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Abstract: This study explains the competitive diffusion of nuclear energy and
nonnuclear energy, adopting the Lotka-V olterramodel of nonlinear dynamicsto
do so. In this paper, the competitive relationship in the energy diffusion process
is treated as a competitive ecosystem in which nuclear energy as an emerging
species competes with existing nonnuclear energy. We anayze installed capacity
data of each energy source from 1978 to 2012. Using estimated L otka-V olterra
modds, we investigate what kind of competitive relationship obtained between
nuclear and nonnuclear power in the energy policies of every South Korean
government from 1982 to 2012. The result shows that mutualism has largely
characterized energy diffusion in Korea. That is, nuclear energy and nonnuclear
energy stood in awin-win relationship to each other most of the time, promoting
the proliferation of each other in the diffusion process. Between 1988 and 1991,
in 1997, and then again 2008, the relationship between the two was a predator-
prey one: nuclear energy as a predator inhibited the diffusion of nonnuclear
energy asaprey in the diffusion process. This result implies the path dependency
of the energy policy in Korea. Taking the current competitive environment as
our cue, we forecast the future diffusion scenario using an equilibrium analysis
and a numerical smulation. The forecast shows that the proportion of installed
nuclear capacity in 2030 will reach to 23.8% of total energy sources, which is about
5% below the energy policy god set by the Park Keun-hye government recently.
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INTRODUCTION

After the opening of Kori, the first commercial nuclear power plant, in 1978,
nuclear energy rapidly emerged as the primary energy source in Korea. Although in the
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2 Comptitive Diffusion of Nuclear and Nonnuclear Energy in Korea

wake of the 1986 Chernobyl accident, the use of nuclear energy declined worldwide,
in Koreanuclear energy consolidated its position as the main energy source. The rapid
diffusion of nuclear energy in Korea was instigated by a worry that with the existing
energy sources, it could be difficult for Korea to meet the new energy demand arising
from the rapid economic growth that took place in the country during the 1970s and
1980s. Kored's nuclear energy policy was first implemented and then enhanced afterward
under the strong leadership by consecutive military regimes. In the 1990s, however,
after Korea underwent democratization and the local self-government system was
implemented, citizens and residents who lived near nuclear reactors began voicing
strong opposition the policy of expanding nuclear power. Therefore, it was no longer
able to sustain a strong nuclear energy policy as before.

This study aims to explain competitive diffusion trends among various energy
sources since the advent of nuclear energy in Korea. The nuclear energy option repre-
sents a strong aternative to and subgtitute for existing nonnuclear energy sources, so
the diffusion process of nuclear energy can be described in the context of competitive
relationships with other nonnuclear energy sources. However, the mgjority of previous
studies have focused on qualitative issues pertaining to the ingtitutions and agents that
create nuclear energy policy (Lee, 2001; Yoon & Bae, 2008; Jin, 2009), so these studies
do not explore the competitive relationship among various energy Sources.

As Epstein (1997) has pointed out, the qualitative behavior of society can be effec-
tively analyzed using mathematical models. To explain the diffusion process of nuclear
energy sources in terms of nonlinear dynamics and interactions between competing
energy sources, this study adopts a mathematical model, so called Lotka-Volterra
model (Lotka, 1925; Freedman, 1980; Hoppensteadt, 2006), which may compensate
for the methodological weaknesses of existing qualitative studies. Lotka-Volterra
equations, also known as the predator-prey equations, are effectively used to describe
the dynamics of two competing species, one as a predator and the other as prey. This
study treats the nuclear energy diffusion process as the propagation of a new emerging
species in the ecosystem that competes with existing nonnuclear energy. Basically,
with limited resources, stiff competition arises over expanding energy facilities, since
it is a matter of selecting an appropriate energy option in the portfolio of various
energy Sources.

