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Abstract——Nuclear power development is a complex issue
spanning cyber, physical, and social systems that is essential to
achieving energy security and climate goals. With the ongoing
worldwide trend towards carbon neutrality, the positioning of
nuclear power in energy mix should be reconsidered. This pa‐
per aims to present a systematic review of current research on
optimization of nuclear power development. The concept of cy‐
ber − physical − social system in energy (CPSSE) is adopted,
which provides a suitable perspective and enables the review of
relevant studies to achieve some novel insights. Based on the
CPSSE, firstly, a research framework is established and the
main research elements in optimization are identified, followed
by a proposed conceptual risk-based optimization model. Sec‐
ondly, current studies are analyzed and classified into four cate‐
gories according to the research boundary. The status quo and
limitations are discussed. It is found that the research results of
nuclear-specific issues have not been well integrated into the op‐
timization of nuclear power. As a relatively reliable power sup‐
ply, nuclear power is capable of maintaining power and electric‐
ity adequacy of the whole system, especially in the case of pow‐
er shortage caused by long-period low output of renewable ener‐
gy or extreme external disasters. This superiority should not be
ignored in the optimization. Other critical factors that should
be further considered include disruptive technologies, nuclear
safety, energy policies, and stakeholder behaviors. Finally, sug‐
gestions are given for future research.

Index Terms——Carbon emission, carbon neutrality, cyber −
physical−social system in energy (CPSSE), comprehensive evalu‐
ation, dynamic interactive hybrid simulation, energy transition,
multi-objective optimization.

I. INTRODUCTION

IN response to the challenges of global climate change,
many countries have formulated carbon neutrality goals.

Driven by the new climate commitments, effective actions
have been applied to accelerate the process of energy transi‐
tion, for example, reducing fossil energy consumption and in‐
creasing the proportion of zero-carbon and low-carbon ener‐
gy resources [1]. Nuclear power, featured by the characteris‐
tics of being low-carbon, clean, stable, and highly efficient,
is perceived as one vital option to meet the power demand
and ensure the energy security, while contributing to a poten‐
tially sustainable energy transition [2].

Nuclear power has played an important role in many coun‐
tries and regions. By the end of 2019, the total installed ca‐
pacity of nuclear power has reached 400 GW in over 30
countries and regions in the world. With a capacity factor of
over 80%, nuclear power provides about 10% of the global
electricity with only 4% of the global total installed capacity.
This makes it the second-largest low-carbon electricity con‐
tributor after hydropower [3]. In comparison, wind power
and photovoltaics, whose installed capacities are about 1.6
and 1.5 times of nuclear power, only provide less than 6%
and 3% of the world’s electricity, respectively [4].

As a technology with great development potential, the
prospect of nuclear power, however, has been facing great
controversies. The urgent need to achieve significant global
carbon emission reduction at an affordable cost drives the de‐
velopment of nuclear power [1]. Compared with intermittent
renewable energy such as wind and photovoltaic power, nu‐
clear power can continuously provide controllable and reli‐
able low-carbon electricity. Generally, nuclear power serves
as the base load with consideration of operation efficiency
and economic reasons. In fact, all modern nuclear power
plants (NPPs) have been designed with the capacity of peak
load regulation [5]. Hence, in countries where nuclear power
takes up a high ratio in energy structure, such as France, nu‐
clear power also plays a certain role in peak load regulation
and frequency regulation (approximately 40% of the fleet is
currently involved in load-following) [6]. With large-scale in‐
termittent renewable energy resources integrated into the
power grid, there is an increasing demand for flexible power
resources, and nuclear power should be seriously considered
as an important component of these resources [7], [8]. How‐

Manuscript received: May 5, 2021; revised: August 25, 2021; accepted: No‐
vember 18, 2021. Date of CrossCheck: November 18, 2021. Date of online pub‐
lication: January 6, 2022.

This work was supported in part by the China Huaneng Group Co., Ltd. proj‐
ect “Research on the Optimization of Mid-long Term Electric Power Structure
Transition of China Huaneng Group” (No. HNKJ20-H01).

This article is distributed under the terms of the Creative Commons Attribu‐
tion 4.0 International License (http://creativecommons.org/licenses/by/4.0/).

X. Yang and Y. Xue (corresponding author) are with the School of Electrical
Engineering, Southeast University, Nanjing, China, and they are also with State
Grid Electric Power Research Institute (NARI Group Corporation), Nanjing,
China, and Y. Xue is also with State Key Laboratory of Smart Grid Protection
and Operation Control, Nanjing, China (e-mail: yangxinxin9281@163. com;
xueyusheng@sgepri.sgcc.com.cn).

B. Cai is with State Grid Electric Power Research Institute (NARI Group Cor‐
poration), Nanjing, China, and he is also with State Key Laboratory of Smart
Grid Protection and Operation Control, Nanjing, China (e-mail: caibin@sgepri.
sgcc.com.cn).

DOI: 10.35833/MPCE.2021.000272

547



JOURNAL OF MODERN POWER SYSTEMS AND CLEAN ENERGY, VOL. 10, NO. 3, May 2022

ever, some practical factors including high initial investment
costs, long lead time, and excessive construction delays,
have weakened the economic competitiveness of nuclear
power [9]. In addition, concerns about serious nuclear leak‐
age accidents, nuclear proliferation, long-term disposal of ra‐
dioactive nuclear waste have limited the expansion of nucle‐
ar power to some extent [10]. Therefore, the future develop‐
ment of nuclear power has great uncertainty. Predictions on
nuclear power potential vary widely. For example, the Inter‐
national Atomic Energy Agency (IAEA) estimates that the
global installed capacity of nuclear power will increase to
715 GW in a high-growth scenario, and decrease to 392 GW
in a low-growth scenario by 2050, slightly lower than the
2020 level [11]. In contrast, the International Renewable En‐
ergy Agency (IREA) concludes that the renewable energy
and electric energy substitution will play the key role in the
process of energy transition, and the global installed capacity
of nuclear power will drop to 300 GW by 2050 [12].

It is an important issue to position the role of nuclear pow‐
er and optimize its share in energy mix, involving multi-di‐
mensional factors of technology, economy, environment, poli‐
tics, and society [13]. There have been many studies on nu‐
clear power development, focusing on the characteristics and
pros and cons of nuclear power [14], technology directions
and roadmap [15], development opportunities and challenges
[16]-[18], assessment of nuclear power development scenario
[19], influence of public opinion on nuclear power deploy‐
ment [20], etc. These studies spread across multiple dimen‐
sions, covering the entire nuclear industrial chain and whole
lifecycle of nuclear power. The dissemination and populariza‐
tion of relevant research paradigms and conclusions pose an
influential effect on the perception and decision-making of
nuclear power, as well as the follow-up research. Therefore,
it is necessary to sort out and review the current research sta‐
tus in time. However, according to our investigation, there
are few reviews on nuclear power development in existing
literature. Reference [21] is one of the few reviews on re‐
search status of nuclear power, which has surveyed more
than 20000 nuclear power-related literature from 1996 to
2015 using the bibliometric techniques. Its main research
purpose is to analyze the country-specific distribution, re‐
search institutions, research topics, and academic influence
statistically and macroscopically. However, [21] does not dis‐
cuss the specific research contents and methods, and the as‐
sessment and optimization of nuclear power development are
also left out. Besides, most previous review articles mainly
focus on a certain aspect of nuclear power development,
such as the driving forces and barriers for nuclear power de‐
velopment [22], lifecycle greenhouse gas (GHG) emissions
and potential contribution in mitigating carbon emissions
[23], [24], technical status of multi-unit risk assessment in
NPPs [25], risk perception and psychological consequences
[26], public acceptance [27], etc. Therefore, this paper aims
to systematically analyze the research status of optimization
of nuclear power development from a comprehensive per‐
spective, which has not been fully reported.

