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HIGHLIGHTS

® The electricity demand and supply model is constructed using system dynamics.

® The methodology of quantifying the nuclear vulnerability is established.

® The new electricity supply security index dedicated for nuclear power utilization is developed.
® The relationship between diversification, redundancy and nuclear vulnerability is analyzed.

ARTICLE INFO ABSTRACT

Keywords: Improvement of power supply security is of paramount importance to sustain human activities. Technical and

Energy security engineering failures of power grid system have been analyzed to evaluate power system reliability hitherto.

Nuclear However, after Fukushima nuclear accident, the sudden electricity supply disruption particularly associated with

Ei\éers;ﬁcation nuclear energy utilization brings upon a new risk of electricity supply security arising from societal issues, or
edundancy

nuclear vulnerability. As such, a methodology of quantifying nuclear vulnerability is firstly established under
varying both the magnitude and time instant of sudden stoppage of nuclear power operation. Through the
nuclear vulnerability analysis, a new electricity supply security index dedicated for nuclear power utilization,
named System Interruption Nuclear Vulnerability Index (SINVI) is developed. SINVI could be used to predict the
risk of electricity supply disruption arising from the sudden stoppage of nuclear power operation corresponding
to the different capacity combination of various energy sources. Finally, the widely proposed dimensions of
energy security for undisturbed electricity supply — diversification and redundancy - are incorporated with
nuclear vulnerability to design the more secured power system taking into account the risk of nuclear energy
utilization. The established algorithm can be readily implemented in any other electricity grid network including
nuclear power technology.

System dynamics
Fukushima nuclear accident

1. Introduction deliver electricity to consumers within accepted standards and in the
amount desired [1]. Based on frequency and voltage control of electric
power grid illustrated as indicators of reliability dimension [2], nu-

merous research works on power system reliability from the viewpoint

In last decades, the global energy security has been critically
threatened by heavy reliance on fossil fuels. The improvement of energy

security is of paramount importance to achieve the sustainable devel-
opment. Especially, given that the undisturbed electricity supply is es-
sential for sustaining quality of human life, the design of strengthened
electricity grid is vital to ensure continuous electricity supply.
Pertaining to the undisturbed electricity supply, power system re-
liability is one of the major aspects in the energy security narratives.
Power system reliability is referred to the ability of the power system to

of cascading outages under external disturbances such as short circuits
are hitherto published [3-7]. These existing reports principally tend to
address technical and engineering failures of power grid system. Fol-
lowing the technical analysis, the electric utility industry has developed
several performance measures to evaluate power system reliability
[8,9]. These reliability indices include measures of outage duration
(System Average Interruption Duration Index (SAIDI), and Customer

Abbreviations: CAIDI, Customer Average Interruption Duration Index; CAIFI, Customer Average Interruption Frequency Index; HHI, Herfindahl-Hirschman Index; LNG, liquefied natural
gas; SAIDI, System Average Interruption Duration Index; SAIFI, System Average Interruption Frequency Index; SINVI, System Interruption Nuclear Vulnerability Index
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Average Interruption Duration Index (CAIDI)) and frequency of outages
(System Average Interruption Frequency Index (SAIFI) and Customer
Average Interruption Frequency Index (CAIFI)) based on the past ex-
perience data. These existing indices are practically utilized as complex
metrics for evaluating reliability in the energy security narratives [10].
In addition, probabilistic method has been also utilized for the eva-
luation of power system reliability [7,11,12]. Both loss-of-load prob-
ability (e.g. [13,14]) and loss-of-power-supply probability (e.g.
[15,16]) are probabilistic models for examining the design of power
system.

Notwithstanding the fact that technical and engineering failures of
power grid system have been analyzed to evaluate power system re-
liability hitherto, the risk of electricity supply disruption caused by
societal issues cannot be simply ignored [17]. Particularly, current so-
cietal issues of electricity supply are strongly associated with nuclear
energy utilization [18]. The significance of nuclear energy supply dis-
ruption can be well observed through the energy situation of Japan
after the Fukushima Daiichi nuclear power plant accident. In the
aftermath of the Fukushima nuclear accident, all nuclear power plants
in Japan, which had previously contributed approximately 30% of the
electricity supply, were shut down due to the request for reevaluation of
safety performances, which led to the nationwide electricity shortage
[19]. In order to cope with unavoidable energy shortage, Japanese
government conducted planned power cuts [20], which led to the im-
mediate electricity supply disruption. This critical situation of elec-
tricity supply revealed that the sudden supply disruption particularly
associated with nuclear energy utilization should be considered as a
new and significant risk to domestic energy supply security. In addition,
other several reasonable societal issues such as lawsuit arising from
public opposition movement [21], and notice of nuclear terrorism [22]
would have potential to cause sudden disruption of nuclear energy
supply.

