
energies

Article

A Study on the Optimal Ratio of Research
and Development Investment in the Energy Sector:
An Empirical Analysis in South Korea

Juyong Lee 1 , Youngsang Cho 1,* and Jungwoo Shin 2

1 Department of Industrial Engineering, College of Engineering, Yonsei University, 50 Yonsei-Ro,
Seodaemun-gu, Seoul 03722, Korea; dlwndyd@yonsei.ac.kr

2 Department of Industrial and Management Systems Engineering, College of Engineering,
Kyung Hee University, 1732 Deogyeong-daero, Giheung-gu, Yongin, Gyeonggi 17104, Korea;
shinjung11@khu.ac.kr

* Correspondence: y.cho@yonsei.ac.kr; Tel.: +82-2-2123-5727; Fax: +82-2-364-7807

Received: 2 December 2018; Accepted: 11 January 2019; Published: 17 January 2019
����������
�������

Abstract: The necessity for energy research and development (ER&D) is increasing as greenhouse
gases and climate change are becoming global issues. To support sustainable economic growth
through ER&D, it is necessary to examine the optimal ratio of ER&D investment to total R&D
investment to maximize economic growth. However, there are no studies on the appropriate level of
ER&D in total R&D investment for economic growth. This study attempts to empirically estimate
the optimal ratio of ER&D investment to maximize gross domestic product (GDP) in South Korea.
We utilized the Cobb-Douglas production function for our econometric model and corrected the
autocorrelation problem using the Cochrane-Orcutt iterative procedure. Our results showed that
both, ER&D and non-ER&D have positive correlations with GDP. The optimal ratio of ER&D is
derived as 13.23%, which indicates that the current ratio of Korean ER&D should be revised upward.
Further, ER&D investment in the private sector needs to be increased to achieve the optimal ratio
because the current statistics in Korea describes that private companies in the energy industry invest
much less in R&D than the government. Based on the results, we suggest government strategies to
enhance ER&D investment in the private sector as well as the public sector.

Keywords: optimal ratio; research and development; energy industry; production function; delta method

1. Introduction

The global energy industry, which has relied on large-scale fossil fuel plants, is undergoing
a paradigm shift due to climate change. There has been increasing interest in renewable energy,
represented by solar, wind, and hydro, starting with the Paris Agreement in which 175 countries
participated in making a commitment toward the reduction of CO2 [1]. In addition, the G20
Hangzhou Summit in 2016 included a statement on phasing out the generation of coal power through
the rational adjustment of ineffective fossil fuel subsidies which had encouraged wasteful energy
consumption [2]. In order to cope with climate change, the member countries planned to expand
research and development (R&D) investment in renewable energies and technologies to improve
energy efficiency, reduce greenhouse gas, and foster the development of a new energy industry.

The importance of energy R&D (ER&D) investment is increasing since it is necessary to deal
with global energy trends appropriately for sustainable economic growth. There are many studies on
the relationship between R&D investment and economic growth [3–6]. These studies have validated
the fact that R&D investment has a positive effect on economic growth, and thus, increases in R&D
investment have become more relevant. In addition, many researchers have conducted quantitative
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and qualitative analyses to verify the positive relationship between ER&D investment and economic
growth [7–9]. However, considering the importance of R&D and ER&D investment, studies on their
proper level are relatively insufficient. In fact, Bor et al. concluded that R&D investment above the
threshold has an adverse effect on economic growth [10]. In other words, an appropriate level of R&D
investment is needed for economic growth.

The purpose of this study is to analyze the relationship between ER&D investment and economic
growth in light of econometrics, and to estimate the optimal ratio of ER&D investment to total R&D
investment to maximize economic growth in the case of South Korea. To estimate the optimal ratio,
we assume that there is a concave-downward relationship between ER&D investment and economic
growth. In other words, GDP increases with ER&D investment to a certain point and then begins
to decrease, and this point is the optimum ER&D for maximizing economic growth. The rest of this
paper is organized as follows: Section 2 gives previous studies on global trends in the energy industry,
and the effects of R&D and ER&D on economic growth. Section 3 explains the research model that is
based on the model proposed by [11]. Section 4 presents the empirical results on the optimal ratio of
ER&D in South Korea. In Section 5, we discuss conclusions of our research and suggest some directions
for future research.