For the optimization of nuclear power development, atten‐
tion should be paid not only to the characteristics of nuclear

power chain, but also to a wider range of external factors
such as energy economy, policy mechanism, climate change
response, and investment game behavior. Multi-dimensional
objectives of technology − economy − environment − society
should be coordinated [28]. In [29], a new concept of cyber−
physical − social system in energy (CPSSE) has been pro‐
posed, which emphasizes that the energy transition problem
should be comprehensively analyzed by integrating cyber,
physical, and social systems with considerations of environ‐
mental, social, and human impacts. The concept of CPSSE
and the corresponding research paradigm provide this paper
with a new perspective to explore the research on optimiza‐
tion of nuclear power development to achieve some novel in‐
sights. Evaluation is the basis of optimization; thus, this pa‐
per also includes relevant evaluation research. In addition, as
there still exist great uncertainties in the commercialization
of controlled nuclear fusion technology, the following discus‐
sion will be limited to nuclear fission technology.

The main contributions of this paper lie in two aspects.
Firstly, this paper provides some new thoughts for optimiz‐
ing the long-term nuclear power development. Based on the
CPSSE perspective, a framework model is constructed, in‐
cluding cyber, physical, and social spaces. The basic compo‐
nents, interactions, and key research elements are clarified.
Following this, a conceptual optimization model based on
the risk concept is proposed, in which multi-dimensional ob‐
jectives are unified into the objective function in the form of
economic value. Secondly, this paper systematically analyzes
the current research status from a new perspective. The exist‐
ing studies are summarized into four categories based on
their research boundaries: research on nuclear power chain,
research within energy chain considering non-nuclear energy
system, research within generalized physical environment
considering non-energy physical system, and research com‐
prehensively considering generalized physical system and so‐
cial system. Moreover, future research suggestions are put
forward from the following aspects: ① research framework
and methodology; ② simulation model and computational
analysis technique; ③ knowledge extraction based on trajec‐
tory; ④ decision-making support. By demonstrating the pos‐
sible future development direction and challenges, we hope
that this paper can inspire more thinking on the positioning
and optimization of nuclear power development.

The rest of this paper is organized as follows. Section II
describes the research elements of each dimension (cyber,
physical, and social), and the conceptual optimization model
of nuclear power development. Section III summarizes the
research status and analyzes the merits and limitations of
common research methods. Future research suggestions and
conclusions are arranged in Sections IV and V, respectively.

II. RESEARCH ELEMENTS AND CONCEPTUAL OPTIMIZATION

MODEL OF NUCLEAR POWER DEVELOPMENT

A. A Framework Model Established from CPSSE Perspective

The optimization of nuclear power development has the
characteristics of long timescale (several decades), multi-peri‐
od (past, present, and future), and multi-spatial scale (global,
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national, and regional). It involves behaviors of multiple
stakeholders (policy makers, energy suppliers, and energy
consumers) [28]. A framework model for optimization of nu‐
clear power development from CPSSE perspective is sche‐

matically illustrated in Fig. 1, which consists of the cyber
space, physical space, and social space. The basic composi‐
tions of each space and interactions between them are de‐
scribed.

The physical space consists of the nuclear power chain
and its external physical systems. As nuclear power is the
main research object, the entire lifecycle of nuclear power
chain is depicted in detail. The main links include reactor de‐
sign and development, equipment manufacturing, prelimi‐
nary work of project (such as site selection, project develop‐
ment, and construction preparation before project kickoff),
design and construction of NPP, O&M, aging and life man‐
agement, early shutdown and decommissioning of nuclear fa‐
cilities, nuclear fuel cycle (including mining, milling, conver‐
sion, enrichment, fuel fabrication, use at the reactor, spent fu‐
el reprocessing, interim storage, and permanent disposal)
[30]. In addition to the internal factors within nuclear power
chain, the optimization of nuclear power development is
closely related to the whole energy chain including renew‐
able energy and fossil energy, as well as factors in non-ener‐
gy physical systems such as climate change, natural disas‐
ters, emission pollution, and communication facilities [22].

Deploying nuclear power is not only a technical issue, but
also a complex social-economic issue [10]. The social space
is composed of policy & regulation, market game, and other
social factors. Policy & regulation includes macro-control,
policy formulation, mechanism design, market supervision
and other modules, which are associated with government
and regulatory agencies [31]. Market game involves behav‐
iors of multi-type participants (e. g., investors and operators
of NPPs, suppliers of other energy resources and energy con‐

sumers) in various types of markets (e. g., energy markets,
electricity markets, and carbon markets). Human behavioral
factors are complicated and diverse. It is necessary to consid‐
er not only rational and bounded rational behaviors, but also
irrational and even malicious ones. In addition, the develop‐
ment of nuclear power can also be affected by politics,
wars, terrorist attacks, and other social factors [2], which are
difficult to be qualitatively or quantitatively included in stra‐
tegic decision-making and are generally ignored in the opti‐
mization.

The cyber space not only refers to the enabling informa‐
tion technologies such as big data, cloud computing, artifi‐
cial intelligence, simulation reduction, and network science,
but also covers information abundance, information security,
analysis, and control in a broad sense [32]. It emphasizes the
cross-domain organic integration of information acquisition,
knowledge extraction, and decision support based on the ex‐
pansion of research vision [29]. Social system and physical
system are integrated together by intelligent human-machine
interaction in cyber-space, achieving management and con‐
trol of the whole socio-technical systems [33], [34]. In re‐
cent decades, nuclear power business has been gradually de‐
veloping towards digitization, informatization, and intellectu‐
alization, which will promote nuclear power development in‐
to a new pattern. Through deep integration of lifecycle busi‐
ness of NPPs and artificial intelligence technology, the safe‐
ty, reliability, efficiency, and economy of nuclear power oper‐
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Fig. 1. Framework model for optimization of nuclear power development from CPSSE perspective.
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ation could be greatly improved [35]. For example, Électric‐
ité de France (EDF) has developed an industrial mode name‐
ly “integrated architect-engineer mode” to optimize design,
construction, and operation of NPPs, which has greatly con‐
tributed to the success of the French nuclear program [36].

