rate of 0.48% (1.34%). Then, it will slowly de‐
cline, with a proportion of installed capacity (generation) of 
about 4.66% (12.84%) by 2035. Two new NPP sites will be 
developed in the high-NPD scenario, with 9.60 GW of new‐
ly installed capacity of nuclear power and cumulative in‐
stalled capacity of new energy reduced by 39.59 GW com‐
pared with the low-NPD scenario. The proportion of in‐
stalled capacity (generation) of nuclear power will grow 
steadily year by year. By 2035, the proportion of installed ca‐
pacity of nuclear power will reach 7.05%, which is about 
twice that of the initial year and can meet about 18% of the 
system electricity demand, comparable to the current average 

TABLE I
THREE NPD PATHWAYS AND CORRESPONDING SCENARIOS BASED ON NPP 

SITE RESOURCES AND POLICY ORIENTATION

Scenario 
name

Low-NPD

Medium-
NPD

High-NPD

Description of scenario

No newly built nuclear 
power unit

Developing one site 
with four newly built 

nuclear power units

Developing two sites 
with eight newly built 

nuclear power units

Newly installed 
capacity target (MW)

1200 ´ 4

1200 ´ 8

Construction 
timing

2021-2024

2021-2024, 
2026-2029

2.54%
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Fig. 4.　Evolution trajectories of system power structure and proportion of installed capacity of nuclear power in different NPD scenarios. (a) Low-NPD 
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level of the Organization for Economic Co-operation and De‐
velopment (OECD) countries. The cumulative newly in‐
stalled capacity and the annual proportion of nuclear power 

generation during the assessment period are shown in Fig. 
5(a) and (b), respectively.

The total installed capacity and power supply structure of 
the system in 2035 in each scenario are shown in Fig. 5(c). 
Nuclear power has a high load factor, and the installed ca‐
pacity of wind power and PV is about 3-6 times that of nu‐
clear power for the same power supply capability. The total 
installed capacity of the system by 2035 in the high-NPD 
scenario is the smallest, at 230 GW, approximately 13.04% 
less than that in the low-NPD scenario. During the assess‐
ment period, nuclear power cumulatively provides about 
4.333×1012 kWh of controllable low-carbon electricity (equiv‐
alent to the system electricity demand in 2019), which is 1.1 
and 1.5 times more than that in the medium- and low-NPD 
scenarios, respectively.
2)　Changes in Economic Costs and Optimization Results Be‐
fore and After Considering NER

The differences in installed capacity and power generation 
in different NPD scenarios bring about changes in economic 
costs. With specific parameter settings in this case study (dis‐
count rate of 0%), cumulative generation-side costs are very 
close in different NPD scenarios, with a maximum differ‐
ence of only 1409 M$ (only 0.25% change). Figure 6 illus‐
trates the cost share of each non-fossil power generation 
technology in cumulative generation-side costs during the as‐
sessment period, with nuclear power and new energy ac‐
counting for about 5.32%-8.23% and 18.31%-21.38%, re‐
spectively, in different scenarios.

Nuclear power has the advantage of low operating costs, 
but its construction cost will likely increase with technology 
upgrades and safety-standard enhancements, whereas the con‐
struction cost of wind power and PV shows a downward 
trend. Therefore, the planned nuclear power projects during 
the assessment period are more economically competitive 
when built early. Simulation results show that the impact of 
the same nuclear power installation increment on generation-
side costs differs in the low-, medium-, and high-NPD sce‐
narios with the addition of four new nuclear power units in 
sequence. The generation-side costs necessary for the first 
four new nuclear power units are lower than those required 
for new energy to provide the same amount of electricity, 
with an average cost of electricity of 0.0444 $/kWh. The 
four additional nuclear power units are less economical than 
new energy sources, with an average cost of electricity of 
0.0477 $/kWh. Thus, cumulative generation-side costs are 
the lowest in the medium-NPD scenario.

As shown in Fig. 7, the fuel and depreciation costs differ 
in different NPD scenarios. The high-NPD scenario has a 
1.38% higher fuel cost and a 0.54% lower depreciation cost 
than the low-NPD scenario. According to the analysis of 
physical quantities, the power supply capacity of one unit of 
installed nuclear power is approximately equal to 3-6 units 
of installed new energy sources. Therefore, although the con‐
struction cost of nuclear power is higher than that of new en‐
ergy, the low-NPD scenario has the largest cumulative new‐
ly-installed capacity, and the cumulative power construction 
costs (corresponding to unit depreciation and financial cost) 
are about 1.96% and 0.69% higher than those of medium-
NPD and high-NPD, respectively. The above analysis indi‐
cates that optimizing the NPD pathway is a complex nonlin‐
ear problem, which should be quantitatively analyzed based 
on dynamic simulation.