2. Backgrounds

2.1. Global Trends in the Energy Industry

Through the Paris Agreement, the parties agreed to set and check their Nationally Determined
Contributions (NDCs), which are voluntary greenhouse gas reduction targets, once every five years [12].
Since the global average temperature is expected to rise by 2.7 degrees Celsius by the year 2100,
more efforts for reduction are required to lower the average temperature. The parties submitted
their NDCs in various forms, such as intensive targets compared to BAU, reduction targets, absolute
targets, and unit level targets [13,14]. Table 1 shows the NDC targets for major countries. In order
to achieve these NDC targets, the parties are implementing measures such as improving carbon
intensity, expansion of renewable energy sources, improving energy efficiency, and revising fuel
consumption standards [15].

Table 1. NDC targets for major countries [15].

Countries NDC Targets Carbon Emissions (Gt)

2014 2030 Targets

United States 26–28% reduction by
2025 compared to 2005 5.7 5.0

Japan 26% reduction by 2030
compared to 2013 3.3 2.5

EU 40% reduction by 2030
compared to 1990 1.2 0.9

China 60–65% reduction by
2030 compared to 2005 9.8 10.1

Decarbonization is required in power, transportation, industry, and building, in order to achieve
NDC targets [16]. The power sector is expected to undergo the strongest decarbonization process
when compared to other sectors [17]. Additional reduction measures include the improvement of
carbon intensity of power plants and the reduction of power demand by efficiency improvement.
Decarbonization in the transportation sector is expected to slow down due to the increased demand
for transportation in developing countries [18,19]. Additional reductions are expected to be achieved
through the expansion of electric vehicles (EVs) and the commercialization of biofuels. Biofuels are
recognized as essential sources of energy for decarbonization of aviation, marine, and cargo industries,
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although it is still at the initial level of technology [20]. Although the industrial sector emits a large
amount of carbon, decarbonization is expected to be slow because there is a limit on the application
of carbon reduction measures [21]. Carbon intensity in the industrial sector is steadily increasing,
even in the effort to promote decarbonization, based on efficiency improvement [22]. Therefore, fuel
conversion and commercialization of carbon capture and storage (CCS) technology are needed for
further carbon reduction [23].

In South Korea, the focus of the energy policy is to reduce nuclear power use and coal power
generation and to increase the portion of renewable energies such as wind and solar power [24,25].
The amount of electricity produced by wind and solar is only about 1% of the total at present, and thus,
the Korean government is planning to intensively raise the ratio of renewable energy to 20% of the
total electric power by 2030 [26]. To achieve this plan, policies such as permission of unlimited network
connection of small-scale renewable energy complexes, expansion of renewable portfolio standard
(RPS) ratio, and the introduction of feed-in tariffs (FITs) system are underway. In addition, the Korean
government is preparing to enter the era of smart grids and is constructing an energy ecosystem to
prepare for digital transformation [27]. Korea is constructing a platform-based energy system that
integrates both internet and the energy industry and is promoting an expanded supply of artificial
intelligence programs that automatically analyze the demand for electricity.

2.2. ER&D and Economic Growth

Various studies have been conducted on the impacts of R&D and ER&D investment on economic
growth. First, it is necessary to figure out the relationship between the total R&D investment
and economic growth. Mansfield analyzed the relationship among R&D investment, productivity
improvement, and economic growth in the United States [3]. Based on a meta-analysis, he explained
that R&D investment plays a significant role in both economic growth and the improvement of
productivity. In addition, he also found that there is a trend of underinvestment in the private
sector in R&D, and thus, it needs to be improved gradually. Bilbao-Osorio and Rodríguez-Pose
analyzed the effect of R&D investment on innovation based on the Cobb-Douglas production
function [4]. They regarded the number of patents per one million population as a proxy for innovation
competence. They concluded that R&D investment and innovation have a positive relationship,
which leads to economic growth. Griffith et al. also analyzed the impact of R&D investment on
innovation [23]. They estimated a production function, using data from 12 OECD (Organization
for Economic Cooperation and Development) countries. They demonstrated that R&D investment
has a direct impact on innovation and an indirect impact on technology transfer. They concluded
that R&D investment is a key factor in increasing total factor productivity (TFP). Křístková studied
the relationship between R&D investment and economic growth, based on the Computable General
Equilibrium (CGE) model [6]. He concluded that R&D investment has a significant effect on knowledge
accumulation and that R&D investment and GDP growth have a positive relationship in the long run.
Previous studies such as [28,29] validated that increasing R&D investment is a key factor in enhancing
productivity, innovation, and GDP, which have been utilized as economic indicators.