B. Research Elements in Three Dimensions

The optimization of nuclear power development involves
many interrelated cyber, physical, and social factors. The
main research elements that should be considered in optimi‐
zation are clarified. The complex interactions between the el‐
ements of different dimensions in the concept of CPSSE
have been described in detail in [33].
1) Physical Elements

Physical elements mainly include the technical-economic-
environmental characteristics of nuclear power, as well as
the safety features which are of particular concern. Among
them, key elements related to technical characteristic include
reactor type, installed capacity, design life, refueling cycle,
capacity factor, equipment availability, technical dispatchabil‐
ity, and nuclear fuel supply. Elements related to economic
characteristic correspond to the cost-benefit of each part in
the whole lifecycle of NPPs. In addition to power generation
costs such as construction, O&M, fuel, and decommission‐
ing costs, social costs such as carbon emission cost are also
included [37]. The elements related to environmental charac‐
teristic include CO2 and other GHG emissions, accumulated
radioactive waste, thermal discharge and other pollutant
emissions, resource consumption such as uranium mines, wa‐
ter resources, land occupation, and the corresponding envi‐
ronmental impacts [38]. Finally, the elements related to safe‐
ty characteristics mainly include operation accidents and
safety risks [39].

As mentioned above in the framework model, in addition
to the nuclear power chain, the optimization of nuclear pow‐
er development also needs to take other relevant state vari‐
ables under the generalized physical environment into ac‐
count. Some examples of key factors include: ① technical-
economic-environmental performance parameters of fossil
and renewable energy (for example, construction cost of re‐
newable energy, carbon emission per unit of coal power gen‐
eration), which affect the competitive advantages of nuclear
power, thereby affecting investment in nuclear power [1]; ②
size and structure of power grid, and renewable energy ac‐
commodation capacity [31], [40]; ③ electric intensity and
end-use energy efficiency [41]; ④ disruptive technologies
emerging in hydrogen energy, energy storage, and nuclear fu‐
sion energy, which can greatly change the world energy sup‐
ply and demand pattern [42]; ⑤ climate targets such as tem‐
perature rise limitation and carbon emission reduction [43];⑥ natural disasters that bring safety risks to nuclear power
operation [44]; ⑦ communication network and other related
public networks [35], etc.
2) Social Elements

Social elements are closely related to various types of
gaming behaviors of participants [10]. Policy & regulation
elements mainly involve energy development planning and
nuclear power specific planning, market access examination
and approval, new project investment and operation approv‐

al, taxation, electricity prices and subsidies, nuclear safety
regulation and legislation, NPP accident emergency manage‐
ment, public acceptance and other public opinion regulation,
and human resource reserve [31], [45]. In terms of market
game, the elements that should be taken into account are de‐
velopment demand, macro-economy, market operation, and
behavioral elements such as investment management, multi-
player game, malicious competition, and research and devel‐
opment training [46]. Nuclear power is a technology-talent-
intensive industry as well as a strategic resource. In addition
to the aforementioned elements, other hidden benefits such
as driving economic development, providing employment op‐
portunities, promoting scientific and technological innova‐
tion, and social issues such as public health risks, nuclear
proliferation risks, waste management, geopolitical situation
[2], and international public opinion, should also be reason‐
ably assessed [22], [47].

The objectives and behaviors of different participants joint‐
ly drive the dynamic process of nuclear power development,
which, as a matter of fact, are not completely consistent. For
example, government agencies often maximize the benefits
of the entire society or the specific classes they represent.
They may either guide or intervene in the installed capacity
scale and evolution path of nuclear power development by
formulating energy and climate policies, setting development
goals and plans, adjusting taxes and subsidies, changing the
financing environment and other means. On the other hand,
energy investors are concerned about maximizing the eco‐
nomic efficiency of enterprises, considering a desirable trade-
off between risks and benefits, and carrying out the invest‐
ment and operation of actual nuclear power projects. From
the view of the public, it is a general demand to have access
to safe, reliable, and affordable power resources. Nonethe‐
less, there is considerable disagreement over “willingness to
live in areas adjacent to NPPs” [26]. Based on subjective
risk perception, the public expresses their attitude towards
nuclear power, which, to some extent, has affected the for‐
mulation of relevant policies, as well as the construction and
timely delivery of new projects [48], [49]. For example, af‐
ter the Fukushima nuclear accident, Germany decided to
phase out nuclear power by 2022 due to the high anti-nucle‐
ar voice in the referendum [50].

The social elements are often difficult to be mathematical‐
ly described. However, if the influence term is ignored in
the decision-making process of optimization, the actual tra‐
jectory of nuclear power development could significantly de‐
viate from the planning expectation, thus bringing unpredict‐
able risks. Therefore, it is strongly suggested in further re‐
search to embed social elements into nuclear power develop‐
ment planning.
3) Cyber Elements

Cyber elements refer to the generalized information ele‐
ments related to nuclear power development, and should be
closely integrated with the research objective. Cyber ele‐
ments include information acquisition, knowledge extraction,
and decision support, which are necessary for the analysis,
control, and intervention of physical and social systems.

Information acquisition refers to obtaining related data
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and knowledge such as information of working condition, to‐
pology, and fault. The effective approaches commonly used
are investigation and consultation, specialized acquisition
equipment, literature document, expert knowledge, model
simulation, and economic experiment [51].

Knowledge extraction should comprehensively utilize ener‐
gy, statistics, economics, psychology, and some other multi‐
disciplinary knowledge. It should also integrate a large num‐
ber of heterogeneous static data and dynamic data of causali‐
ty, statistics, behavior, and simulation at different time
scales. Knowledge extraction aims to quickly refine in-depth
knowledge and apply it to explain the trajectory of simula‐
tion, analyze the formulation reasons of the phenomenon, de‐
fine the hypothesis premise and credibility of the conclusion,
and draw policy and strategic implications [52].

Finally, the shift to decision-making paradigm of risk
quantification can be carried out through sand table deduc‐
tion. The causality and correlation are excavated to support
the relevant decision-making in planning, operation, and con‐
trol management for the development of nuclear power and
the entire socio-technical complex systems.

C. Conceptual Optimization Model Based on Risk Concept

Optimization of nuclear power development is a multi‐
year, multi-domain, and multi-objective, nonlinear, and dy‐
namic programming problem, which should coordinate multi-
dimensional objectives including but not limited to economic
benefit, safety requirement, resource consumption, environ‐
mental impact, and social benefit. Taking the change of nu‐
clear power installed capacity as the main decision variable,
the optimization includes two levels of sub-problems: ① op‐
timization of the gross installed capacity in the target year
i.e., target optimization; ② optimization of the development
trajectory to achieve the given targets, i.e., pathway optimiza‐
tion. Nuclear power and other energy technologies jointly
meet the total energy and power demands of the system.
Therefore, its development target and pathway are an inte‐
gral part of the whole energy planning, and the optimization
of nuclear power development is a sub-problem of the opti‐
mization of energy and power structure.