The cumulative power supply risk costs of each cost item 
throughout the assessment period in different NPD scenarios 
(NER takes the benchmark value) are shown in Fig. 8. 
When we only consider generation-side costs in the objec‐
tive function, the medium-NPD pathway is optimal, and the 
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high-NPD pathway is suboptimal. Moderate development of 
nuclear power is likely to help reduce generation-side costs. 
When considering generation-side costs and NER in the ob‐
jective function, NER accounts for about 0.11% -0.16% of 
the total cost. Under such circumstances, the medium-NPD 
pathway remains the optimal choice. However, in the high-
NPD pathway, the increased investment in nuclear power 
poses a greater risk of nuclear events. The economic cost 
gap between the high- and low-NPD scenarios narrows from 
1253 M $ to 955 M $ (a 23.78% decrease). We can reason‐
ably speculate that the ranking of the high- and low-NPD 
pathways may reverse if the NER cost is estimated to be 
much higher than the benchmark value.

When considering generation-side costs, NER, and grid-
level system costs together in the objective function (i.e., the 
cumulative power supply risk cost), the NER and non-gener‐
ation-side costs account for about 0.10%-0.16% and about 
5.81%-7.57% of the total cost, respectively. Less develop‐
ment of nuclear power can reduce NER. However, a corre‐
sponding increase in volatile renewable energy generation re‐
quires more energy storage, demand-side flexibility, and ex‐
tensive transmission grid expansion to support consumption, 
which raises grid-level system costs. The combined result 

shows that the high-NPD pathway is optimal, and the medi‐
um-NPD pathway is suboptimal. Under the parameter set‐
tings of this case study, the grid-side system cost is much 
higher than NER in terms of absolute quantity and has a 
more significant impact on NPD pathway optimization. In 
other words, the increased NER caused by more NPD is far 
less than the reduced grid-level system costs. Taking the 
pathway from low-NPD to high-NPD as an example, more 
investment in nuclear power leads to a 48.48% increase in 
NER (about 0.05% of the cumulative power supply risk 
cost) and a 25.86% reduction in grid-side system cost (about 
2.09% of the cumulative power supply risk cost). It is also 
in line with [34], which emphasizes that the contribution of 
nuclear power in the continued provision of stable and con‐
trollable low-carbon electricity in the context of deep decar‐
bonization of the power system should be given reasonable 
weight.

Figure 9 shows the impact of the discount rate on the gen‐
eration-side cost and the complete objective function value 
(i.e., the cumulative power supply risk cost). Under different 
discount rates, the ranking of each NPD scenario does not 
change with and without considering the NER (NER takes 
the benchmark value), and the impacts of the discount rate 
on different NPD pathways are almost the same. The reason 
is that, with scenarios and parameters set in this case, cumu‐
lative power supply risk costs of different NPD scenarios are 
initially relatively close.

3)　Impact of Uncertainty in NER Estimation on Pathway Op‐
timization

As discussed in Section II-C, there is considerable uncer‐
tainty in the quantitative assessment of NER. Figure 10 is 
the box plot of different NER valuations in this paper. Tak‐
ing the high-NPD scenario as an example, NER ranges from 
353 M$ to 5145 M$, with a median of 914 M$. The median 
value is about 1.88% of the total nuclear power generation 
cost and only 0.16% of the cumulative power supply risk 
cost.

For different NER valuations, the proportion of NER in 
the cumulative power supply risk cost does not exceed 1%, 
with a maximum of about 0.87% observed in the high-NPD 
scenario with ENER-7 and a minimum of only 0.04% ob‐
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served in the low-NPD scenario with ENER-1. Additionally, 
the proportion of NER in the total nuclear power generation 
cost ranges from about 10.10%, observed in the low-NPD 
scenario with ENER-7, to about 0.73%, observed in the high-
NPD scenario with ENER-1. After considering NER, the av‐
erage generation cost of nuclear power increases by 0.29-
4.29 $/MWh, which is close to the range of the potential nu‐
clear accident cost in Europe estimated by [35] of 0.3-3.0 €/
MWh (about 0.35-3.55 $/MWh).

The cumulative power supply risk costs of each NPD sce‐
nario with different NER valuations are shown in Fig. 11. 
The high-NPD pathway is always the optimal planning deci‐
sion under the relevant risk parameter settings used in this 
paper; thus, two new NPP sites are suggested to be devel‐
oped, with eight new nuclear power units to be built in this 
region during the assessment period. However, as the NER 
valuation increases, the difference between the optimal and 
suboptimal NPD pathways in the cumulative power supply 
risk cost gradually shrinks.

