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a b s t r a c t

Japan, China, and South Korea depend heavily on imports for most of their energy. This study aims to
investigate how energy security in these three East Asian countries will change in the future under
climate mitigation policy scenarios. The study will help researchers and policy makers to better
understand the relationship between climate and energy issues that will arise in relevant policy
discussions. The analysis was conducted using a computable general equilibrium model. A reference
scenario and two policy scenarios based on the Representative Concentration Pathways adopted by the
Intergovernmental Panel on Climate Change are analyzed and compared between primary energy, fossil
fuels imports, and diversification of energy sources.

The findings suggest that to reduce greenhouse gas emissions, the three East Asian countries need to
shift their energy structures from currently dominant fossil fuels to renewables and nuclear power. The
lower the target of allowable emissions, the larger the required shifts will have to be. Among fossil fuels,
coal use in particular must significantly decrease. Such structural shifts improve energy self-sufficiency,
thus enhancing energy security. However, the impact of diversification of energy sources (measured by
the Herfindahl index) under climate mitigation scenarios differs by country and scenario. Until 2050,
diversity improves in all three countries relative to the base year. After that, in some countries the
diversity should decline because of high dependence on a specific energy source. Overall, it is revealed
that energy security improves along with climate mitigation. This improvement will also contribute to
the economy by reducing energy procurement risks.

& 2014 Elsevier Ltd. All rights reserved.

1. Introduction

Climate change is currently the most significant global envir-
onmental issue and policy discussions with mid- to long-term
perspectives are ongoing worldwide. A critical negotiated treaty is
the United Nations Framework Convention on Climate Change
(UNFCCC). The Copenhagen Accord, agreed in December 2009, was
an important step along the global path to climate change, and the
Annex I parties and some major non-Annex I parties, such as China
and India, submitted their pledges on greenhouse gas (GHG)
emission reduction by the end of January 2010. The Kyoto Protocol
expired at the end of 2012, but at the 2012 UN Climate Change
Conference there was agreement to extend it until 2020 and to
develop a successor to it by 2015. However, important developed

countries such as Canada, Japan, and Russia did not participate in
the post-Kyoto Protocol.

In recent years, energy demand has dramatically increased in
large emerging countries such as China and India. This demand is
driven by economic and population growth, and is expected to
increase further [1,2], raising concerns about energy supplies in
the future. In addition, because production and reserves of fossil
fuels such as crude oil and natural gas are predominately located
in a limited number of countries [1], other countries, including
those in East Asia, that are poor in energy resources and depen-
dent on imported fossil fuels will face potential price-fluctuations
and geopolitical risks.

Climate change measures1 are aimed at reducing GHG emis-
sions, in particular CO2. To emit less GHGs, promotion of energy
efficiency and shifts to low-carbon energy, namely shifts from coal
to natural gas and from fossil fuels to renewables and nuclear
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energy, are critical. If energy savings and low-carbon energy use
are both adopted as climate change measures, the volume of and
the dependence on imported energy will decrease2. This in turn
will help to improve energy security [5,6].

To achieve energy security—that is, sufficient energy to support
economic activity and social welfare—in countries that rely on
foreign energy sources, risk diversification is essential. The meth-
ods include diversifying supply (importing fuels from many
countries and not relying only on a small number of suppliers),
diversifying fuel types, and industrial globalization [7]. It is also
important to reduce energy imports and to increase energy self-
sufficiency. The latter highlights the fact that business analytics
research is nowadays essential in identifying and mapping the
potential needs and strategies that energy firms and governments
need to take in order to tackle the energy security issue that is
higher in their agenda than ever before. In that respect, this is
where our paper contributes in the existing literature.

In this context, East Asian countries have a significant energy
security issue. Japan and South Korea (hereafter Korea) produce
little or no fossil fuels [1,2]. China produces fossil fuels, but its
demand exceeds its production [1,2]. In addition, it is expected
that China will continue to enjoy high economic growth in the
future, meaning energy demand and energy imports will both
increase significantly [2].

Research on energy security in Asian countries is part of the
Asian Energy Security Project [8–22], coordinated by the Nautilus
Institute [23]. The research includes Japan, Korea (North and South),
China, and Vietnam, and uses both a narrow definition (energy
security only in terms of energy supply), and a more broadly
defined energy security that is not only based on energy supply,
but also includes economic, technological, environmental, social
and cultural, and military perspectives, applying the Long-range
Energy Alternatives Planning (LEAP) software system [20,21]. The
LEAP system is a scenario/energy pathway-based energy-environ-
ment modeling tool to create models of different energy systems.
Energy pathways or scenarios are internally consistent storylines of
how an energy system might evolve over time (often between 20
and 50 years) in a particular socioeconomic setting and under a
particular set of policy conditions [20,24]. Multiple energy path-
ways within a country or a region are compared to indicate which
pathway is preferable using various energy security criteria such as
cost, energy output, fuel imports and exports, and technological
development. Other external methods such as diversification
indices, multiple-attribute analysis and matrices, and qualitative
analysis can be applied using the results from the LEAP system for
further analysis on energy security [20].