Conventional deterministic planning and probabilistic plan‐
ning methods cannot coordinate both the security and econo‐
my [53]. Although special infrastructures such as NPPs and
large water reservoirs have high safety design standards and
the occurrence probability of a disaster that exceeds the de‐
sign standards is negligible, the resulting consequences can
be catastrophic once the disaster occurs. For example, the
Fukushima nuclear accident in 2011 caused by successive
natural disasters has fully demonstrated that the high-risk
chain of extreme events, regardless of their low probability,
should be considered in optimization decisions [53], [54].

Based on the risk concept, safety conditions and other in‐
equality constraints can be converted into the risk cost,
which is expressed in currency. Economy and security objec‐
tives can be unified in a monetized objective function. This
method enables the collaborative optimization under multi-di‐
mensional objectives. The optimization objective function is
to maximize the total risk-return of the entire energy chain

RBC during the planning period. The mathematical model can
be formulated as:

max RBC =∑
s = 1

Ns∑
t = 1

Nt

Pst (R
B
st (xstustdst )-RC

st (xstustdst )) (1)

s.t.
g(xstustdst )= 0 (2)

h(xstustdst )< 0 (3)

where Nt is the number of time sections included during the
planning period; Ns is the number of scenarios for risk opti‐
mization; Pst is the probability of scenario s occurring in
time section t; RB

st is the support benefit of energy chain for
economic and social development, such as contribution to
carbon emission reduction, employment promotion, and sci‐
ence and technology competitiveness; RC

st is the total risk
cost of the entire energy chain, including energy infrastruc‐
ture construction cost, O&M cost, fuel consumption cost, en‐
ergy storage and transmission cost, carbon emissions cost,
decommissioning and waste management cost, scarcity value
of non-renewable energy resources, public health impact,
and other social cost, etc.; and g(×) and h(×) are the equality
and inequality constraint functions of the optimization, re‐
spectively.

According to (1), the formulation of risk optimization sce‐
nario needs to consider not only the uncertainties of working
condition (variables xst, such as energy production and con‐
sumption, energy prices, and carbon emission prices) but al‐
so the uncertainties of disturbance (variables dst, such as nu‐
clear leakage, policy change, public opinion, disruptive ener‐
gy technology, and extreme external disasters). The former is
generally expressed in terms of multiple possible time trajec‐
tories and the corresponding probabilities. Differently, the lat‐
ter can be calculated by multiplying the probability of distur‐
bance and the control cost corresponding to active measures
that aim to avoid serious consequences once the disturbance
occurs (related to variables ust), to obtain risk value and se‐
lect disturbances that should be considered based on the risk
value sorting and engineering standards.

Equation (2) refers to equality constraints, including ener‐
gy balance, power balance, energy storage power balance,
etc. Equation (3) refers to various inequality constraints in
the fields of physics, economy, and emissions, such as the
upper and lower limits of yearly new installed capacity, re‐
serve constraint, investment capital restriction, and cap on
carbon emissions.

For different research objects and purposes, the objective
function and constraint conditions may have some differenc‐
es in terms of constituent items and mathematical expres‐
sions, and their formalization should be completed in con‐
junction with specific problems.

III. STATUS OF CURRENT RESEARCH

From the CPSSE perspective, the current research status
with respect to the optimization of nuclear power develop‐
ment could be summarized from the aspects of research ele‐
ments considered, research methods, and decision support ef‐
fects and limitations. The logical framework to review the re‐
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search status of nuclear power development from CPSSE
perspective is shown in Fig. 2. Firstly, the relevant research
on nuclear power chain is sorted out, which provides the ba‐
sic information and input parameters of technical, economic,
environmental, and safety characteristics for optimized deci‐
sion-making. Then, the related literature within the energy
chain considering the non-nuclear energy systems is re‐
viewed. It is found that the existing studies have mainly fo‐
cused on the comparative evaluation of nuclear power and
other energy technologies, the assessment of long-term nucle‐
ar power development scenarios, and the optimization of en‐
ergy and power structure considering nuclear power. Where‐
after, the research on nuclear power development within the
generalized physical system considering a series of non-ener‐
gy physical systems is discussed. In this part, the focus is on
nuclear power development and climate change mitigation

analysis, and risks brought by extreme environmental events
such as extreme weather and natural disasters. Finally, stud‐
ies considering generalized physical system and social sys‐
tem comprehensively are analyzed. These studies have con‐
sidered all-round factors, especially quantitative consider‐
ation of social factors, which are neglected in most previous
studies. Major research topics include the multi-dimensional
evaluation indicators for nuclear power development, com‐
prehensive comparison and selection of multiple energy tech‐
nologies including nuclear power, and evaluation and optimi‐
zation of nuclear power development. We mainly analyze
and summarize the three features of this kind of research: ①
what research elements have been considered or ignored; ②
how to consider various social factors; ③ how to coordinate
the multi-dimensional objectives.

A. Research on Nuclear Power Chain

The research on the nuclear power chain involves differ‐
ent links of the entire lifecycle including construction, opera‐
tion, nuclear fuel cycle, and decommissioning. Numerous
studies have fully evaluated the safety, technical, economic,
and environmental performances of nuclear power. Table I
summarizes the evaluation contents frequently discussed in
relevant studies of assessment of nuclear power characteris‐
tics. It is organized according to the links of the nuclear
power lifecycle involved in the assessment.
1) Safety Evaluation

Due to the potentially high impact on the ecological envi‐

ronment and public health as well as the difficulty encoun‐
tered to control the consequences once a nuclear leakage ac‐
cident occurs, safety is the primary prerequisite for the sus‐
tainable development of nuclear power. Safety risk mainly
stems from the superposition of various factors, for example,
mechanical failure, site risk, external natural disaster, and
mis-operation behavior [25]. It should be noted that, safety
evaluation usually runs through the entire lifecycle of nucle‐
ar power, with a time span of hundreds of years. After the
Fukushima nuclear accident, retrospective analysis on the
causes and consequences of historic nuclear accidents, proba‐
bilistic safety assessment of nuclear power multi-unit acci‐
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dents, as well as the site risk assessment, once again have
sparked heated discussions at the time [55]. For example,
based on the number, operating hours, and serious accident
times of all civil nuclear reactors in the world, the Max
Planck Institute of Chemistry in Germany has performed a
probability estimation. It is found that accidents like Fukushi‐
ma and Chernobyl levels may occur every 10-20 years,
which are more than 200 times higher than the prediction of

the US Nuclear Regulatory Commission in 1990 [56]. How‐
ever, some scholars believe that “the danger of nuclear ener‐
gy” has been exaggerated and insist that with more ad‐
vanced technology and modern safety management capabili‐
ty, even for the case of malfunction, there will hardly be any
serious leakage of radioactive substances to the external envi‐
ronment [2].