Therefore, Fig. 12 further explores the relationship be‐
tween the numerical range of NER and the optimal NPD 
pathway and discusses the risk boundary that affects the 
ranking of various NPD scenarios. If the NER valuation per 
reactor year is increased to 37.8-43.1 times the benchmark 
value, the optimal choice changes from the high-NPD path‐

way to the medium-NPD pathway, and the cumulative power 
supply risk cost of the low-NPD scenario is the highest, so 
nuclear power should be appropriately developed. In this 
case, the total NER during the assessment period ranges 
from 31274 M$ to 35741 M$, accounting for about 5.02% 
to 5.70% of the cumulative power supply risk cost in the op‐
timal scenario. When it is 43.2-45.3 times the benchmark 
value, the medium-NPD is still the optimal choice, but the 
cumulative power supply risk cost of the high-NPD scenario 
becomes the highest. The risk caused by increasing the in‐
stalled capacity of nuclear power will outweigh its benefit 
when it is greater than 45.4 times the benchmark value. In 
this case, the low-NPD pathway is optimal, i.e., it is not ad‐
vised to plan any new nuclear power units, and the total 
NER is about 27959 M$, accounting for about 4.45% of the 
cumulative power supply risk cost in the optimal scenario.

4)　Discussion: from Simulation Results to Decision-support
The risk perceptions and attitudes of decision-makers vary 

significantly for different forms of energy use [36]. There‐
fore, to use the simulation results to assist in practical deci‐
sion-making, the decision-makers’  subjective judgment needs 
to be considered besides the uncertainties of models and pa‐
rameters. In this regard, we propose a research idea that 
combines objective dynamic simulation-based technical−eco‐
nomic− environmental indicators with subjective experience-
based risk perception. Specifically, interval assessment can 
be used instead of accurate value assessment for risk cost 
terms such as NER, which are highly controversial and chal‐
lenging to quantify accurately. By evaluating the numerical 
range of other costs in the optimization of the objective func‐
tion, decision-makers make subjective judgments on the diffi‐
cult-to-quantify parts, determine the optimal pathway, and 
take corresponding decision risks.

Based on this idea, a relatively reliable value interval (de‐
noted as ΔÎ[ΔminΔmax ]) can be obtained for the other com‐
ponents of the objective function except for the NER in this 
research case, i.e., cumulative generation-side costs and grid-
level system costs. From the perspective of decision-making, 
a high-NPD optimal planning decision can be given if the 
decision-maker is relatively sure that the difference in NER 
of different pathways is less than Δmin; a low-NPD optimal 
planning decision can be given if the decision-maker is rela‐
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tively sure that the difference in NER of different pathways 
is larger than Δmax; and a decision-making mistake is more 
likely to occur if the difference is between Δmin and Δmax. Al‐
though the decision-making challenges caused by insuffi‐
cient information cannot be eliminated, applying this analyti‐
cal idea can improve the evaluations and better apply the 
simulation deduction results to support decision-making.

IV. CONCLUSION 

This paper presents an exploratory study of NPD pathway 
planning in the context of the “carbon peaking and carbon 
neutrality” goals, incorporating the assessment of NER. A de‐
ductive simulation model is developed to construct the NPD 
pathway and the corresponding power supply structure evolu‐
tion scenario under a given CEP constraint. NER is defined 
as the product of the occurrence probability and loss of nu‐
clear events. We quantitatively estimate the NER of a given 
NPD pathway through statistical analysis of a historical nu‐
clear event data set and applying the findings from existing 
nuclear safety evaluations. An NPD pathway planning opti‐
mization model is proposed, incorporating NER into the ob‐
jective function. The impact of the NER and its uncertainty 
on NPD pathway planning are analyzed through dynamic 
simulation and multi-scenario comparison.

Taking a specific regional power system as an example 
for quantitative analysis, the simulation results show the fol‐
lowing conclusions.

1) With the scenarios and parameters set in this paper, the 
increased NER brought by the expansion of nuclear power is 
far less than the corresponding reduced grid-level system 
costs, and the high-NPD pathway is the optimal scheme re‐
gardless of whether or not NER is considered. The NER ac‐
counts for about 0.73%-10.10% of the total nuclear power 
generation cost and only 0.04%-0.87% of the cumulative 
power supply risk cost.