There are some studies investigating the subject of energy security.
Vivoda [25], for example, develops an energy security assessment
instrument, which allows to analyze broadly defined energy security
by considering 11 energy security dimensions. However, although the
concept is shown, energy security is not analyzed in the paper.
Löschel et al. [26] propose ex-post (e.g., energy prices) and ex-ante (e.
g., concentration of energy supplies) indicators to evaluate energy
security of countries. Using the illustrative indicators, they analyze
energy security in Germany, the Netherlands, Spain, and the USA.
However, their analysis on future energy security by the ex-ante
indicators is only in short term (year 2030) and is based on one of the
International Energy Agency (IEA)'s scenario. Kruyt et al. [27] imple-
ment more comprehensive analysis on energy security applying a
scenario approach using a global energy system model, similar to the
abovementioned LEAP system. They use a climate mitigation scenario
and apply several energy security indicators, including energy prices

and supply/demand, and fuel shares, to Western Europe as a whole in
the mid-term perspective (year 2050). Although the approach is
similar to our study, they employ an energy system model like the
LEAP system and do not analyze Asian countries for which the energy
security issue is of enormous concern.

In the operations research (OR) area, research on energy,
especially energy system management and decision making on
energy-related issues, has been extensively conducted, while that
on energy security is fairly limited. The following are two exam-
ples on energy security in this area. Lia et al. [28] focus on oil-
importing optimal decision using a multi-objective programming
approach connecting with emergency (risk) scenarios. Gülpιnar
et al. [29] tackle with the issue on investment decision in
petroleum markets under the supply disruption risk. Although
these studies approach important aspects of the energy security
issue, they do not consider other energy sources and the wider
economic system, important elements that need to be addressed
since oil markets are not independent.

Some studies such as Boland et al. [30], Marufuzzaman et al.
[31], Matos and Hall [32], and Relvas et al. [33] address the trade
(or supply chain) issue of different energy types, which relate to
the energy security issue, and are treated in this paper to some
extent. Other examples related to energy in OR are as follows.
Arora and Taylor [34] generate probability density estimates for
electricity consumption using the data of individual smart meters,
which can be used for minimizing consumers' excess electricity
use and devising time-of-use pricing for suppliers. Similarly, Zhao
et al. [35] forecast electricity consumption using the high-order
Markov chain based time-varying weighted average method,
which will contribute for avoiding wastes of scarce energy
resource or electricity shortages. In addition, Li et al. [36] apply
the grey theory for forecasting electricity consumption in Asian
countries using limited (short-term) data, which is valuable for
policy making in developing countries showing high and unstable
growth. On the other hand, Papadopoulos and Karagiannidis [37]
apply a multi-criteria analysis method for optimizing the penetra-
tion of renewables for power generation into an insular system.
These studies do not directly approach the energy security issue,
but such energy management and decision making are closely
related to it by reducing or optimizing energy use. Considering the
above aspects, this paper contributes in the area of business
analytics with an application on the energy sector, more specifi-
cally examining the energy security issue focusing on East Asia.

In this paper, we analyze the energy security issue in three East
Asian countries, Japan, China, and Korea. Energy security is an
important issue for these countries because their economic
activities are highly dependent on fossil fuels and they are among
the world's largest fossil fuel importing countries [1,2]; with the
majority of imports, particularly oil, coming from the Middle East.

We examine climate mitigation policies (or emission pathways)
using a computable general equilibrium (CGE) model. By using a
CGE model, an inclusive assessment of economic activities (mar-
kets), including energy sectors and non-energy sectors, and the
whole activities of countries are kept in the analysis; an approach
that differs from the abovementioned studies. In addition, multi-
ple climate mitigation scenarios are considered simultaneously for
comparison. Since the climate change and broader energy issues
are now both related to global business more than ever before, this
study contributes to business analytics literature that focus on
energy-related research. We analyze energy security in terms of
primary energy structure, net imports of fossil fuels, and diversity
of energy type. Furthermore, we analyze the entire 21st century, in
contrast to previous studies that focus on the short to medium
term. The long-term consequences are important, because the
world will be highly dependent on fossil fuels for many years to
come (e.g., Masui et al. [38]; Riahi et al. [39]; Thomason et al. [40];

2 Renewables are basically domestic energy and nuclear energy is considered
semi-domestic energy [3,4].
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van Vuuren et al. [41]). Analysis on energy security in the global
scale has been done by Matsumoto [42].

2. Methods

2.1. Model

We use a CGE model to evaluate how energy security and the
energy structure change under climate mitigation scenarios during
the 21st century. This model is based on Masui et al. [38],
Matsumoto [42], Matsumoto and Masui [43,44], and Okagawa
et al. [45]. A CGE model is a top-down model for analyzing the
economic implications of energy and climate change issues and
policy designs (e.g., Matsumoto and Masui [43,44]; Peace and
Weyant [46]; Saveyn et al. [47]; Shukla et al. [48]).

This study applies a global recursive dynamic CGE model,
including energy and environmental factors. An overview is
provided here and model details are explained in Appendix A.
The model, also referred to as an integrated assessment model, is
composed of 24 geographical regions and 21 industrial sectors
(Tables A1 and A2 in Appendix A), and having a final demand
sector. Within the energy sector, electric power is disaggregated
into specific production technologies, including thermal, hydro,
nuclear, and renewables. Each industrial sector is represented by a
nested constant elasticity of substitution (CES) production func-
tion (see Figure A1 in Appendix A).