2) Technical Evaluation
In general, nuclear power technology is moving towards a

higher level of security, higher fuel utilization efficiency,
less waste, better flexibility, and multi-use development [57].
Relevant studies in these areas have mainly focused on the
following aspects: development directions and technology
roadmap [15], [58], performance comparison of reactors be‐
longing to different generations [59], matching fuel cycle
technology (including reprocessing, permanent treatment,
and disposal technology) [60], operating state simulation of
NPPs [61], etc. In addition, improving the flexibility of the
power system has gradually become the key to the low-car‐
bon transition, and nuclear power has attracted new attention
to undertaking auxiliary services such as peak load regula‐
tion [6]. Moreover, to expand the application prospects of nu‐
clear power in the energy system, there is a growing interest
in small and medium sized modular reactors which are fea‐
tured with good inherent safety, flexible usage, and low in‐
vestment for one single reactor [62], [63]. Similar increasing
popularity is also observed in the analysis of the comprehen‐
sive utilization potential, such as heating, hydrogen produc‐
tion, seawater desalination, and marine nuclear power [64].
3) Economic Evaluation

The economic cost of nuclear power is one of the key fac‐
tors that constrain its sustainable development. Related stud‐
ies have mainly focused on the total cost and cost composi‐
tion of nuclear power generation and the changing trend and

influencing factors of its economics. In general, traditional
economic evaluations calculate the internal rate of return and
net present value of NPPs based on engineering economics
[65], [66]. With the construction cost accounting for about
60% of the total power generation cost, nuclear power is a
capital-intensive technology. Therefore, the changing trend
of construction cost is an important part in economic evalua‐
tion. Based on historical trend analysis, there is no decisive
or fixed learning rate for nuclear power construction cost
[67]. Related factors influencing the economics of nuclear
power include nuclear safety standards, site condition, regula‐
tory mechanism, technical progress, construction period, in‐
ternational cooperation [68], etc. Although the entire indus‐
try is committed to improving the economics of nuclear pow‐
er, some scholars have expressed concerns about the increas‐
ing cost on nuclear power generation investment due to con‐
struction delay and other obstacles [69].
4) Environmental Evaluation

Environmental evaluation mostly adopts methods of lifecy‐
cle analysis (LCA) and process chain analysis. These studies
can be broadly divided into two categories. The first catego‐
ry is the emission pollution assessment. It includes the as‐
sessment of CO2 emissions, radioactive waste accumulation,
thermal drainage, and other emissions [70], [71]. Potential
environmental impact (e. g., global warming, thermal pollu‐
tion) and health effect (e.g., human toxicity) caused by pol‐
lutants are also covered [72]. In the context of climate

TABLE I
EVALUATION CONTENTS FREQUENTLY DISCUSSED IN RELEVANT STUDIES OF ASSESSMENT OF NUCLEAR POWER CHARACTERISTICS

Type

Safety

Technical

Economic

Environ‐
mental

Nuclear fuel cycle

Nuclear fuel cycle
safety management

Nuclear fuel cycle
strategy, evaluation of
reprocessing technolo‐
gy, spent fuel classifi‐

cation

Cost-benefit analysis
of the entire nuclear
fuel cycle, fuel cost,
spent fuel disposal

cost

Environmental impact
assessment of nuclear

waste disposal and
storage

Construction

Construction safety
management of NPPs

Site-selection evalua‐
tion, feasibility study
for each stage of proj‐

ect construction

Economic evaluation
of NPP construction,
nuclear power invest‐
ment options, invest‐

ment estimation of nu‐
clear power project

Environmental impact
assessment of newly

built NPPs

Operation

Safe operation strategy of
NPPs, operational risk

management, safety perfor‐
mance indicators

Nuclear power unit
operating state simulation,
peak regulation capability

O&M cost analysis, power
generation benefit calcula‐

tion

Operational environmental
impact assessment

including carbon emission,
thermal discharge, etc.

Decommissioning

Decommissioning safety haz‐
ard risk assessment

Pre-research on decommis‐
sioning technology, national
and regional macro-level nu‐
clear power decommission‐

ing preparations

Decommissioning cost analy‐
sis, decommissioning fund

management

Analysis of decommissioned
radioactive source items, en‐
vironmental impact assess‐

ment of nuclear facilities de‐
commissioning

Lifecycle

Nuclear accident probability
safety evaluation

Nuclear technology roadmap,
power performance evaluation
of different reactors, compre‐
hensive utilization of nuclear

energy

Overall economic evaluation,
influencing factors analysis
and economic improvement
methods, lifecycle levelized
power generation cost analy‐
sis, cost variation and uncer‐

tainty analysis

GHG emission and other envi‐
ronmental impact assessment
of entire lifecycle of nuclear

power
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change, the assessment of the lifecycle carbon emissions has
received particular attention. The other category is the evalu‐
ation of resource consumption, e. g., land occupation, water
resources, and uranium consumption [73]. Environmental
characteristics are closely related to reactor technology and
nuclear fuel cycle options. For example, the closed fuel cy‐
cle in France can save more than 17% of natural uranium re‐
sources compared with the equivalent once-through cycle,
with a lower effect on the environmental footprint [74].
5) Comprehensive Evaluation on Multi-dimensional Charac‐
teristics

In addition to the aforementioned specialized assessment
of nuclear power in different aspects, correlation analysis
and comprehensive evaluation of multi-dimensional charac‐
teristics are also quite common in current studies. In particu‐
lar, the coordination of economy and safety has always been
one of the biggest challenges that nuclear power develop‐
ment faces, especially in the market environment [75]. The
pursuit of favorable economics must be paired with suffi‐
cient operation safety. Nonetheless, too high safety standards
can in turn reduce the economics of nuclear power [75].
Moreover, the global average age of NPP fleet is relatively
high. Therefore, the comprehensive analysis of long-term op‐
eration of NPPs has been a popular research topic, which
aims at extending the operating lifetime of NPPs to produce
more electricity in a safe, reliable, low-cost, and low-carbon
manner in a longer period, based on comprehensive consider‐
ation of technical feasibility, safety, economics, and environ‐
mental impact [76].

B. Research Within Energy Chain Considering Non-nuclear
Energy System

1) Comparisons Between Nuclear Power and Other Energy
Technologies

The comparative assessments results of nuclear power and
other energy technologies are valuable references for deci‐
sion-makers to determine their respective roles in the energy
system.

Some qualitative studies have coordinated the require‐
ments of energy− economy− environment based on the con‐
cept of sustainable development to achieve a comprehensive
evaluation of pros and cons of nuclear power compared with
other energy technologies [77]. Literature research, Delphi
method, comprehensive evaluation, and analytic hierarchy
process (AHP) are common methods used in these studies.

A quantitative analysis can provide more reliable results
for the selection of energy technology and decision-making.
The existing quantitative comparative analysis between nu‐
clear power and non-nuclear energy technologies is mainly
centered on the environmental impact and economic competi‐
tiveness of unit power generation throughout the lifecycle.

The comparisons of environmental impact often use lifecy‐
cle CO2 emissions or equivalent CO2 emissions considering
other GHG as evaluation criteria [78]. In recent decades,
more studies have paid attention to the comparison of broad‐
er environmental impacts caused by energy utilization. Exam‐
ples include exacerbating global warming, acid rain, photo‐
chemical pollution, and the potential impact on public health

[79]. Radioactive waste is one of the main attributes of nu‐
clear power that distinguishes it from other energy technolo‐
gies and causes the most controversy. However, the discus‐
sions so far regarding this feature of nuclear power are most‐
ly addressed qualitatively, and very few quantitative analyses
have been conducted.