In case of the energy industry, studies in the recent decade have focused on the balance between
the supply of and demand for energy, rather than on the effect of R&D investment. However,
some previous studies have emphasized the importance of ER&D investment by analyzing the
relationship between ER&D and economic growth. Dooley demonstrated that the reduction or
failure of ER&D investment has negative effects on achieving goals pertaining to the environment,
healthcare, and national economy [7]. He emphasized that sufficient public ER&D should be supported
to enhance innovative energy systems that resolve climate change. Schuelke-Leech analyzed recent
15-years-ER&D-data in the U.S. government to compare the ratios of public ER&D investment by
industrial sectors [8]. He figured out that most companies tend to be reluctant when it comes to
investing in ER&D due to the uncertain rate of return. Accordingly, he concluded that the increasing
ratio of the public ER&D investment and adequate funding in the industrial sectors are essential for



Energies 2019, 12, 288 4 of 12

technical innovation and economic growth. Wong et al. conducted research to analyze the relationship
between ER&D and economic growth [9]. Based on the Nerlove partial adjustment model (NPAM)
and panel regression, they substantiated that there is a significant and dynamic linkage between ER&D
and economic growth. Additionally, they concluded that the consumption of renewable energy, rather
than fossil fuel energy, is the core element for economic growth.

However, there are some interesting studies emphasizing that overinvestment in public R&D can
have either no or adverse effects on economic growth. Bor et al. analyzed the relationship between
public R&D investment and economic growth in Taiwan based on the CGE model [10]. They increased
the amount of R&D investment by 1% annually from the year 2008 and estimated the GDP. During the
first three or four years, the GDP had increased but then decreased gradually. They concluded that an
inappropriate increase in the R&D investment can cause a negative impact on economic growth from a
long-term point of view. In addition, refs. [30–32] have also analyzed the impact of public R&D on TFP
and GDP, which represent the economic growth of nations. They found that private R&D, rather than
government R&D, has a positive and significant impact on economic growth.

2.3. Global Status of ER&D

Strengthening both scientific technology and the capability of R&D has recently emerged as a key
solution for innovation and sustainable growth, resulting in an annual increase in the global total R&D
investment [33,34]. However, the ratio of ER&D investment in total R&D investment tends to decrease
although the energy industry is one of the most important industries for sustainable economic growth.
As Figure 1 shows, the total ER&D budget of major OECD member countries recorded 15.32 billion
USD in 2009, which is the maximum amount by the American Recovery and Reinvestment Act but
has decreased since 2013 [35]. Although the absolute amount of the budget remains higher when
compared with those in past decades, the ratio of ER&D investment to total R&D investment in 2016
declined to 4.64% from 10.57% in 1981 [35].
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In particular, ER&D in South Korea is also in a similar situation when compared to the global
ER&D tendency. In 2015, the amount of R&D investment in the public and private sector recorded
18.87 trillion Korean won (KRW; the yearly average exchange rate in 2015 was 1131.16 KRW/USD,
https://data.oecd.org/conversion/exchange-rates.htm) and 47.09 trillion KRW, each. The total amount
of R&D investment, including the public and private sectors, recorded 65.96 trillion KRW and took the
fifth-highest among the OECD countries [35]. The annual growth rate of the total R&D investment
during the last five years was 8.51%, with consistent growth. Furthermore, the ratio of the total R&D
investment to GDP increased from 2.20% in 1995 to 4.22% in 2015, which held the second rank among
the OECD countries [35]. These statistical records show that South Korea has made considerable
investments in R&D in recent times. However, as Figure 2 shows, the ratio of ER&D investment to total
R&D investment decreased from 6.46% in 2010 to 5.94% in 2015 [36]. Under the current circumstances,
considerations and discussions on whether this tendency of ER&D investment in South Korea is
rational and what is the optimal ratio of ER&D investment ultimately are required in order to develop
and improve energy technologies and to achieve economic growth.
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Figure 2. The ratio of ER&D investment to total R&D investment in South Korea [36].

The validity of increasing R&D investment properly, especially in the energy sector, has been
corroborated by previous studies. In addition, analyzing the proper level of ER&D for economic
growth and drawing up related energy policies based on the analyses are required. However, to the
best of our knowledge, no study has yet proposed the optimal ratio of ER&D investment for economic
growth. In this situation, this study estimates the optimal ratio of the ER&D investment for maximizing
economic growth in South Korea using a model proposed by Scully [11].