Each industrial sector produces goods/services for international or
domestic markets. In each domestic market, the supplied goods/
services are consumed as final consumption, investment, or inter-
mediate input for industrial sectors. The total investment demand in
each period, which forms capital in the next period, is set exogenously
to meet a prescribed future economic growth rate (see Section 2.2.1).
To be more precise, economic growth is realized by increasing
production factors (capital, labor, land, and resources) and efficiency
improvement (including energy efficiency, land productivity, and total
factor productivity). In the model, investment demand is assumed to
be increased in line with the increase rate of Gross Domestic Product
(GDP)3.

The final demand sector in each region owns all production
factors and supplies them to the industrial sectors to earn its
income for final consumption and savings. The final demand is
determined to maximize the utility.

The model handles the global emissions of 13 gases including
CO2, and is run to follow the emission pathways described in
Section 2.2.2 between the base year 2001 and 2100. GHG emis-
sions trading on a global scale is considered in the model.

The model was calibrated to reproduce economic activity and
energy levels in the base year using the following data: the Global
Trade Analysis Project (GTAP) 6 database [49] for economic activity
levels; the Emission Database for Global Atmospheric Research
(EDGAR) v4 database [50] for GHG emissions; and the IEA energy
balance tables [51,52] for energy.

2.2. Scenarios

Energy security is analyzed by applying the reference scenario
and policy scenarios to the CGE model.

2.2.1. Reference scenario
As a first step in the process of developing policy scenarios (see

Section 2.2.2), we developed a “no-climate-policy” reference scenario.

This means that without policy intervention, GHG emissions and
concentrations, and radiative forcing would exceed those of the policy
scenarios. The reference scenario assumes that no policies and
measures solely aimed at controlling GHG emissions, beyond those
already in place, are introduced, and that the existing policies are not
renewed when they expire. The reference scenario makes several
assumptions. Demographic assumptions are based on a medium
variant of the UN World Population Prospects [53]. Future economic
growth assumptions are based on the Sustainability First scenario
presented in the United Nations Environment Programme (UNEP)
(2007) Global environment outlook 4 [54]. Finally, technological
improvement is based on the Special Report on Emission Scenarios
(SRES) B2 scenario of the Intergovernmental Panel on Climate Change
(IPCC) [55]. The SRES B2 scenario is selected because it is a moderate
scenario in the series, and the population and GDP are similar to the
assumptions in this study [55]. These assumptions are applied to both
the reference and the policy scenarios.

The following details summarize the reference scenario. The
global population grows from 6.1 billion in the base year to
9.8 billion in 2100, with a peak between 2080 and 2090 (Fig. 1a).
Global GDP reaches $230 trillion in 2100 (Fig. 1b), and the global
primary energy demand reaches 1178 EJ in 2100 (Fig. 1d–e).
Globally, fossil fuel demand, particularly coal, will increase con-
tinuously during this century because of its relatively low cost.
Consequently, total CO2 emissions increase to 25.1 GtC/yr in 2100
(Fig. 1c), and the total radiative forcing reaches 7.2 W/m2 in 2100.

2.2.2. Policy scenarios
The Representative Concentration Pathways (RCPs) are used for

the climate change policy (mitigation) scenarios4. RCPs are the
first step toward the Fifth Assessment Report (AR5) of the IPCC
[58] and one of the latest climate policy scenario families. RCPs are
defined by radiative forcing levels in 2100 and consist of four
scenarios, namely the lowest 2.6 W/m2 [41], the highest 8.5 W/m2

[39], and the two middle scenarios of 4.5 W/m2 [40] and 6 W/m2

[38].
Two scenarios are analyzed using the CGE model and compared

with the reference scenario. They are the medium-low scenario
(S4.5 below), with RCP 4.5 W/m2, and the lowest scenario (S2.6
below), with RCP 2.6 W/m2 (see Fig. 2). Since this study examines
the energy security issue under climate mitigation scenarios, it is
preferable to use relatively new scenarios in this area. Thus, we
used the RCP scenarios, which are used in the IPCC AR5 [56] and
also recent studies in this area [59,60]. Furthermore, since the
emissions of the highest RCP 8.5 W/m2 scenario [39] exceed those
of the reference scenario and the climate mitigation level of the
RCP 6 W/m2 is much higher than that required for achieving the
ultimate objective of the UNFCCC [38,57], the S4.5 and S2.6
scenarios were selected.

For analyzing the S4.5 and S2.6 scenarios, the emission path-
ways (Fig. 2b) are set as the constraints in the model. Emissions
trading on a global scale is then applied to achieve the emission
targets cost-efficiently. Given the constraints, carbon prices corre-
sponding to the emissions are imposed on fossil fuel use (the
larger the emission reduction, the higher the carbon price will be),
which increase their respective prices. Since the model includes
low-carbon technologies such as several types of renewables,
nuclear power, and carbon capture and storage (CCS) technology
(see Section 2.1 and Appendix), fossil fuels are replaced with such
low-carbon technologies according to the CES production func-
tions in the model.