Cost competitiveness evaluation is the main subject of eco‐
nomic comparison studies. The levelized cost of electricity
(LCOE), which is calculated according to the discounted
cash flow method, is often used as the evaluation criteria
[9]. LCOE enables the aggregation of all direct technical
costs into one indicator, but it fails to include system costs
such as power transmission and distribution cost, and ig‐
nores the differences between system and market [80]. Fur‐
thermore, it cannot reflect the systematic value of the energy
technology in ensuring the adequacy, security, and quality of
power supply. Thus, the LCOE indicator alone cannot fully
describe the economic competitiveness of a given energy
technology [81]. To overcome the deficiency of the original
LCOE indicator, other modified indicators have been identi‐
fied to measure the economic competitiveness of energy
technologies more comprehensively, e. g., the system LCOE
[80], the value-adjusted LCOE [81], and the levelized avoid‐
ed cost of electricity [82], which consider the system cost
and/or value. Some studies have further considered external
costs such as the impacts on the environment and human
health as a component of the total cost, thus coordinating
the environmental and economic indicators to some ex‐
tent [83].

Based on evaluation results achieved for different coun‐
tries or regions in different years, it can be observed that by
using the aforementioned evaluation criteria, the relative
rankings of nuclear power and other energy technologies are
not fully consistent. Therefore, it is difficult to draw a uni‐
versal conclusion on “which energy technology is the best
choice”.
2) Nuclear Power Development in Energy Mix

The optimization of nuclear power development needs to
consider a series of constraints such as total energy demand,
various resource endowments, and characteristics of different
energy technologies from the perspective of the entire ener‐
gy chain [84]. Currently, the mainstream research is energy
power planning considering nuclear power technology. In
general, technology-economic energy models such as the
Wien automatic system planning package (WASP), integrat‐
ed MARKAL-EFOM system (TIMES), long-range energy al‐
ternatives planning (LEAP), model for energy supply strate‐
gy alternatives and their general environmental impact (MES‐
SAGE), and integrated policy assessment model for China
(IPAC) are adopted in these studies, the majority of which
focus on the total nuclear power capacity of a given country,
while the discussions on regional distribution optimization
are rather limited [84], [85]. The objective function is to
minimize total economic cost during the entire energy transi‐
tion period. The (quasi-) optimal energy structure and power
source development scheme are solved under given bound‐
ary assumptions and constraints. On this basis, this type of
research could further analyze the impact of uncertainties

554



YANG et al.: REVIEW ON OPTIMIZATION OF NUCLEAR POWER DEVELOPMENT: A CYBER−PHYSICAL−SOCIAL SYSTEM IN ENERGY PERSPECTIVE

(e. g., power demand and policy) on the development scale
of nuclear power [86]. Another derived research is to ana‐
lyze the potential pros and cons of developing nuclear power
by comparing the optimization results in different scenarios,
in terms of economic indicators (e.g., the total energy transi‐
tion cost), environmental indicators (e.g., carbon emissions),
and other aspects [87]. However, in these studies, nuclear
power is often regarded as one of the alternative options
among a variety of energy and power technologies. There‐
fore, the quantity of uranium resources, spent fuel disposal
capability, site resource reserve, nuclear safety, peaking capa‐
bility, and other necessary factors are not described and mod‐
eled in detail. Some studies even consider the non-develop‐
ment of nuclear power as exogenous constraints in certain
optimization scenarios [86].

Differently, some studies calculate the installed capacity
scale of nuclear power in the target year and its evolution
pathway according to some simple constraints of power de‐
mand and resource development limits [88]. On this basis,
they analyze the equipment manufacturing capacity, site re‐
source conditions, uranium supply/demand and external de‐
pendency, radioactive waste, disposal capacity for spent fuel,
and total investment cost required to achieve the above tar‐
gets and pathways [19]. Reference [88] estimates the total in‐
stalled capacity of nuclear power expected in China by 2050
for achieving the 1.5 °C global temperature rise target, along
with the analysis on feasibility of achieving the aforemen‐
tioned target and main challenges. However, this type of re‐
search does not optimize the development pathways for nu‐
clear power or other energy technologies from the perspec‐
tive of entire energy chain.

C. Research Within Generalized Physical System Consider‐
ing Non-energy Physical System

As mentioned above, nuclear power development is close‐
ly related to the generalized physical systems such as cli‐
mate, ecology, and natural disasters. The development of nu‐
clear power has changed the generalized physical system.
For example, nuclear power generation involves no direct
carbon emissions and could be rendered a sustainable energy
option to reduce global warming [47]. However, the extreme
weather and natural disasters can bring risks to the operation
of nuclear power facilities and restrict the expansion of nu‐
clear power. Consequently, the nuclear industry needs to
adapt to the change of external system in time [89].
1) Nuclear Power Development and Climate Change Mitiga‐
tion

Some studies have improved the optimization model to
consider the impact of climate goals on nuclear power devel‐
opment [90]. Based on the method discussed in Section III-
B, they have considered carbon emission cap in constraints,
or emission-related cost directly added in the objective func‐
tion. Sensitivity analysis and multi-scenario comparisons are
conducted to quantitatively evaluate the role of nuclear pow‐
er in long-term climate scenarios and the potential contribu‐
tion of large-scale deployment of nuclear power in reducing
GHG emissions, achieving emission reduction targets, and re‐
ducing the climate mitigation costs [43], [90]. The common‐

ly used simulation models include global relationship assess‐
ment to protect environment (GRAPE), TIMES, MESSAGE,
global energy transition (GET), etc. In addition to the re‐
search focusing on the national scale of nuclear power devel‐
opment, some scholars have managed to use the global ener‐
gy model or the climate change economic model, e. g., the
world induced technical change hybrid (WITCH) model, to
quantitatively analyze the penetration level of global nuclear
power development with different CO2 concentration levels
in long-term climate scenarios [91].
2) Risks of Extreme Environmental Events to Nuclear Power
Development

Climate change leads to more frequent occurrence of ex‐
treme environmental events, which have affected the operat‐
ing conditions for different types of energy systems, particu‐
larly the power plants. Among all power generation technolo‐
gies, nuclear power has the highest safety standards. It is
more superior to other intermittent renewable energies in
maintaining the stable operation status under extreme weath‐
er conditions or natural disasters [31]. For example, during
the extreme cold weather event in Texas, USA in early 2021,
thermal power plants had to cease operating due to the freez‐
ing of natural gas pipelines; wind turbine blades were frozen
and photovoltaic panels were covered with ice and snow.
There was up to nearly half of the power generation capaci‐
ty forced to shut down in the worst circumstances [92]. By
contrast, one nuclear reactor, though also tripped due to inter‐
ruption of the low-temperature feedwater pump, was able to
resume its operation in a short time. The nuclear power has
shown higher reliability than other generation technologies
in this extreme cold weather event [93]. However, nuclear
power has its own unique climate risks. For example, the
sea level rise could impose potential safety risk to disposal
of spent fuel in NPPs, thus hindering the development of nu‐
clear power [94].