This study begins with a literature review of the Lotka-Volterra model in social
science research. After explaining how we use the Lotka-Volterramodel in our anaysis,
we test estimated models from our data. Then, based on estimated model's, competitive
relationships between nuclear energy and nonnuclear energy are analyzed by year and
government. After estimating equilibrium points in the current competitive relationship,
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the future diffusion scenario is forecasted. Results are summarized with implications
and directions for future research.

LITERATURE REVIEW

Framework for Energy Diffusion

Typica diffusion processes begin gradudly, go through a period of rapid expansion,
and finally reach a saturation stage. Most diffusion models such as the Lotka-Volterra,
the Gompertz, and the Bass models are based on logistic growth equations and represent
population growth as S-curve (Vale & Furlan, 2014). Early studies on energy diffusion
dealt mainly with the spread of epidemics. Marchetti (1981) conducted an initial study
of dynamics of energy diffusion and successfully described long-range behavior of the
energy market and its submarket using the logistic growth modd. After Marchetti had
shown that the growth of energy follows an S-curve, diffusion models began to be
applied to the energy sector (Guidolin & Guseo, 2012; Van der Heiden & Strebd,
2012).

In an early study using a nuclear energy diffusion model to anayze the position of
nuclear energy, Marchetti (1985) estimated the niche of nuclear energy using the
Lotka-Volterra model, which is a competitive diffusion model of forma Darwinian
biology. He considered various energy sources as species and used the biological con-
cept of niche. In other words, his study was based on the concept of similarity between
the diffusion of nuclear energy and the logistic growth of species until they fill aniche.
As Duan, Zhu, and Fan (2014) have pointed out, most diffusion models of nuclear
energy borrow the model of mathematical epidemiology.

Regarding renewable energy diffusion, Koo, Lee, and Kim (2014) have observed
that related research has focused on forecasting the pattern of energy diffusion and that
the logistic model and its variants such as Lotka-Volterra, the Gompertz, and the Bass
models are widely used for forecasting gradual growth to a specific vaue. The need
for energy forecagting using diffusion models has also been addressed in severd studies.
Pandey (2002) argued that the mathematical modeling used to deal with the medium-
and long-term uncertainty of energy forecasting is likewise critically useful in evaluating
the robustness of energy policy. Hwang (2011) underlined the necessity of building
dynamic models to develop predictable scenarios for energy diffusion. Table 1 sum-
marizes studies on diffusion models for energy forecasting.
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4 Competitive Diffusion of Nuclear and Nonnuclear Energy in Korea

Table 1. Studies on Diffusion Models for Energy Forecasting

Model Studies

Marchetti (1985) (nuclear)
Lotka-Volterra Koo et al. (2014) (renewables)
Duan et al.(2014) (renewables)

Bass Hwang et al. (2005) (renewables)

Valle & Furlan (2014) (nuclear)
Guidolin & Mortarino (2010) (renewables)
Valle & Furlan (2011) (renewables)

GGM Guseo & Guidolin (2009) (nuclear)
(Guseo-Guidolin model) Furlan et al. (2014) (nuclear)

GBM
(generalized Bass model)

Competitiveness Among Ener gy Options

Asiis typically the case, economic competition is an important decision factor in
electricity generation. Toth and Rogner (2006) showed that nuclear energy and fossil
fuel energy compete against each other. They cited costs, cleanness, safety, depend-
ability, and convenience as core elements of energy competitiveness. They noted that
the competition occurs in the electricity generating market in particular and that in
the wake of the 1973 ail crisis, nuclear energy has become the most powerful rival to
fossil fuels, diversifying and stabilizing Korea's national energy supply. In other
words, nuclear energy has expanded its share since 1973, and it seems clear it will
play amost important part in the energy portfolio in the future.