3. Methodology

Scully assumed that the annual gross national product (GNP) increases with the national average
tax rate to a certain level and then begins to decrease [11]. Scully’s model, which is based on the
Cobb-Douglas production function, has been widely used in various studies because the values of the
independent variable that maximize the dependent variable can be estimated via this model [37–40].
In this study, we modified the model to estimate the ratio of ER&D investment for maximizing
economic growth.

https://data.oecd.org/conversion/exchange-rates.htm
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In this study, we consider labor input (Lt), capital stock (Kt), and total R&D investment (RDt) as
the factors affecting GDP at time t. Then, we assume that the total R&D, RDt, is divided into ER&D
investment (ERDt) and non-ER&D investment (NERDt), and λ stands for the ratio of ER&D investment
to the total R&D investment. Thus, the amount of ER&D investment at time t can be described as λRDt

and the amount of non-ER&D investment can be described as (1–λ) RDt. To analyze the impacts of
labor input, capital stock, and the R&D investment on GDP, we form a function as follows:

Gt = F
(

Lt, Kt, RDt−p; A(t)
)
= F(Lt, Kt, ERDt−p, NERDt−p; A(t)), (1)

where Gt is GDP in year t, which is a representative indicator of national economic status, and A(t)
stands for the impacts of other factors, except labor input, capital stock, and R&D investment.
In addition, lower subscript p indicates the time lag between R&D investment and GDP. Assuming
that the relationships among the factors and the GDP follow the Cobb-Douglas production functional
form, then Equation (1) can be expressed as follows:

Gt = A(t) · Lα
t · K

β
t · ERDγ

t−p · NERDδ
t−p. (2)

Since the Cobb-Douglas production function indicates a decreasing return to scale, α, β, γ and
δ take values between 0 and 1. In order for the ER&D investment to have maximum value, the first
partial derivative regarding the ER&D should be greater than 0, and the second partial derivative
should be lower than 0. We can derive the conditions for the first and second derivatives of the ER&D
investment to have maximum value as expressed in Equations (3) and (4):

∂Gt

∂ERDt−p
= γ

Gt

ERDt−p
> 0 (3)

∂2Gt

∂(ERDt−p)
2 = −γ Gt(

ERDt−p
)2 < 0 (4)

Consequently, there is a concave-downward relationship between ER&D and economic growth,
and the point at which the economic growth begins to decrease as the ER&D increases, is the optimum
for maximizing economic growth. To find the optimal point of the ratio of ER&D investment, we take
the natural logarithm of Equation (2) as follows:

ln Gt = ln A + α ln Lt + β ln Kt + γ ln ERDt−p + δ ln NERDt−p

= ln A + α ln Lt + β ln Kt + γ ln λRDt−p + δ ln(1− λ)RDt−p

= ln A + α ln Lt + β ln Kt + γ ln λ + γ ln RDt−p + δ ln(1− λ)RDt−p

(5)

The optimal point for maximizing economic growth is satisfied when the partial derivative of the
GDP with respect to λ is equal to 0. This condition of the partial derivative is expressed as follows:

∂Gt

∂λ
=

γ

λ
− δ

1− λ
= 0

yields→ λ∗ =
γ

δ + γ
. (6)

Here, the value λ* stands for the optimal ratio of ER&D investment, and we can estimate λ* by
using the delta method via the parameters γ and δ. The delta method is widely used by statisticians
and scientists for calculating the variance of parameters [41–43].

4. Research Findings

4.1. Data

To estimate the optimal ratio of ER&D investment, data on GDP, labor input, capital stock, ER&D,
and non-ER&D are required. We obtained the real GDP data by dividing the nominal GDP by the
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GDP deflator of 2010. We obtained the labor input by multiplying the total number of employed
workers and the average yearly working days. Capital stock was calculated by multiplying the sum of
construction assets, facilities assets, and intellectual property products by the average manufacturing
capacity utilization rate. Theoretically, multiplying the average capacity utilization rate of the total
industry is more appropriate for an accurate analysis, but we used the capacity utilization rate of
manufacturing industry due to the insufficient data problem. This assumption is used in existing
studies to calculate the capital stock of total industry while conducting an analysis based on the
production function [44,45]. We used the data provided by the Korean Statistical Information Service
while calculating the real GDP, labor input, and capital stock. The R&D data are provided by National
Science and Technology Information Service, and the criteria to divide the industry into energy and
non-energy are based on a Standard Science and Technology Classification of Korea. The Standard
Science and Technology Classification of Korea classifies industries into electricity, communication,
machinery, chemicals, materials, health, energy, construction, food, environment, nuclear power,
physics, culture, earth science, economics, and education. In this study, all sectors except for the energy
are defined as non-energy industries. The time period of this study ranges from 1995 to 2015, and we
included a dummy variable for the economic crisis to reflect the effect of the Asian financial crisis in
1997 and the global financial crisis in 2008.