Note that the energy structure is not exogenously controlled to
maintain a specific level or percentage (such as p% or e GWh of

3 Since the model used in this study is a recursive dynamic CGE model, the
total investment demand cannot be determined endogenously. 4 See Moss et al. [56] and van Vuuren et al. [57] for the details of RCPs.
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nuclear power generation in country A in year Y) when simulating
both the reference and policy scenarios. The model analyzes
endogenously changing energy security and energy structure by
the scenarios.

3. Results and discussions

To understand energy security under climate change policies,
we focused on changes in primary energy demand, fossil fuels
imports, and diversity of energy types in the 21st century. In this
section, the results in years 2050 and 2100 are discussed.

In the reference scenario, the total primary energy demand in
China increases in this century, while in Japan the demand is smaller
in 2050 and 2100 than in the base year (Table 1). In Korea, the
primary energy demand increases in 2050, and then decreases
toward 2100. In China, economic development and a growing
population drive the increasing primary energy demand. Conversely,
declining populations in Japan during this century and in Korea in the
latter half of the century, plus low economic growth rates relative to
China, cause a decrease in their primary energy demand. In the two
policy scenarios, the total primary energy demand is smaller than the
reference scenario in all countries (Table 1), with the demand in the

S2.6 scenario the smallest. This means that reducing the total primary
energy demand is required to reduce GHG emissions from the
reference scenario in this study. It should be noted that in China,
even under the S2.6 scenario, the primary energy demand exceeds
the 2001 level.

The energy structure drastically changes in the three countries
over the study period (Fig. 3). It is important to note that energy
structure is not controlled exogenously in the model, but is
determined by the relative cost of each energy source in the model.
In China under the reference scenario, the percentage of fossil fuels
in the total primary energy demand increases and exceeds 90%,
with coal the main fuel source. In Korea, the percentage of fossil
fuels decreases from the base year level, which was higher than 90%,
in both 2050 and 2100, but remains at a high level. In addition, the
percentage of coal increases because of its relatively low cost among
fossil fuels. In Japan, however, although fossil fuels remain the main
energy source in the middle of this century, the percentage of
nuclear energy increases significantly by 2100. Following the
Fukushima Daiichi nuclear disaster, most nuclear power plants in
Japan have not yet been operational. Some countries such as France
and China are promoting nuclear energy use, but others including
Germany and Switzerland declared a nuclear power phase-out after
the Japanese disaster. Introduction and promotion of nuclear energy

Fig. 1. Reference scenario ((a) population; (b) GDP; (c) total CO2 emissions; (d and e) primary energy demand (by region and by fuel type)).
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is mainly affected by each nation's energy policy. For economic and
climate mitigation reasons, nuclear power is still considered an
important “base load” power in Japan's new Basic Energy Plan [61].
In addition, electric companies are working toward restarting
operations of their nuclear power plants. Although the Japanese
government also intends to increase the use of renewables by
introducing a feed-in tariff scheme, nuclear power is expected to
play an important role in combating climate change and addressing
energy issues in the future; at time of writing, however, the
government has not yet decided on future targets for its energy
infrastructure, including nuclear power. Hence, bearing in mind the
aforementioned, even though policies such as a renewable portfolio
standard and a feed-in tariff are often introduced to increase the
amount/percentage of renewables, it is not possible to develop
plausible future assumptions for energy policies of the countries
and regions in the model because the future energy policies of every
country is more long-term and involves a number of uncertainties.
Thus, though GHG emission reduction is considered in the scenar-
ios, specific energy policies are not addressed in this study.
Conversely, as it is not possible to introduce energy infinitely,
especially renewables, we set the upper limits of potential energy
use (see Appendix A and also Matsumoto [42] for the details).

The policy scenarios have fossil fuels, especially coal significantly
decreasing in the three countries, and renewables and nuclear
energy increasing. In Japan and Korea, nuclear energy occupies
the highest percentages among primary energy demand in 2100. In
Japan, the percentage is remarkably high because its total primary
energy demand is low, but the total amount is not significantly
larger. In Japan and Korea, although some renewables are intro-
duced, the percentage is less than 10%, and biomass power
increases very little. In China the percentage of renewables, includ-
ing biomass power, increase significantly relative to the other two
countries examined in this paper, especially in the S2.6 scenario and
in the later years of the study period. In the model, the available
land for agriculture is based on the GTAP database [49], taking into
account possible competition in land use among sectors that use
land as a production factor, including biomass energy (bio-energy
crops) [38,49] (see also Appendix A.2.1). For the future land use,
land productivity improvement is also assumed [38]. In addition, for

Fig. 2. Radiative forcing levels (panel (a)) and corresponding total CO2 emissions
(panel (b)) in the scenarios (based on Matsumoto [42]).

Table 1
Total primary energy demand (EJ).