Adamantiades and Kessides (2009) cited low costs and short consgtruction times
as core elements of energy competitiveness. They argued that the cost reduction in
plant operation following design modification and simplification greatly increased the
competitiveness of nuclear energy. Choi et a. (2009) similarly argued that nuclear
energy in Korea has maintained high cost competitiveness with respect to other energy
sourcesin its energy portfolio, resulting in increased profits and a more stable financia
status for the nuclear sector. Kessides (2010) likewise concluded that nuclear energy
has a competitive advantage over fossil fuel energy because of its low price. Koplow
(2011) claimed that the price factor is significant when making a decision about what
form of energy to invest in out of the whole energy portfolio. Though various energy
options exit, including renewable energy, Guidolin & Guseo (2012) contended that
competition has become more intense in the energy sector of many countries and that
the nuclear energy option can eliminate al the uncertainties related to oil and natura
gas supply.

Regarding negative sides of nuclear energy, Furlan et al. (2014) noted that the
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possibility of uranium 235 depletion and the rising cost of risk management are the
main factors that affect the competitiveness of nuclear energy. They added that nuclear
energy policy of leading energy consuming countries like United States and France
was not affected or else only affected dightly by the Fukushima accident. They aso
claimed that price and depletion factors can be more powerful than political and socia
factorsin the nuclear energy sector. Valle & Furlan (2014) further argued that the most
important issue for the future will be how achieve a balance between satisfying energy
demands, on the one hand, and answering social, environmental, and political needs,
on the other, in such away asto alow for healthy socia and economic progress.

L otka-Volterra M odd

The Lotka-Volterra model is basicaly a diffusion model for two different species
that stand in a predator-prey relationship. Consequently, original research using the
model was carried out mainly in the field of biology and epidemiology. In generd, the
model accounts for the phenomenon whereby the growth of one species affects the
current state of the other species based on the logistic growth of more than two species
(Modis, 2011). In recent years, applied research has frequently been conducted in the
socia sciences and business to analyze competitive relationships in diffusion processes.

The diffusion processes of emerging technology and new products have been well
documented using the Lotka-\Volterra model. For example, Kim (2010) analyzed the
competitive diffusion of e-books and paper books that has occurred since the first
appearance of e-books in the publishing market. Kreng & Wang (2011) conducted a
study describing the competitive relationship between LCD TVsand PDP TVsin the
market and used the model to forecast a future diffusion scenario.

The Lotka-Volterra model has also been used to forecast the market demand for
products. Lee, Kim, and Lee (2006) conducted research to predict the demand for
WCDMA mobile phonesin the market. Lakka, Varoutas, and Martakos (2013) analyzed
the dynamics of the competitive diffusion of Linux, Mac OSX, and Windows in the
operating systems market and estimated an equilibrium point to forecast future
demands.

Studies using the Lotka-Volterra model to evaluate public policy are few yet.
Watanabe, Kondo, and Nagamatsu (2003) estimated the diffusion of digitd TV over
time and evaluated the Japanese government’s approach for switching from analog TV
to digital TV. Lee, Lee, and Oh (2005) analyzed what kind of competitive relationships
had emerged between KOSPI and KOSDAQ since the introduction of KOSDAQ to
the Korean stock market and presented policy implications.

Several studies have applied the Lotka-Volterra model to the diffusion of the energy
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6  Comptitive Diffusion of Nuclear and Nonnuclear Energy in Korea

sources, mainly in the field of renewable energy. Koo (2013) forecasted the future
renewable energy proportion by estimating the competitive diffusion of renewable
energy and nonrenewable energy. Duan et al. (2014) treated wind energy and photo-
voltaic solar energy as competing species in energy ecosystems and estimated the
diffusion process of each energy source by countries. Drawing on an equilibrium point
analysis, they explored what kinds of policies would need to be implemented to sustain
the competitiveness of each energy source.