Given that nuclear power share is expected to expand worldwide
even after the Fukushima nuclear accident due to the acceleration of
energy demand [23,24] and the core of energy security concerns is the
risk of national vital energy services [25], it would be crucial to con-
sider possible consequences of the potential disruption of nuclear en-
ergy supply for evaluating the security performance of electricity
supply system. However, quantitative analysis of a set of relation be-
tween the sudden nuclear energy supply disruption and its impact on
continuous electricity supply security (hereafter referred to “nuclear
vulnerability”) has only been scarcely discussed.

This paper will quantitatively assess nuclear vulnerability based on
the concept of power security which is a part of reliability. The power
security is the ability of the power system to remain self-sufficient after
the occurrence of sudden disturbances [26]. Hu et al. examined re-
covery process from localized disturbances for evaluating the reliability
of power system [27]. Hazi et al. analyzes the maximum restoration
time after interruptions as the electricity reliability indicator [28]. This
paper focuses on the controllability of alternative energy sources such
as thermal power and pumped-storage hydro. This characteristic can
support the continuous electricity supply even after the sudden stop-
page of nuclear operation occurs. As such, nuclear vulnerability is
analyzed based on the condition of both different magnitude of sudden
stoppage of nuclear operation and the different time instant of stoppage
occurrence, where the whole grid ends up not being able to meet the
demand despite of the full of thermal power operation. Nuclear vul-
nerability analysis can provide the prediction of continuous electricity
supply, which will help the utility manager to make an appropriate
action based on the information on both the magnitude and the time
instant of sudden stoppage of nuclear operation.

It must be mentioned that the aforementioned existing reliability
indices are computed based on the past experience of the whole grid
system and have been seldom used to predict the risk of electricity
supply disruption corresponding to the different capacity combination
of various energy sources. These indices also do no cover the concept of
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sudden supply disruption. However, the grid operation will require the
more sophisticated index particularly associated with nuclear power
utilization in which the future prediction on the risk of electricity
supply disruption is presented to ensure the continuous electricity
supply security [3]. Hence, through nuclear vulnerability analysis a
new predicted electricity supply security index dedicated for nuclear
power utilization will be provided in this research. No academic works
on an application of amount of time the system can remain self-suffi-
cient after the occurrence of sudden disturbances into the reliability
index has been hitherto published.

Besides power system reliability associated with nuclear energy
utilization, both diversification of electricity mix and redundancy of
capacity sizing of electricity generation have been widely reported as
major attributes to evaluate the security of continuous electricity supply
and to improve the design of strengthened power system [2,10,29,30].
Especially, nations heavily relying on fossil fuel imports suffer from
severe vulnerabilities of geopolitical stability [31]. Diversification of
electricity generation by energy source type is essential to improve
energy supply security [32]. Meanwhile, the concept of redundancy
represents the reserve margin which is incorporated into energy system
for external disturbances [33]. Adequate power system with spare ca-
pacity achieves the uninterrupted physical infrastructure [34]. Based on
these considerations, both of diversification and redundancy should be
incorporated with nuclear vulnerability to design the power system
taking into account the risk of nuclear energy utilization.

As such, the objective of this paper is to establish the methodology
of quantifying nuclear vulnerability in order to develop a new elec-
tricity supply security index dedicated for nuclear power utilization.
This paper also aims to analyze the relationship of three major attri-
butes for evaluating stable electricity supply system; diversification,
redundancy and nuclear vulnerability. This research work especially
focuses on modeling and forecasting the security of electricity supply
taking into account the risk of sudden nuclear energy supply disruption.
In addition, the proposed approach for evaluating the optimal use of
energy resources will deliver the valuable insights for policymakers to
develop the well-grounded energy policy including the societal aspects.

This paper proceeds as follows. Firstly, the methodology of quan-
tifying nuclear vulnerability is established to obtain the continuous
electricity supply security index dedicated for nuclear power utilization
in Section 2. Subsequently, Section 3 analyzes the nuclear vulnerability
quantitatively. In addition, the relationship between diversification,
redundancy and nuclear vulnerability is evaluated in Section 4. Finally,
Section 5 concludes this paper.

2. Methodology

The methodology in this research consisting of establishment of
quantifying nuclear vulnerability, development of the new electricity
supply security index dedicated for nuclear power utilization and
analysis of the three attributes comprising of diversification, re-
dundancy and nuclear vulnerability is presented in this section.

2.1. Site identification and construction of electricity supply model

The location of a reference case in this study for analyzing the im-
pact of continuous electricity supply security has been identified as
Kansai area. Kansai area previously included a significant share of nu-
clear energy in the region’s electricity supply mix. Fukushima nuclear
accident indirectly had an unavoidable impact on the electricity supply
security in Kansai area despite of no physical damage to the electricity
grid components; nuclear power had a considerable share of approxi-
mately 25% of capacity and 44% of generated electricity in 2010 at
Kansai area [35], but all of its capacity has been turned off after the
Fukushima nuclear accident. Even though Kansai area has a large sized
PV and solar power plants, the share of renewable power is a mere 1.5%
at present and thus the renewable power contributing to centralized
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