2001 Reference S4.5 S2.6

2050 2100 2050 2100 2050 2100

Japan 19.9 12.1 8.2 11.6 8.0 9.3 7.5
China 53.5 275.6 330.0 149.8 114.8 73.5 98.5
Korea 9.1 13.3 9.2 11.5 7.1 7.2 6.7

Fig. 3. Structure of primary energy in East Asian countries ((a) Japan; (b) China;
(c) Korea). Renewables in the figure include those except hydropower and biomass.
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the future renewables, their potential is assumed based on Masui
et al. [62]. In these assumptions, land mass of a region is an
important factor to determine the potential, since the larger the
land area, the larger the areas for cultivating bio-energy crops and
installing renewable-energy facilities. The latter reflects China's
potential to harness renewable power from its enormous land
mass. The absolute amount of nuclear energy in the policy scenarios
is larger than in Japan and Korea, but the percentage is smaller
because of China's high primary energy demand.

With respect to trade activity of fossil fuels in terms of net
imports (imports minus exports) in the three countries (Fig. 4), the
total steadily increases in China in the 21st century, increases until
2050 and then decreases in Korea, and continuously declines in
Japan. Although China is a net-exporting country of coal in the
base year, it soon becomes a net-importing country in both the
reference and policy scenarios.

By 2050, under the S4.5 scenario the net imports of fossil fuels
relative to the reference scenario are 11.5% lower in Japan, 24.4%
lower in China, and 14.2% lower in Korea. Under the S2.6 scenario,
the reductions are 37.1%, 74.9%, and 53.9% for Japan, China and
Korea respectively.

By 2100, the figures show a similar pattern. According to the S4.5
scenario, net fossil fuel imports have declined from the reference
case by 16.6% in Japan, 53.7% in China, and 41.1% in Korea. Greater
declines are seen under the S2.6 scenario, with of 29.4% in Japan,
72.5% in China, and 47.9% in Korea.

Considering the net imports by fuel type, the decline in coal is
the largest, followed by oil and natural gas. The lower emission
scenarios tend to show lower net imports for all types, except for
natural gas in 2050, in both China and Korea under the S4.5
scenario. Because the carbon intensity of natural gas is the lowest
of the fossil fuels, the use of natural gas is often promoted to
reduce GHG emissions. However, to reduce GHG emissions to
targets for the latter half of the 21st century, shifting to low
carbon-intensive fossil fuels is not sufficient, and reducing the
total amount of fossil fuels will be required.

The study indicates that decreasing dependence on fossil fuels and
increasing the amount and percentage of renewables and nuclear
energy will help to mitigate climate change. The three East Asian
countries are net importers of fossil fuels and their dependence is
very high. Replacing fossil fuels and reducing their net imports will
improve energy self-sufficiency and improve energy security, an
important consequence of promoting climate change measures.

As Fig. 3 illustrates, the dependence on fossil fuels, which are
largely imported energy sources in the three countries, decreases
significantly in the policy scenarios, especially under the S2.6
scenario. Similarly, net imports of fossil fuels decrease under the
policy scenarios (Fig. 4), underlining the important roles of
reducing imported energy and increasing the rate of self-
sufficiency in achieving energy security. Increasing the diversity
of energy sources is also important, as this can diversify the risk
[7]. The Herfindahl index (HI) is a metric for energy security
implications of different patterns of energy supply and demand. It
is based on diversity indices in the economic and financial analysis
[7,20,63] and is applied to measure the effects of diversification of
energy sources. The index has a maximum value of one when
there is only one energy source, and decreases with additional
energy sources. The lower the value of the index, the more diverse
the sources. When calculating the index (Eq. 1), renewables are
disaggregated by type, namely solar, wind, geothermal, and other
renewables (see Fig. 3).

H ¼∑
i
x2i ð1Þ

where H is the Herfindahl index and xi is the fraction of primary
energy demand by energy type i.

Applying the index to the scenarios, the values change both in
2050 and 2100 relative to the base year (Fig. 5). In the reference
scenario, diversity worsens in China over time, while it improves
in Korea. China depends more heavily on coal in the future, while
Korea uses fossil fuels and nuclear energy in a balanced manner in
2100. In Japan, the diversity value decreases until 2050, and then
increases in the latter half of the century. This reflects how much
the country depends on nuclear energy. A continuous increase in
the percentage of nuclear energy in this century is modeled,
achieving a balance between fossil fuels and nuclear in 2050, with
nuclear energy dominating in 2100.

Comparing the reference with the policy scenarios, there is an
increase in the diversity of energy sources in all countries by 2050.
Among the policy scenarios, the value is smaller in the S2.6 scenario.
However, the situation in 2100 differs by country. In Japan, the values
are higher than in 2050, exceeding even the 2001 level. In addition,
the lower the emissions, the higher the values, which indicates a less
diversified energy structure. In China, although the values are higher
in 2100 than in 2050, the lower emission scenarios show lower HI
values. Compared with the 2001 level, the value is higher in the
reference case, while they are smaller in the policy scenarios. In Korea,
the values in 2100 are higher than the 2050 levels in the policy
scenarios, while they are lower than the 2001 level. These results
indicate that when reducing GHG emissions as part of climate change
mitigation, the diversity of energy sources initially improves by
reducing dependence on fossil fuels, especially coal. It should be noted
that new energy technologies such as fuel cells and algofuels are not
considered in the model, since large uncertainties exist on them.
Although the Herfindahl indices become higher in 2100 in some cases
(Fig. 5), such energy technologies and other future potential techno-
logical breakthroughs can improve the diversity of energy sources.