Most studies that have used the Lotka-Volterra model have analyzed the competi-
tive relationship between two species mainly at afixed time point. However, Lee et d.
(2005) estimated models for a series of years, using the data to describe changesin the
competitive relationship between KOSPI and KOSDAQ. Our study likewise analyzes
diffusion over time by exploring the competitive relationship between nuclear and
nonnuclear energy in Korea as reflected in the energy policies of successive Korean
governments over the course of a 30-period. The analysis of changesin the competitive
relationship over timeis useful to understanding the dynamics of the competitive trend
from the past to the present. In particular, this study tries to explain changes in the
diffusion dynamicsin each government.

MODEL DESCRIPTION

The Lotka-Volterra model, first proposed by Alfred J. Lotka (1925) is a classic
equation of mathematical ecology, describing the diffusion of multiple species inter-
acting in the ecosystem (Epstein, 1997). In the ecosystem, if there are two competing
species, arevised Lotka-Volterramodel of simultaneous differentia equations describes
their relationship asfollows (Modis, 1999).

. dX

-_ E = a.lx - b1X2 - C:LXY, (1)
Y= %: a,Y —b, Y2 — ¢, YX )

where X(t) and Y(t) dencote the populations of two species, predators and preys, a time
t, and hence denote the adopter functions of nuclear energy and nonnuclear energy in
our study; a, represents the parameter of natural growth effect of the own species when
itisliving alone; b, represents the parameter of inhibited growth effect by the increase
of the species itself; ¢ represents the parameter of inhibited growth effect by other
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species (Modis, 1999). Equations 1 and 2 can aso be presented in the form of difference
eguations, using the so- called discrete Lotka-Volterramode (Ledie, 1957), asfollows.

a X(t)

XD = T3Bx0 + Y0 ©
_ a,Y(t)
YD = T B0 + X “

The relationship between the parameters of the difference equations and the differ-
ential equations can be expressed asfollows (Ledlie, 1957).

a=Ina, Q)
_ Blnag

b= 6)
_ ¥lng

=1 7)

Once we estimate the parameter of ¢, the interaction effect of two competing
Species, it is possible to explain the type of the competitive relationship between two
species. Modis (1999) analyzed the competitive relationship with the sign of the
Ina
a-1
thus the sign of ¢, is always identical to the sign of y asin the equation 7. All possible
combinations of signsof ¢, and c,, or vice versaare shown in table 2.

parameter ¢ of differentia equations. Note that the sign of is always positive;

Table 2. Types of Competitive Relationship According to the Signs of ¢,

Sign of ¢; Type Explanation

+ + pure competition | Both species suffer from each other.

+ - predator-prey One species grows by preying on the other species.
- - mutualism Win-win situation occurs between both species.

One species is not affected by the other species but helps

- 0 commensalism other species’ growth.

One species is not affected by the other species but

* 0 amensalism interrupts other species’ growth.

0 0 neutralism No interaction occurs between both species.
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8 Comptitive Diffusion of Nuclear and Nonnuclear Energy in Korea

Values of X and Y satisfying both equations 8 and 9 constitute the equilibrium
point. The equilibrium point derived in the context of a given policy in the present
represents the threshold point that is supposed to be reached in the future (Duan et al.,
2014). If there exists a stable equilibrium point of two species, salf-restriction effects
estimated with the parameter b, overwhelm the interactive activation effects estimated
with the parameter ¢, and prevent the population explosion under conditions of mutu-
aism (Epstein, 1997).

o

Yz%zaZY—szz—czszo. ©)

Values of X and Y satisfying both equations 8 and 9, excluding the origin, are as
follows.

X = algclY, (10)
1

y=2-eX (12)
b,

Note that %( tends to increase or decrease depending on the vaue of X. This can

be expressed by the following equations.

a,;—c¢Y dX
fX<2 =21 >0, and 12
b, dt (12)
ifx>a=aY X _, (13)
b, dt

I Y : . .
Similarly, ?j_t tends to increase or decrease depending on the value of Y. This can

be expressed by the following equations .
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IfY < az;%x,%> 0, and (14)
2

if Y > az;“’zx,%< 0. (15)
2

The presence of a stable equilibrium point can be verified quantitatively using the
Lyapunov function (Khalil, 2002).