4.2. Analysis Results

Based on the Cobb-Douglas production function, we estimate the optimal ratio of ER&D
investment by analyzing the impacts of labor input, capital stock, ER&D investment, and non-ER&D
investment on GDP in Korea. Considering that our data are time-series data, there is a high possibility
of autocorrelation problems which are correlations among the sets of variables arranged by time [46].
Therefore, in this study, we use the Cochrane-Orcutt iterative procedure for estimation [47].

R&D activities require a considerable amount of time from basic research, for commercialization
and profit generation. The average time from the R&D investment to the start of generating returns is
defined as the R&D gestation lag [48]. However, the time lag differs across different stages in the R&D
procedure, which are, basic research, applied research, and development research. Furthermore, even in
the same stage, there are differences across fields or industries. Thus, it is difficult to derive the accurate
R&D gestation lag. In 1999, Korea Industrial Technology Association (KOITA) analyzed 775 companies
in Korea and the estimated R&D gestation lag was about 3.51 years [49]. The lag is calculated by the
sum of the lags of three stages; 24.17 months for the basic research stage, 12.15 months for the applied
research stage, and 5.80 months for the development research stage. Based on the estimated results
in the previous studies, we estimate the optimal ratio of ER&D investment by assuming the ER&D
gestation lag as four years and the non-ER&D gestation lag as three years, reflecting that the lag of
ER&D is relatively longer here than in other industries [50]. We also performed additional analyses by
setting the gestation lags from two to seven years, but none of them was statistically significant except
the result we present in this study.

The estimation results are presented in Table 2. As a result of the Cochrane-Orcutt iterative
procedure, the Durbin-Watson statistic was corrected from 1.166 to 1.816 (the Durbin-Watson statistic
has a value between 0 and 4, and has a value of 2 when there is no autocorrelation [51,52]), which is
close to the reference value of 2. Therefore, the independence between residuals is maintained, so we
can ignore the autocorrelation problems of time-series data.

Among the variables used in the analysis, capital stock, ER&D investment, and non-ER&D
investment are statistically significant. Coefficients of these variables are positive, which indicates that
the capital stock, ER&D investment, and non-ER&D investment have positive effects on economic
growth. This result is consistent with the results in previous studies, which is that R&D has a positive
impact on economic growth [3,23,29]. Whereas labor input is not statistically significant, and we can
say that the economic growth of South Korea is no longer driven by labor input [53]. In addition,
the coefficient of the economic crisis is negative but not statistically significant.
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The optimal ratio of ER&D investment to total R&D investment is derived by Equation (6) with
the delta method, using the results in Table 2. The estimated optimal ratio of ER&D investment to total
R&D investment is about 13.23%, which is statistically significant (t-value: 2.16, p-value: 0.03).

Table 2. Estimation results of the Cochrane-Orcutt iterative procedure.

Variable Coefficient t-Value

Constant 6.2250 * 2.25

lnLt −0.1890 −1.09

lnKt 0.4553 ** 4.05

lnERDt-p (Energy) 0.0279 * 2.51

lnNERDt-p (non-Energy) 0.1795 ** 3.74

Economic crisis −0.0010 −0.07

Rho 0.3975

Observed value 16

Adjusted R-squared 0.9871

Note: * p < 0.05; ** p < 0.01.

5. Discussion

In South Korea, the actual ratio of ER&D investment to total R&D investment in 2015 was
5.94% which is less than the half of the estimated optimal ratio of 13.23%. On the other hand, in the
government R&D (public R&D) excluding private R&D, the ratio of ER&D is about 8.25% which is
still lower than the optimal ratio, but is about 40% higher than the ratio based on total ER&D [36].
This shows that private companies in the energy industry invest in R&D far lesser than the government
does. One of the main reasons for this is that the R&D in the energy industry does not bring about
rapid profitability due to the long gestation lag when compared to other industries [50,54]. As a result,
the private sector tends to be reluctant to invest in ER&D. In order to maximize economic growth, it is
difficult to raise the ratio of ER&D investment to the optimal level by increasing investment in either
the private or the public sector. Therefore, it is necessary for the government to implement policies
such as tax exemption, R&D infrastructure, or subsidy support to encourage companies to increase
ER&D in the private sector. At the same time, the government also needs to increase its investment in
ER&D to increase the proportion of energy in the total R&D investment.