The results suggest that energy security is improved under
climate mitigation scenarios by reducing fossil fuels' imports and
increasing energy self-sufficiency, a consequence of a reduction in
total primary energy demand and a shift in energy structure from
fossil fuels. However, the impact on diversity of energy sources
differs by country and scenario. It depends on which types of
energy sources are selected when shifting from fossil fuels, how
fast such a shift takes place, and to what extent such a shift moves
the country toward a low-carbon society in 2100. Paradoxically,
the diversity measured by the HI declines when the dependency
on fossil fuels declines, because the three types of fossil fuels
contribute to “diversity” of energy sources, and the use of a
specific non-fossil energy source increases. However, such declines
in diversity are derived from a decrease in the use of fossil fuels,
most of which are imported in all three countries under examina-
tion. Thus, overall, it is demonstrated that climate mitigation
contributes to improved energy security of the countries, although
the diversity of energy sources appears to suggest otherwise.

4. Concluding remarks

In this study, we analyze the impact of climate mitigation
policies on energy security by using the CGE model. In the analysis,
we use the RCP-based scenarios for the policy scenarios and
compare them with a reference scenario.

Overall, to reduce GHG emissions in a sustainable manner, the
three studied East Asian countries need to shift their energy
structures from fossil fuel dominance to renewables and nuclear
power. Among fossil fuels, coal must be significantly reduced,
followed by oil and lastly natural gas. The lower the target of
allowable emissions, the larger the shifts from fossil fuels must be.
The study also reveals that such shifts will improve energy self-
sufficiency and are consequently effective from the viewpoint of
energy security. However, the impact on diversity of energy

K. Matsumoto, K. Andriosopoulos / Omega 59 (2016) 60–71 65



Fig. 4. Net import of fossil fuels ((a) Japan; (b) China; (c) Korea). In each sub-figure, the left hand panel shows the net imports of fossil fuels. The right hand figure shows the
structure of fossil fuels in the base year, 2050, and 2100.
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sources under climate mitigation scenarios differs by country and
by scenario.

Japan is already one of the most developed countries in the world
and its population is in decline. The study indicates that fossil fuel use
and imports (along with total primary energy demand) decreases,
and energy security improves even in the reference scenario. These
results continue through 2050, after which, although the percentages
of fossil fuel use and imports continuously decrease, the diversity of
energy sources declines due to high dependence on nuclear power.

China is a net exporter of coal in the base year, but it soon
becomes a net importer. Unlike Japan, the diversity of energy
sources as measured by the HI, worsens in the reference scenario
because of a large increase in fossil fuel use, particularly coal. By
introducing the policy scenarios to reduce GHG emissions, the
diversity index significantly improves in response to an increasing
share of renewables and decreasing share of coal. A decrease in
fossil fuels imports is also observed.

The situation in Korea lies in between that of Japan and China. In
the reference scenario, the total primary energy demand increases
until 2050 and then decreases, while the share of nuclear energy
constantly increases until 2100. Consequently, its diversity of energy
sources improves. Because the use of renewables and nuclear
energy increases to reduce GHG emissions, further improvement
in energy diversity is realized under the policy scenarios in 2050.
Like Japan, however, although the percentages of fossil fuel use and
imports continuously decrease, energy diversity declines owing to
high dependence on nuclear power.

The main purpose of climate mitigation is obviously to reduce
GHG emissions and avoid further climate change. This study
indicates that energy security improvement is achieved simulta-
neously with climate mitigation policies. Although introducing
climate mitigation policy has a negative effect on economic
growth in general [58], energy security improvements will con-
tribute to the economy by reducing procurement risks.

Reduction in diversity of energy sources is a potential conse-
quence of reducing net imports of fossil fuels and increasing
reliance on domestic and semi-domestic energy sources. Depen-
dence on only a few energy sources poses risks. For example,
nuclear power plants are susceptible to severe accidents, as
demonstrated in Japan in 2011. Renewables such as solar and
wind power are also variable and their performance is largely
affected by weather. Energy storage solutions and a wider diversity
of sources are also important aspects of the countries' efforts to
achieve a low-carbon society. In addition, each country has a
different endowment of renewable resources. Korea has little
potential for geothermal energy, and Japan and Korea, with their
limited land masses compared to China, have lower potentials for
widely developing biomass fuels. Thus, policies designed to
increase the use of renewables must be tailored to each country.

Finally, diversification of the origin of fossil fuels imports is not
analyzed in this study, because the model does not disaggregate

the regions (Table A1). For example, the countries of the oil-
producing Middle East are not disaggregated, which could be a
future avenue of research in this area.
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Appendix A

This appendix provides further details of the CGE model used
in the analysis.

A.1. CGE models in general

A CGE model is an economic model that uses actual economic
data such as input–output tables and national economic accounting
to estimate how the economy might react to changes in factors such
as policy and technology. This can be on a global or individual
country basis, where price is an important signal driving economic
agents and balancing supply and demand of each goods/service and
each production factor in the economy. A CGE model consists of
equations describing model variables and a database consistent
with the equations. The equations are generally based on neo-
classical economic theory, often assuming industrial sectors (pro-
ducers) cost minimization, average-cost pricing, and final demands
based on optimization behavior. The model is also widely regarded
as a top-down model for analyzing the economic implications of
climate change [46,48]. Carbon pricing policies such as carbon tax
and emissions trading change the relative prices from the baseline
condition according to the GHG intensity of the goods. This means
that energy-intensive industries such as the steel industry tend to
experience a larger negative effect from such policies. Many climate
policy designs have been evaluated quantitatively with various CGE
models (e.g., Chen et al. [64]; Kumbaroglu [65]; Matsumoto and
Masui [43,44]; Saveyn et al. [47]; Timilsina et al. [66]).