2) Considering NER, the average generation cost of nucle‐
ar power increases by about 0.29-4.29 $/MWh, similar to po‐
tential nuclear accident costs in Europe estimated from a Nu‐

clear Energy Agency report [35].
3) The assessment of NER faces significant uncertainty. If 

we further extrapolate the risk margin affecting the optimal 
NPD pathway, when the NER valuation is 37.8 times the 
benchmark value or greater, the medium-NPD scenario is op‐
timal and nuclear power should be developed appropriately. 
When the NER valuation is greater than 45.4 times the 
benchmark value, it is not recommended to plan new nuclear 
power.

The above conclusions are closely related to the installed 
capacity, power structure, resource endowment of the evalu‐
ated power system, etc. The model and parameter uncertain‐
ties can also exert an influence on the results.

This paper intends to provide a pathway planning method 
that considers the risk of nuclear events for NPD pathway 
planning. Unfortunately, NER estimation is restricted by the 
quantity and quality of historical data and model assump‐
tions. In addition, it should be noted that this study is based 
on the premise that renewable energy generation can be built 
and put into operation on schedule following the planned ra‐
tio. This paper does not examine in detail the impact of grid 
accommodation capacity on actual CER pathways, the influ‐
ence of social factors such as politics and public acceptance 
on pathway planning, and the interaction between CEP and 
low-carbon transition planning of the power system. In addi‐
tion, the accident risks of other power generation technolo‐
gies are also neglected, which should be similarly assessed 
based on experience and compared with nuclear power in fu‐
ture research. Since nuclear power has the dual advantages 
of low emissions and stable power supply capacity com‐
pared with coal-fired power and intermittent renewables, 
based on the study of the impact of NER on NPD pathway 
planning, subsequent research will further quantify the poten‐
tial contribution of nuclear power in resisting extreme exter‐
nal disturbances and securing the power supply to achieve a 
comprehensive and objective evaluation of the risks and ben‐
efits of developing nuclear power.

APPENDIX A 

TABLE AI
ESTIMATED NER PER REACTOR YEAR BY APPLYING FREQUENCY-LOSS RELATIONSHIPS FOR HISTORICAL NUCLEAR EVENTS IN [6], [18], AND [31]

Reference

[6]

[18]

[31]

Year span and quantity of histori‐
cal nuclear events used in analysis

1946-2014, 174 nuclear events

1950-2011, 102 nuclear events

1952-2014, 216 nuclear events

Nuclear events of different severities

Fukushima-scale (or larger)

Chernobyl-scale (or larger)

Three Mile Island-scale (or larger)

Smaller but still expensive (³20 M$ of 2013)

INES 7-scale (or larger)

Fukushima-scale (or larger)

Three Mile Island-scale (or larger)

Smaller but still expensive (³20 M$ of 2013)

Occurrence probability per 
reactor year

2.58´10-5

4.77´10-5

1.29´10-4

2.58´10-3

1.53´10-4-1.92´10-4

8.59´10-6-2.15´10-5

6.44´10-5-1.29´10-4

2.58´10-3

Loss valuation of one 
nuclear event (M$)

182698

35286

3051

22

182698a

182698

12001

22

Note: unless otherwise noted, the loss valuations are discounted to the purchasing power of the U.S. dollar in 2019; the loss scales of historical nuclear 
events are assumed to represent the typical possible losses that would result from nuclear events of the same severity in the future and are conservatively es‐
timated based on the historical maximum loss valuations for nuclear events of different severity levels, respectively, with data obtained from the correspond‐
ing references (except for the superscript a, due to the lack of data in the original reference, the loss valuation of the Fukushima-scale event is assumed and 
set with [6]).
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APPENDIX B 

The main assumptions and settings for the development of 
the installed capacity of other power generation technologies 
are as follows: ① coal-fired power will be developed accord‐
ing to the “14th Five-year Plan” before 2025, and there will be 
no new growth after 2025; ② gas power will be developed ac‐

cording to the “14th Five-year Plan” before 2025, and 1200 
MW installed capacity will be invested annually after 2025; ③ 
hydropower has almost reached the upper limit of develop‐
ment, thus there will be no new growth; ④ the power genera‐
tion ratio among onshore wind power, offshore wind power, 
and PV is assumed to reach 2: 5: 3 from the initial ratio by 
2035, and it is assumed to change linearly year by year.
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2030

2035

2020

2025

2030

2035

Construction 
time (year)

6

3

2

Life 
span 
(year)
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30

30

Construction 
cost ($/kW)

2936

3117

3299

3480

490
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476

468

357
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347
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O&M 
cost ($/
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8.84
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