EMPIRICAL ANALYSI SAND RESULTS

Data

This study applies the Lotka-Volterra model to nuclear energy and nonnuclear
energy, treating them as two competing species. We first analyze the installed capacity
data of each energy source. The time period of analysis is from 1978 to 2012. Note
that the first nuclear power plant in Korea started commercial operation in 1978 and
that data up to 2012 are officidly available.

Annua data published from the Korea Power Exchange (KPX) is used to abtain
total installed power capacity and installed nuclear power capacity each year. Since
nonnuclear energy includes dl energy sources but nuclear energy, the ingtaled capacity
of nonnuclear energy was calculated by subtracting the installed nuclear power capecity
from the total installed power capacity. Duan et al. (2014) and Vale and Furlan (2014)
also used installed power capacity to conduct studies on energy diffusion.

Mode Estimation

This study estimates parameters of equations 3 and 4 using the IBM SPSS Statigtics
21 and the Marquardt algorithm. The results are shown in table 3.

Estimated models show high R? values for both nuclear energy and nonnuclear
energy. F-datistics for model specification tests also demondirate statistical significances
for both energy types. Along with the MAPE values, dl measures of goodness of fit
verify that both estimated modelsfit real observations significantly.

Figure 1 illustrates the observed annua data of installed nuclear capacity and the
annual estimates derived from application of the Lotka-Volterra model. Figure 2
illustrates the observed annua data of installed nonnuclear capacity and the annual
estimates from derived from application of the Lotka-Volterra model. A solid line
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Table 3. Parameter Estimations of the Discrete Lotka-Volterra Model

Nuclear (i=1) Non-nuclear (i=2)
Parameter
Estimates Estimates
a 1.22442 1.09634
B 3.00954E-08 2.32538E-09
¥ -6.68672E-09 -3.89819E-09
R 0.991 0.996
F 4058.55*** 9530.68***
MAPE 9.35% 4.74%

(* p<0.1, *p<0.05, **p<0.01)

represents observed data and a dotted line represents the estimated Lotka-Volterra
model. The figures show that the installed capacities of both nuclear energy and non-
nuclear energy have increased gradualy with time.

Figure 1. Observed and Estimated Cumulative Installed Nuclear Power Capacity by Year
(1978-2012)
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Figure 2. Observed and Estimated Cumulative Installed Nonnuclear Power Capacity by
year (1978-2012)
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Competitive Relationship Analysis

Parameters of equations 1 and 2 can be obtained from equations 5, 6, and 7, together
with estimated parameters of differential equationsin table 3. The results are shown in
table 4.

As shown in table 4, the competitive relationship between nuclear energy and
nonnuclear energy can be characterized as a mutudistic one because signs of ¢, and ¢,
are both negative. What this means, as shown in table 2, is that nuclear energy and

Table 4. Parameter Estimation of Lotka-Volterra Model

Nuclear (i=1) Nonnuclear (i=2)
Parameter - -
Estimates Estimates
a 0.20246 0.09197
i 2.71516E-08 2.22008E-09
o -6.03263E-09 -3.72167E-09
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12 Competitive Diffusion of Nuclear and Nonnuclear Energy in Korea

Table 5. Competitive Relationship Between Nuclear and Nonnuclear Power by Year (1982-2012)