The lessons of the Fukushima nuclear accident have indi‐
cated that major nuclear power operational incidents or seri‐
ous nuclear leakage accidents may still occur under serious
natural disasters. Related studies, which analyze the impact
of natural disasters on nuclear power development, mainly
focus on the safety operational risk assessment of NPPs in
response to natural disasters such as earthquakes and tsuna‐
mi [44].

However, the aforementioned risks have not been fully
considered in the current studies of multiple energy technolo‐
gy selections or power structure optimization including nu‐
clear power. In the optimization objective function, the corre‐
sponding risk costs should be considered, which include the
opportunity cost of avoiding accidents and the residual risk
of accidents that may still occur.

D. Research Considering Generalized Physical System and
Social System Comprehensively

At present, most comprehensive analyses of nuclear power
development considering technical, economic, environmen‐
tal, and social factors are qualitative descriptions, which is
helpful to understand the nuclear power development prob‐
lem and can provide forward-looking judgments on its devel‐
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opment trend [16]-[18]. On the other hand, the relevant quan‐
titative research is still at an early stage. Table II summariz‐
es the three types of quantitative research considering gener‐

alized physical system and social system from two aspects:
multi-dimensional assessment methods, and ways of consid‐
ering social factors.

1) Evaluation Indicators for Nuclear Power Development
Based on the LCA, an all-sided list of multi-objective de‐

cision-making-based evaluation indicators is proposed, serv‐
ing as a tool to identify the issues that are critical to nuclear
power development and to provide numerical information
for possible investment in nuclear power or the assessment
of the given nuclear power development scenarios [14], [46],
[95]. In 2015, the IAEA released a report entitled “Indica‐
tors for Nuclear Power Development”, which proposed a set
of 42 indicators to assess the introduction or expansion of
nuclear power in the following four main areas: the macro-
socioeconomic, energy and electricity, techno-economic as‐

pects of nuclear power, and the environmental dimension
[46]. However, it is difficult for decision-makers to optimize
the nuclear power development scenarios using these com‐
plex multi-dimensional evaluation indicators, compared with
using one aggregated indicator.
2) Assessment and Selection of Multiple Energy Technolo‐
gies Including Nuclear Power Based on MCDA

MCDA method has been widely used in the assessment
and selection of energy technologies and power planning
[96]. Table III summarizes typical studies of the comprehen‐
sive selection of multiple energy technologies including nu‐
clear power based on the MCDA method.

The contributions of these quantitative studies for multi-
comprehensive quantitative evaluation include two aspects.
① Based on expert system, some social dimension criteria
that are usually evaluated only qualitatively are classified
and converted into numerical information (e.g., [97] set three

grades of “high-medium-low” to represent public acceptance
of nuclear power corresponding to different scores according
to expert opinions). ② Based on expert experience and pref‐
erence, weights are set for different dimensions and evalua‐
tion indicators, and a single total evaluation indicator (e. g.,

TABLE II
THREE TYPES OF QUANTITATIVE RESEARCH CONSIDERING GENERALIZED PHYSICAL SYSTEM AND SOCIAL SYSTEM

Research content

Evaluation indicator system for nuclear power development

Assessment and selection of multiple energy technologies includ‐
ing nuclear power based on MCDA

Optimization of nuclear power development scenarios based on
combination of energy model simulation with MCDA

Main feature

Multi-dimensional assessment methods

Analyze separately and do not aggregate

Combine into one indicator by weighted ag‐
gregation

Combine into one indicator by simulation
analysis and weighted aggregation

Ways of considering social factors

Provide evaluation indicators

Expert discussion (scoring, setting
weights, etc.)

Expert discussion (scoring, setting
weights, etc.)

TABLE III
TYPICAL STUDIES OF COMPREHENSIVE SELECTION OF MULTIPLE ENERGY TECHNOLOGIES INCLUDING NUCLEAR POWER BASED ON MCDA METHOD

Reference

[97]

[98]

[99]

[100]

[101]

[102]

Research content

Comprehensive ranking of 13
generation technologies including

nuclear power based on their
compatibility with the sustainable

development of the industry

Choice of the most sustainable
one from 33 generation

technologies including advanced
pressurized water reactor

Priority ranking of nuclear and
other non-fossil energy

development in Kazakhstan

Selection of generation
technologies for power sector and
feasibility evaluation of develop‐
ing nuclear power in Lithuania

Assessment of nuclear energy sus‐
tainability

Optimal selection of an energy
resource where taking Egypt as a

case study, nuclear energy was
found to be an appropriate choice

MCDA techniques

Weighted sum multi-attribute utility
(WSMAU)

Multi-objective optimization on the
basis of a ratio analysis plus the full

multiplicative form (MULTIMOORA)
and technique for order preference by
similarity to ideal solutions (TOPSIS)

AHP

AHP and additive ratio assessment
method (ARAS)

Fuzzy logic

Fuzzy multi-attribute utility theory
(MAUT)

Social elements involved

External costs (human health), job
creation, social acceptability, external

supply risk

Technology-specific job opportunities,
food safety risk, fatal accidents from
the past experience, severe accidents

perceived in future

Public acceptance, job creation

Influence on social welfare,
sustainable development of society,

public acceptance, etc.

Proliferation risk, public opinion

Proliferation risk

Multi-dimensional
evaluation criteria

(number of indicators)

Economic (1), technical
(3), environmental (2),

socio-political (4)

Economic (5),
environmental (4),

social (4)

Technical (5), economic
(3), social (2),

environmental (3)

Institutional-political (5),
economic (4), social

ethics (3), technical (4),
environmental (4)

Environmental,
economic, socio-political

Economic,
environmental, social
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sustainability index [98]) is aggregated and obtained using
equivalent weighting, optimal weighting, ranking weighting,
and other approaches, so as to realize the coordination of
multi-dimensional objectives. Unfortunately, most of these
studies have not considered dynamic changes of the system,
and thus, they are unable to directly support the decision-
making process aiming at the optimization of mid-and-long-
term nuclear power development.
3) Optimization of Nuclear Power Development Scenarios
Based on Combination of Energy Model Simulation and MC‐
DA

This category of research combines the cost-minimized en‐
ergy optimization model with the MCDA method to propose
an effective two-stage energy and power planning analysis
framework which not only simulates the dynamic process of
system development, but also considers environmental and
social factors in a quantitative manner for optimization
[103]. Among them, the energy model can simulate the tech‐
nical-economic characteristics of nuclear power and other en‐
ergy options in detail, and provide the optimal solutions in
different scenarios. It is important to note that the model en‐
sures that only technically feasible and economically optimal
solutions enter the later stage of multi-criteria decision analy‐
sis. The MCDA techniques can consider the evaluation indi‐
cators or criteria of non-economic dimensions such as envi‐
ronmental impact and social welfare benefit. At the same
time, they can aggregate multi-domain and multi-dimension‐
al evaluation criteria to provide the optimal results with con‐
sideration of multi-dimensional conflicting objectives
[99]-[102].