A.2. CGE model in this study

A.2.1. Model structure
This study applies a multi-regional and multi-sectoral recursive

dynamic CGE model on a global scale, incorporating energy and
environmental components that is based on the work of Masui et al.
[38], Matsumoto and Masui [43,44], and Okagawa et al. [45]. The
model is disaggregated into 24 geographical regions and 21 types of
economic goods and service. These structures are shown in Tables
A1 and A2. Each region in Table A1 includes the production sectors

Fig. 5. Herfindahl indices in East Asian countries.
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shown in Table A2. One sector produces one type of goods or service,
and we assume perfect competition in all markets and that produc-
tion is subject to constant returns to scale technology. The electric
power sector (the electric power (ELY) sector in Table A2) is
disaggregated into specific production technologies, including ther-
mal power (coal-, oil-, and gas-fired), hydropower, nuclear power,
solar power, wind power, geothermal power, biomass power, waste
power, and other renewable power generation. Advanced thermal
power plants such as the integrated gasification combined cycle are
assumed to be available in the future. In addition, carbon capture
and storage (CCS) technology can be designated an advanced
technology for thermal power generation and biomass power
generation. These new technologies are also modeled as the
production functions of the ELY sector.

Each industrial sector in the economy is represented by a nested
constant elasticity of substitution (CES) production function. This
function includes the Leontief production function if the value of
elasticity of substitution is zero, and the Cobb–Douglas production
function if the value is one. Although all of the production
structures are based on nested CES functions, we assume several
different production structures by sector. The most basic structure is
illustrated in Figure A1 where each goods or service is produced as
a CES aggregate of value-added, intermediate inputs, and an energy
input composite and is applied to several of the defined sectors
(energy-intensive industries (EIS), metals and manufacturing
(M_M), other manufacturing (OMF), food processing (FOD), con-
struction (CNS), transportation (TRT), communication (CMN), water
(WTR), governmental services (OSG), and other services (SER)). The
value added is a CES aggregate of labor and capital. The energy
composite is a CES aggregate of a fossil fuels composite and ELY. The
fossil fuels composite is a CES aggregate of coal (COA), a liquid
energy composite, and a gas energy composite. The liquid energy
composite and the gas energy composite are CES aggregates of
crude oil (OIL) and petroleum products (P_C), and of natural gas
(GAS) and gas manufacture and distribution (GDT), respectively.
During production, GHG emissions are emitted from fossil fuels and
industrial processes. In the production structure, fossil fuel emis-
sions are considered as Leontief aggregates at the bottom-level
nests, while industrial emissions are considered as the Leontief
aggregate at the top-level nest. GHG emissions are treated the same
for the other sectors. In examining the fishery (FSH) and other
mineral mining (OMN) sectors, resources are treated as a compo-
nent of the “value-added.” Similarly, in examining the agriculture
(AGR), livestock (LVK), and forestry (FRS) sectors, land is treated as a
component of the “value-added.”

In the production structure for the fossil fuels extraction sectors
(i.e., the COA, OIL, and GAS sectors), natural resources are con-
sidered to be aggregated at the top-level nest. The magnitude of
the resource limits and associated extraction costs are obtained
from Rogner [67].

With respect to the P_C sector, crude oil is considered to be
aggregated at the top-level nest (and not treated as energy) because
most crude oil is used as feedstock in this sector. Similarly, in the GDT
sector, natural gas is considered to be aggregated at the top-level nest
to treat it as feedstock in this sector.

Finally, there is a slightly different structure in the ELY sector. The
thermal power sectors use corresponding fossil fuels as an input (e.g.,
COA is used for coal power generation), while the renewables sectors
do not. However, the biomass power sector uses land as an input, and
the other renewables sectors use the input of their corresponding
renewable sources. This structure is similar to the Emissions Predic-
tion and Policy Analysis model [68].

In the model, the elasticity parameters are taken from the
GTAP6 database, as it was also used for economic data.

Each industrial sector produces goods and services that are
delivered for the international market and/or the domestic market,
by taking inputs of production factors, raw materials, and energy.
The Armington assumption [69] is applied for international trade
(i.e., goods and services produced in different regions are imper-
fect substitutes). In the model, goods and services from different
regions are aggregated through a two-stage CES function; first,
imports from different regions are aggregated into a composite
import and then a composite import and domestic goods and
services are aggregated.