Nuclear Nonnuclear Competitive
Year President - - - -
Sign of c; R? Sign of c; R? Relationship
1982 - 0.583 - 0.833 | mutualism
1983 - 0.899 - 0.954 | mutualism
1984 - 0.778 - 0.937 | mutualism
1085 | Cnunbeo-hwan - 0.884 - 0959 | mutualism
1986 - 0.930 - 0.922 | mutualism
1987 - 0.962 - 0.922 | mutualism
1988 - 0.975 + 0.921 | predator-prey
1989 - 0.981 + 0.928 | predator-prey
1990 | Roh Tae-woo - 0.984 + 0.933 | predator-prey
1991 - 0.986 + 0.937 | predator-prey
1992 - 0.988 - 0.870 | mutualism
1993 - 0.983 - 0.867 | mutualism
1994 - 0.983 - 0.910 | mutualism
1995 Kim Young-sam - 0.983 - 0.938 | mutualism
1996 - 0.984 - 0.957 | mutualism
1997 - 0.986 + 0.970 | predator-prey
1998 - 0.987 - 0.970 | mutualism
1999 - 0.986 - 0.976 | mutualism
2000 | Kim Dae-jung - 0.988 - 0.980 | mutualism
2001 - 0.989 - 0.984 | mutualism
2002 - 0.989 - 0.986 | mutualism
2003 - 0.991 - 0.988 | mutualism
2004 - 0.992 - 0.990 | mutualism
2005 Roh Moo-hyun - 0.993 - 0.991 | mutualism
2006 - 0.993 - 0.992 | mutualism
2007 - 0.993 - 0.993 | mutualism
2008 - 0.991 + 0.994 | predator-prey
2009 - 0.990 - 0.994 | mutualism
2010 | Lee Myung-bak - 0.990 - 0.995 | mutualism
2011 - 0.991 - 0.996 | mutualism
2012 - 0.991 - 0.996 | mutualism
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nonnuclear energy promoted the proliferation of each other in the diffusion process.

The form of competitive relationship that existed between nuclear energy and
nonnuclear energy as reflected in Korean energy policy from 1982 to 2102 has been
determined by estimating ¢, and ¢, each year. The results are summarized in table 5.
Estimated models between 1978 and 1981 turned out to be insignificant with respect
to low R? values, and thus results are not reported for those years.

According to table 5, mutualism has generaly characterized energy diffusion in
Korea, which means that nuclear energy and nonnuclear energy mostly stood in win-
win relationship, promoting the proliferation of each other in the diffusion process.

Jin (2009) and Choi et a. (2009) claimed that the nuclear energy policy of Korea
shows path-dependent characteristics. Joo (2011) also argued that in Korea, nuclear
energy has maintained a gradual expansion based on path dependency with the support
from former governments. In table 5, signs of ¢, of nuclear energy have remained nega-
tive since 1982. In epidemic terms, negative ¢, implies a competitive advantage of the
corresponding species. Thus we conclude that nuclear energy in Korea has maintained
its competitiveness since 1982. In general, no radical changein asign of ¢ indicates a
path-dependent characteristic.

For the years between 1988 and 1991 and then again in 1997 and 2008 during which
the relationship between nuclear and nonnuclear energy took the form of predator-
prey, we conclude that nuclear energy as a predator inhibited the diffusion of nonnuclear
energy as aprey in the diffusion process. During the four years from 1988 to 1991 the
Roh Tae-woo government was in office, the Kim Young-sam government was in
power in 1997, and the Lee Myung-bak government was in power in 2008. In other
words, right after the mutualism the characterized the Chun Doo-hwan government’s
energy policy, nonnuclear energy lost its competitive advantage in Roh Tae-woo
government. But this predator-prey relationship was replaced by mutualism at the end
of Roh Tae-woo government and mutualism relationship generally prevailed until
through the Lee Myung-bak government, except for short sporadic periodsin which a
predator-prey relationship reemerged in 1997 and 2008.

