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Abstract: South Korea is the ninth biggest energy consumer and the seventh biggest carbon dioxide
emitter in global energy consumption since 2016. Accordingly, the Korean government currently
faces a two-fold significant challenge to improve energy security and reduce greenhouse gas
emissions. One of the most promising solutions to achieve the goals of sustainable development,
energy security, and environmental protection is intensifying the role of renewable energy in electricity
production. To this end, the Korean government plans to increase investments in the green energy
field, where solar and wind energy will soon play a decisive role toward meeting energy demands
and achieving a climate-friendly environment. In this context, this study discusses the future of solar
and wind energy in South Korea in four key aspects: (i) opportunities and potential achievement
of the vision of government; (ii) potential daily energy output across different geographical areas;
(iii) current status and prospects; and (iv) challenges and potential solutions.
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1. Introduction

Energy security is one of the key issues in industrial countries, such as South Korea, which
has been ranked as the ninth biggest energy consumer worldwide since 2016 [1]. In December
2017, the total energy production of the country was 441.2 TWh (Figure 1). Energy security is
defined as the uninterrupted availability of energy sources at an affordable price in the long term,
that is, involving timely investments to supply energy in line with economic developments and
environmental needs and in the short term by focusing on the ability of the energy system to react
promptly to sudden changes in supply and demand. Several factors should be considered to guarantee
energy security, such as energy sources, energy production and demand, operational expenditure
(OPEX), and environmental issues [2]. Unfortunately, 84% of South Korea’s energy supply relies on
non-renewable sources (coal, oil, and gas) [1,3], which represent the bulk of the country’s total imports
because South Korea lacks these resources [4]. Figure 1 presents a comprehensive vision of the energy
sources, strategies, and policies of South Korea in 2017. However, the use of non-renewable sources
is a growing concern for the government as it aims not only to reduce OPEX but also to decrease
the overall environmental effects [5] because South Korea is, globally, the seventh biggest carbon
dioxide (CO2) emitter [3]. One of the most promising solutions to achieve the goals of sustainable
development, energy security, and environmental protection is intensifying the role of renewable
energy for electricity production, especially because South Korea has renewable natural resources
that enable it to pursue a sustainable energy strategy that combines energy, environment, economy,
and society [5]. Moreover, the country’s rapid deployment of renewable energy and energy efficiency
and its technological diversification of energy sources has resulted in significant energy security and
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economic benefits. Hitherto, the Korean government has been seeking to increase the percentage
contribution of renewable energy from 6.5% in 2017 (Figure 1) to 11% by 2030 according to the
“Fourth Basic Plan for New and Renewable Energy” [6,7]. Such an increase is sought to achieve
efficient development and to ensure the sustainability of clean energy provision with improved
planning [8,9].
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The government will devote increased attention to solar and wind energy, which will play
significant roles in meeting energy demands and in achieving a climate-friendly environment in the
long-term plan of the government. The vision of the government is to increase the energy contribution
of solar stations and wind farms to 14.1% and 18.2%, respectively, of the total renewable energy
production by 2035 (Figure 2) [5,11]. Accordingly, solar and wind energy research will continue to
dominate South Korea in the coming decades [12].
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South Korea lies between 35.9◦ N latitude and 127.7◦ E longitude and has a temperate climate
with four distinct seasons and significantly abundant sunlight and wind across different geographical
areas [13]. The average daily solar radiation in South Korea is estimated to be 4.01 kWh/m2,
varying between 2.56 kWh/m2 in December and 5.48 kWh/m2 in May, which is considered relatively
high compared with other countries located at similar latitudes [14–16]. The average wind speed is
estimated at 4.0 m/s, varying between 3.5 m/s in September and 4.6 m/s in March. Although the
average wind speed may be low, the wind can generate a high amount of energy in winter, especially on
the east and southeastern coasts, during strong surges of cold air, in which the wind speed reaches up
to 8.5 m/s [17]. Accordingly, South Korea has an abundant potential for using these two renewable
resources to generate energy, and endeavors for research and development in this area continue.
As a major contribution, this study discusses these two main renewable resources in terms of
opportunities and potential for achieving the government’s vision, potential daily energy output across
different geographical areas, current status and prospects, and challenges and potential solutions.