Currently, this analysis framework is mainly used in na‐
tional energy and power planning [103], [104]. Only a mi‐
nority of studies are devoted to the nuclear power develop‐
ment problems [28]. These studies not only consider the gen‐
erally involved evaluation criteria such as energy supply cost
and carbon emissions, but also pay special attention to the
evaluation criteria closely related to nuclear power develop‐
ment, which yet are often ignored, such as nuclear waste ac‐
cumulation, nuclear proliferation risk, energy security, etc.
Furthermore, they also analyze different viewpoints of vari‐
ous stakeholders on nuclear power, as well as the influence
of decision-makers’ preferences on the proportion of nuclear
power in the energy system. Inevitably, the evaluation and
optimization results of this category of research are signifi‐
cantly affected by subjective weights, which can even be
misleading sometimes. There is still a long way to go to ef‐
fectively support the relevant decision-making on nuclear
power development through model simulation.

IV. SUGGESTIONS FOR FUTURE RESEARCH

Currently, the research methodologies for safety and tech‐
nical ‒ economic ‒ environmental characteristics evaluation of
nuclear power are quite mature. However, the fruitful results
have not been well applied to the optimization of nuclear
power development. For example, significant efforts have
been devoted to studying the operational flexibility and reli‐
ability of NPPs, yet in current research of energy transition
and power planning, only the contribution of installed capaci‐

ty of nuclear power to low-carbon electricity during the regu‐
lar operation has been considered, while its potential contri‐
butions to participating in auxiliary services and improving
the reliability of system under extreme weather conditions
are ignored.

In the context of carbon neutrality, the future energy sys‐
tem will be integrated with a high proportion of intermittent
renewable energy, which is dominated by wind and photovol‐
taic power. The subsequent problems such as peak load regu‐
lation and frequency regulation must be dealt with through
low-carbon technologies including nuclear power, especially
in the case of insufficient flexible reserve capacity of the sys‐
tem (e.g., in extreme conditions where the output of renew‐
able energy sources is insufficient for a long period, while
the energy storage systems cannot be charged and dis‐
charged normally). Therefore, the research results of nuclear-
power-specific should be better integrated into the research
on energy transition and power planning. In addition, the
competition and complementarity between nuclear power
and other energy technologies including renewables and ener‐
gy storage should also be considered in different scenarios,
so as to more effectively reflect the role of nuclear power in
the transition of energy and power structure. Last but not
least, current quantitative studies usually only consider tech‐
nological, economic, and carbon emission issues. It still re‐
quires continuous innovations in research frameworks, simu‐
lation tools, and analysis methods on how to consider other
environmental factors besides carbon emission and social fac‐
tors.

The simulation model is one of the most important re‐
search methods for studying the optimization of nuclear pow‐
er development and other energy transition problems. Al‐
though the numerical model cannot completely reflect all the
elements of the object system, it can quantitatively describe
the dynamic characteristics of the system, which is conduc‐
tive to reveal the basic properties of the object system. How‐
ever, current studies neither reflect the dynamic process of
nuclear power development driven by the behaviors of gov‐
ernment agencies, energy investors, the public and other par‐
ticipants, nor consider the dynamic response of the system
after serious nuclear leakage accidents, disruptive energy
technologies, or other disturbances.

Notably, it is not easy to integrate the aforementioned fac‐
tors, especially considering the complex social factors. A fea‐
sible way is to study based on the CPSSE framework, in‐
cluding the development of multi-domain simulation plat‐
form, modeling, investigation of multi-source heterogeneous
data, hybrid simulation, uncertainty analysis, and decision
support [33]. To combine causal analysis, statistical analysis,
and behavior analysis, [105] has proposed a hybrid interac‐
tive simulation paradigm of technology−economy−behavior
model with human participation, which has already been ap‐
plied to the research of power grid ancillary service behavior
[106], energy transition analysis [107], and carbon emission
market [108], [109]. In this dynamic interactive hybrid simu‐
lation method, the links that can be expressed by mathemati‐
cal models are constructed into an objective experimental en‐
vironment. Policy-making, public opinion, and other human
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behaviors are reflected by building multi-agent models or hu‐
man participation in simulation.

After obtaining the sequential trajectories of nuclear pow‐
er development and the entire energy system through simula‐
tion methods, it is also necessary to improve the trajectory-
based knowledge extraction and decision-support capabili‐
ties. The MCDA method is commonly used to coordinate
multi-dimensional conflicting objectives. However, the quan‐
titative processing of environmental and social indicators is
relatively simple with the given weights affected by subjec‐
tive expert cognition. The common optimization objective is
to minimize (maximize) the economic cost (benefit). Based
on this, in the future, the performance indicators of environ‐
mental and social dimensions, as well as the risk of uncer‐
tain events such as nuclear leakage accidents, should be esti‐
mated by economic value and regarded as a component of
the objective function. The main objective is to unify the
cross-domain and multi-dimensional objectives into econom‐
ic value, and achieve the optimal nuclear power develop‐
ment targets and pathways considering generalized physical
and social elements comprehensively.

V. CONCLUSION

Under the background of carbon neutrality, it is extremely
important to make reasonable decisions on the mid-and-long-
term development of nuclear power, due to its particular role
in power system. The optimization of nuclear power develop‐
ment in energy structure is complicated, brought by its char‐
acteristics of multiple domains, multiple objectives, multiple
timescales, multiple spatial-scopes, and long timespans. It in‐
volves generalized physical elements such as nuclear power
chain, non-nuclear energy systems, and climate system; so‐
cial elements related to human behaviors such as policy and
public acceptance; and cyber elements that realize the cross-
domain integration of information acquisition, knowledge ex‐
traction, and decision support.

Current researches tend to have the following limitations:① the cyber‒physical‒ social elements for optimizing deci‐
sion-making are roughly considered and are not discussed in
different certain situations; ② the coordinated optimization
of cross-domain and multi-dimensional objectives is not well
achieved; ③ the special research on nuclear power chain is
not integrated into the comprehensive research of energy and
power system planning; ④ the potential contribution of nu‐
clear power to continuously providing reliable and low-car‐
bon power is underestimated or even ignored; ⑤ the influ‐
ence of high-risk and low-probability events such as nuclear
leakage and extreme weather events are not well considered.

Further attention should be paid to the following areas in
future research: improvement in research framework, con‐
struction of multi-domain hybrid simulation models, specifi‐
cation of objective functions and constraints, evaluation of
the role of nuclear power in ensuring the safe operation of
power system in particular scenarios with high penetration
of renewable energy, quantitative analysis of the impact of
social factors such as policy and market game on nuclear
power development, risk decision-making considering exter‐
nal disturbances such as nuclear leakage accidents, and joint

optimization strategy of nuclear power development targets
and pathways.

The global action of achieving carbon neutrality provides
a new opportunity for a thorough and comprehensive reflec‐
tion on the positioning of nuclear power. We believe that
through the cross-disciplinary integration of nuclear science,
energy, climate, economy, policy, human behavior, and other
natural and social sciences, the cyber− physical− social ele‐
ments and their interactions involved in the optimization of
nuclear power development can be quantified more effective‐
ly.
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