Governments in many countries have elicited ER&D investments in the private sector by
implementing policies and providing financial benefits such as tax incentives and subsidies. In 2016,
Germany has settled 30 million Euros for residential solar photovoltaic (PV) co-operations linked to
the energy storage system (ESS) [55]. The French government operated a tax credit system (Tax Credit
for Energy Transition, CITE) reducing a certain percentage of the income tax of investors who had
invested in renewable energy generation facilities [56]. Since January 2016, the French government has
supported subsidies and approved trading electricity directly in the market, so that renewable energy
companies can preserve the profitability of investment [57]. The United Kingdom introduced FITs
with contracts for difference (CFD) as measures to elicit investment needed to replace old facilities and
expand low-carbon energy sources [58]. The CFD is contracted between renewable energy companies
and government-owned low-carbon contractors, and the companies receive the difference between the
reference price and the strike price for 15 years [59].

Developing countries are also implementing their policies and support for private ER&D
investment. India has launched a 3 billion USD Pradhan Mantri Yojana for Augmenting Solar (PRAYAS)
Initiative, which fosters its own solar panel manufacturing companies [60]. This program focuses on
raising the production capacity of the PV sector in India and promotes it as an export industry. Mexico
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aims to convert 5% of its energy usage to renewable energy by 2018, and 35% or more of all energy
produced in Mexico is expected to be converted to renewable energy by 2024 [61]. To achieve these
aims, more than 50 energy-related R&D projects were implemented in 2016, and the energy policies
have been modified to allow the private sector to participate in national energy projects. In terms of
ER&D expenditure, Mexico was the highest with 18.80% among OECD countries in 2015 [35].

The common finding from countries implementing policies to elicit ER&D investment in the
private sector is that they have increased investment in renewable energy. However, considering the
distinct characteristics of the energy industry in South Korea, additional analyses should be performed
to find out which approaches to renewable energy, among tax incentives, subsidies, R&D project
promotion, and others, can facilitate the increase of ER&D investment in the private sector. Additionally,
preliminary investigations and analyses of factors that discourage investment in renewable energies
and whether the national budget for implementing R&D for renewable energy is cost-effective in South
Korea are also needed.

6. Conclusions

As environmental issues such as climate change and renewable energy are emerging globally,
the need for R&D in the energy industry is also increasing. There are studies showing that ER&D has a
positive impact on economic growth, but there are also studies showing that the overinvestment in
R&D can have adverse effects the economic growth [10,31]. Although the importance of the energy
industry has been increasingly emphasized for sustainable economic growth [7–9], no study on proper
ER&D investment has yet been proposed, to the best of our knowledge. Therefore, this study conducted
an empirical analysis of the optimal ratio of ER&D investment to total R&D investment in South Korea
based on the Cobb-Douglas production function. For this, we corrected the autocorrelation problem
that occurs due to the time-series data through the Cochrane-Orcutt iterative procedure.

The estimation results showed that both ER&D and non-ER&D have positive effects on economic
growth, and are statistically significant. Using the model proposed by [11], the optimal ER&D ratio to
the total R&D investment is derived as 13.23%. Considering the fact that the ER&D ratio was about
5.94% in South Korea, this ratio should be revised upwards to support economic growth. We also
found that it is necessary to increase the ER&D investment in the private sector to achieve the optimal
level of ER&D in South Korea.

The main contribution of this study is that we successfully estimated the optimal ratio of ER&D
investment to total R&D investment in South Korea. This study provides an empirical basis for the
necessity to increase R&D investment in the energy industry. In addition, the results derived in this
study can be utilized in future government R&D budget decisions and energy-related policies.

This study has some limitations. First, we categorized the R&D into ER&D and non-ER&D.
In South Korea, annual data on detailed ER&D investment by energy sources such as coal, nuclear,
water, and solar have not been published. However, it is necessary to estimate the optimal ratio of the
R&D by each energy source in studies in the future, because the recent R&D on renewable energies is
increasing globally. Second, we used data up to the year 2015. It is necessary to cover data from more
recent years for more reliable results, but the Korean annual R&D report was published up to 2015,
as of the time of analysis. Third, in the process of calculating the capital stock, the average capacity
utilization rate of the manufacturing industry was used due to the lack of data. For a more accurate
analysis, it is necessary to use the average capacity utilization rate of the entire industry. Lastly, it is
necessary to verify our estimation results through a comparison with other countries. It is expected that
more generalized results can be obtained by an analysis of panel data from other countries, including
South Korea.
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