The reason why a predator-prey relationship prevailed from 1988 to 1991 under the
Roh Tae-woo government could be explained as follows. In the early 1980s, annua
economic growth rates of Koreawere around 10%, which led to an explosion of energy
consumption. The Chun Doo-hwan government faced fast-growing energy demands,
and it was hard to meet the surging power demand with existing coal and hydroelectric
power plants. Therefore, after launching the first commercia nuclear power plant in
1978, Chun Doo-hwan government constructed many more nuclear power plants but
fewer nonnuclear energy facilities. There were limited nationa resources for expanding
energy facilities, and the government at the time choose to use those limited resources
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14  Competitive Diffusion of Nuclear and Nonnuclear Energy in Korea

to construct more nuclear power plants, which resulted aslow down in the diffusion of
nonnuclear energy. After the Chernobyl accident in 1986, fewer new nuclear power
plants were constructed in Korea, as was the case in most developed countries. However,
existing projects for nuclear power plants under construction were continued, and
those plants began commercial operations under the Roh Tae-woo government.

In later 1980s and early 1990s, the nuclear energy policy of Roh Tae-woo govern-
ment was strongly impacted by the Joint Declaration on the Denuclearization of the
Korean Peninsulas and citizens' active antinuclear movements after democratization.
During those years, no new plans were developed to build new nuclear power plants,
and therefore the overdl diffusion curve began to take a more mutualistic form at the
end of Roh Tae-woo government. Since then, the competitive relationship between
nuclear energy and nonnuclear energy has remained roughly a mutualistic one. In mid
1990s, however, the congtruction of new nuclear power plants resumed after the electric
power reserve rate went down below 5% and new nonnuclear power plants continued to
built aswell. This may explain the sporadic appearance of a predator-prey relationship
in 1997 and 2008.

Equilibrium Analyssand Numerical Simulation

The equilibrium points of nuclear energy and nonnuclear energy were estimated
using the estimated parameters and equations 10 and 11. An equilibrium of nuclear
energy and nonnuclear energy in 2012 isillustrated in figure 3.

Using equations 12, 13, 14, and 15, we represent changes in the diffusion process
of nuclear energy and nonnuclear energy in areas A, B, C, and D in figure 3. Equa
tions 12 and 14 have been applied to area A so asto show the increase of both nuclear
energy and nonnuclear energy over time. Equations 12 and 15 have been applied to
area B to show the increase of nuclear energy and the decrease of nonnuclear energy
over time. Equations 13 and 14 have been applied to area C to indicate the decrease of
nuclear energy and increase of nonnuclear energy over time. Equations 13 and 15 have
been applied to show a decrease in both nuclear and nonnuclear energy over time.
Therefore, nuclear energy and nonnuclear energy will converge to the equilibrium
point E with zero growth rate. In this case, the ingtalled capacity of nuclear energy
converges at 26,550,346 kilowatts and the installed capacity of nonnuclear energy
converges at 85,935,843 kilowatts. In general, this equilibrium point is affected by
past growth patterns, current policy environment, changes in policy, and technological
progresses (Duan et a., 2014).

Using the estimated equilibrium point, we conducted a numerical simulation to
forecast the proportion of installed capacity of nuclear energy in 2030 under the
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Figure 3. Equilibrium Between Nuclear and Nonnuclear Power in 2012
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assumption that current competitive relationship will be maintained. We used the
Runge-Kutta 4th order method in Matlab R2013b with a one-year time interval for
integration up to year 2030. After forecasting the installed capacity by each year, we
calculated the proportion of nuclear energy. The results are shown in figure 4.

Infigure 4, asolid line represents observed data, a dotted line represents the estimat-
ed Lotka-Volterra model, and the asterisks on the right side represent the forecasted
proportion of nuclear energy from a numerical smulation. As shown in figure 5, the
proportion of nuclear energy out of the total energy sources in the future is expected to
decrease dightly.

The initiad proportion of nuclear energy in 1978 was 8.5%. The proportion soared
rapidly after early 1980s, reaching 36.3% in 1989, the highest point ever. After 1989,
the proportion of nuclear energy decreased and stabilized around 25% to 30%. The
proportion of nuclear energy in 2012 was 25.3%, and a gradua downward trend is
expected over time. In 2030, the proportion of nuclear energy is forecasted to be
23.8%, which will converge to 23.6% at the equilibrium point with time. In other
words, the stably maintained ratio of around 25% since the mid-1990s will not change
significantly in the future.