In each domestic market, the supplied goods/services are con-
sumed as final consumption, investment, and/or intermediate input
for industrial sectors. The total investment demand in each period is
set exogenously to meet a prescribed future economic growth rate
(see Section A.2.4 below). The model uses a putty-clay approach for
forming capital. It includes two types of capital, old (or existing)
capital and new capital. Old capital cannot be moved among sectors,
while new capital can be installed in any sector. When new capital is
installed in a specific sector, it is subsequently handled as old capital.
Technological improvements such as energy efficiency improvement
are applied only to new capital. Thus, the productivity of aggregated
(old and new) capital is the weighted average of the technology
levels in old and new capital. This suggests that the more new capital
is installed, the more rapid the efficiency change will be. Industrial
sectors in which the new investment is not introduced do not realize
technological improvement.

Fig. A1. Production structure for the manufacture and service sectors (EIS, M_M, OMF, FOD, CNS, TRT, CMN, WTR, OSG, and SER). This figure shows the most basic structure
in the model. In each nest, corresponding factors are aggregated by a CES function, the elasticity parameters of which are obtained from the GTAP6 database..
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Each region has one final demand sector consisting of the
household sector and government. The final demand sector in
each region is assumed to own all production factors (i.e., capital,
labor, land, and resources) and supplies them to the industrial
sectors through the economy's factor markets. The household
sector income is derived from the sale of the production factors.
The final demand sector distributes income between final con-
sumption of goods and services and savings. Savings rates are
identical to investment, which is exogenously determined. The

final demand for each goods or service is determined to maximize
the utility represented by a CES function subject to an unsaved
income constraint in each period. GHGs are emitted when the final
demand sector consumes fossil fuels.

A.2.2. GHG emissions
The model is run to follow the global GHG emission pathways

including: carbon dioxide; methane; nitrous oxide; carbon

Table A1
Region definitions.

Code Region

AUS Australia
NZL New Zealand
JPN Japan
CAN Canada
USA United States of America
E15 15 Western EU countries
RUS Russia
E10 10 Eastern EU countries
XRE Other Europe (e.g., Bulgaria)
KOR South Korea
CHN China and Hong Kong
XRA Other Asia-Pacific (e.g., Mongolia)
IDN Indonesia
THA Thailand
XSE Other Southeast Asia (e.g., Malaysia)
IND India
XSA Other South Asia (e.g., Bangladesh)
MEX Mexico
ARG Argentina
BRA Brazil
XLM Other Latin America (e.g., Chile)
XME The Middle East (e.g., Saudi Arabia)
ZAF South Africa
XAF Other Africa (e.g., Egypt)

aThe countries with bold font are analyzed in this paper.

Table A2
Commodities/sectors definitions.

Code Commodities/sectors

Energy commodities/sectors
COA Coal
OIL Crude oil
GAS Natural gas
P_C Petroleum products
GDT Gas manufacture and distribution
ELY Electric power a

Non-energy commodities/sectors
AGR Agriculture (e.g., rice)
LVK Livestock (e.g., bovine cattle)
FRS Forestry
FSH Fishery
EIS Energy-intensive industries (e.g., chemical products)
OMN Other mineral mining
M_M Metals and manufacturing (e.g., motor vehicles)
FOD Food processing (e.g., food products)
OMF Other manufacturing (e.g., textiles)
CNS Construction
TRT Transportation (e.g., air transportation)
CMN Communication
WTR Water
OSG Governmental services (e.g., education)
SER Other services (e.g., insurance)

a The electric power sector consists of thermal power (i.e., coal-, oil-, and gas-fired), hydropower, nuclear power, solar power, wind
power, geothermal power, biomass power, waste power, and other renewables. In addition, thermal power and biomass power with CCS
technology are available.
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monoxide; nitrogen oxides; sulfur oxides; non-methane volatile
organic compounds; black carbon; organic carbon; ammonia; and
fluorinated gases (hydrofluorocarbons, perfluorocarbons, and sulfur
hexafluoride). Because the model cannot handle fluorinated gas
emissions endogenously, the emissions of these gases are given
exogenously.

A.2.3. Baseline data
The CGE model was calibrated to reproduce economic activity

and energy levels in the base year (2001) using the following data
sources: the GTAP6 database [49] for economic activity levels; the
EDGAR v4 database [50] for GHG emissions; and the IEA energy
balance tables [51,52] for energy.

A.2.4. Future scenario
The simulation periods of this study are those between the base

year (2001) and 2100 (i.e., 2001, 2005, 2010, and every 10 years
thereafter until 2100).

Several assumptions are included to expand the model to a
dynamic structure. Demographic assumptions are based on the
medium variant of the UN World Population Prospects [53]. Future
economic growth assumptions to determine the amount of invest-
ment are based on the Sustainability First scenario in the Global
Environment Outlook 4 [54]. Finally, technological improvement is
based on the SRES B2 scenario [55]. These assumptions are applied
to both the reference scenario and the policy scenarios.

The model includes several types of renewables: solar,
wind, biomass, hydro, and geothermal energy. It is expected that
the role of renewables will increase and thus reduce GHG emis-
sions in the future; however, this increase is not infinite. Therefore,
the future potential of each renewables is set in the model.
The survey and calculations of Masui et al. [62] are applied in
this study.

In the emission reduction cases, the global GHG emissions are
assigned to regions in proportion to their population in 2050 and
after. Between the base year and 2050, regional GHG emission
limits are set by linear interpolation of the emissions in the base
year and the limits in 2050. GHG emissions trading on a global
scale is also considered in the model.
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