Note that in the cabinet meeting of January 14, 2014, the Korean government
confirmed the second national energy plan to increase the proportion of nuclear power
generation to 29% by 2035. This figure is about 5% higher than the forecasted pro-
portion at the equilibrium point under the assumption that the current competitive
relationship persists.

CONCLUSION

This study deals with energy diffusion in Korea since the advent of nuclear power
generation in 1978. We have treated the competitive relationship between nuclear
energy and nonnuclear energy in the diffusion process as a competitive ecosystem and
have analyzed it using the L otka-Volterramode . We have aso used the model to generate
estimations that capture the relationship between the two forms of energy as manifested
in the energy policy of successive Korean governments, and we have further estimated
the equilibrium point and used that to forecast the future diffusion scenario under the
assumption that the current competitive relationship will be maintained.

Our results show a change in the competitive relationship between nuclear energy
and nonnuclear energy over time. Under the Chun Doo-hwan government from 1982
101987, the competitive relationship between nuclear energy and nonnuclear energy
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was characterized by mutualism. However, under the Roh Tae-woo government from
1988 to 1992, the competitive relationship changed from one of mutualism to one of
predator-prey. In other words, right after the mutualism seen under the Chun Doo-
hwan government, nuclear energy achieved dominance over nonnuclear energy during
Roh Tae-woo's administration. But this predator-prey relationship was replaced by
mutualism again at the end of Roh Tae-woo's presidency, and mutualism relationship
remained the norm until the end of the Lee Myung-bak government, except for short
periods, in 1997 and 2008, when a predator-prey relationship emerged. These trends of
competitive relationship imply changes in the energy policy basis of each government.

This study can be characterized as an exploratory in nature. We adopted a math-
ematical approach of nonlinear dynamics to describe the diffusion of nuclear energy
and nonnuclear energy in a competitive relationship. Utilizing a mathematical ecology
model, the Lotka-Volterra model, this study has tried to introduce a relatively new
methodology for policy evaluations. In addition, this study has used a numerical smu-
lation in forecasting, which israrely employed in the field of policy studies.

The quantitative analysis using mathematical models like ours does have method-
ologica weaknesses. Typically, mathematical models tend to overly simplify the policy
Stuation and utilize very limited information and thus do not have as many implica-
tions for policy making as other models. However, as Makridakis and Hibon (2000)
demonstrated, the forecasting accuracy of complex or sophisticated models is not
always higher than smple ones. Also, complicated forecasting models have method-
ological shortcomings, such asinsufficient data. For these reasons, smplified diffusion
models based on a logistic growth equation are used widely for analyzing the energy
sector. As Kim (2012) pointed out, the available datais a very important consideration
in choosing an appropriate methodology in policy evaluation. This study is based on
the data of installed capacities of energy facilities and does not consider quaitative
data and the interaction of other variables influencing related policies. Therefore,
research conducted in the future should seek to use both qualitative methodologies and
mathematical models to compensate for methodological shortcomings.

In addition, this study cannot predict a change in competitive relationships and
equilibrium points that are possibly caused by technological innovations and the rapid
diffusion of new energy sources, since the forecasting was conducted under the assump-
tion that the current competitive relationship would last. This means that we cannot
guarantee that the result of our forecasting will be highly accurate in the long term, but
it is gill be powerful in the short and medium term. This is the main shortcoming of
amost every diffusion model based on a logistic growth equation. An agent-based
simulation may be aternative methodology for predicting radical changes.

Despite these methodological shortcomings, this study effectively shows the

The Korean Journal of Policy Studies



18  Competitive Diffusion of Nuclear and Nonnuclear Energy in Korea

dynamics of energy diffusion and suggests anew direction for analyzing the competitive
relationship between competing policiesin apolicy ecosystem.
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