The rest of this study is organized as follows. Section 2 highlights the data sources for this study
and collection methods. The opportunities, potential energy output across different geographical areas,
current status, and the Korean government’s long-term plan and prospects, as well as the challenges
and limitations of solar and wind energy are discussed in Sections 3 and 4, respectively. A summary
of the key recommendations to ensure energy sustainability and improved planning in the future
concludes the study in Section 5.

2. Data Sources and Collection Methods

For the assessment of the solar and wind energy sectors and the exploration of the aspects of their
development and the possibility of increasing their contribution in the future, knowing the current
contribution of both forms of energy to total energy production is important. For the same reason,
knowing the long-term plans of the future government about increasing the percentage of contribution
of solar and wind energy to the total energy production and how comprehensively a government can
advance these plans is also important. The sources of information in this field are numerous and diverse.
In this study, several data factors were considered: the accuracy, suitability, adequacy, and timeliness
of data. Therefore, we collected data from original and reliable sources, especially government
agencies that are considered a good source of information in this field. Accordingly, the latest updated
annual reports and periodic publications from the Korea Meteorological Administration (KMA) [14],
National Institute of Meteorological Sciences (NIMS) [16], Korean Statistical Information Service
(KOSIS) [18], Korean Ministry of Trade, Industry and Energy (MOTIE) [19], Korea Energy Economics
Institute (KEEI) [20], and the Korean Energy Agency (KEA) [11] were comprehensively reviewed and
analyzed. Moreover, the “Seventh Basic Plan for Long-Term Electricity Supply and Demand” [21]
and the “Second South Korea Energy Master Plan” [22] that were developed by the Ministry of Trade,
Industry, and Energy were reviewed. These national plans provide detailed information about the
increase of installed capacity and a prediction of yearly electricity consumption until 2035. We also
obtained data from studies that were published by reputable journals in this field.

In this study, a combination of quantitative and qualitative approaches is adopted to maintain
a balanced discussion in the main sections and ensure readability through a smooth flow of ideas.
Each section presents a comprehensive discussion of the following areas: (i) opportunities and potential
of using energy; (ii) comparison and analysis of the energy output across different geographical areas;
(iii) current status and prospects; and (iv) challenges and potential solutions. The latest updated annual
reports and periodic publications are reviewed in the following order:

(a) publications of central, state, and local governments;
(b) technical reports and publications of the industry; and
(c) articles by research scholars, universities, and economists.
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3. Solar Energy

This section presents a comprehensive vision about the opportunities, comparison and analysis of solar
energy output across different geographical areas, current status, and prospects. Furthermore, this section
highlights the challenges and limitations of a solar energy system.

3.1. Opportunities and Potential of Solar Energy

South Korea is located between 35.9◦ N latitude and 127.7◦ E longitude with excellent potential for
using solar energy. The average daily solar radiation in South Korea is estimated to be 4.01 kWh/m2,
varying between 2.56 kWh/m2 in December and 5.48 kWh/m2 in May [14–16], as shown in Figure 3.
The monthly variation of solar radiation is largely attributed to the shift in the elevation angle of
the sun. The amount of direct solar radiation in winter in South Korea is 330–590 MJ in December,
390–590 MJ in January, and 370–470 MJ in February [16]. The rainy weather in early summer decreases
the global horizontal irradiance in June and July.
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However, solar radiation varies from one city to another. The map of average daily solar radiation
in Figure 4 reveals the high average daily solar radiation of over 5 kWh/m2 obtained in the southeastern
coastal area, including Jeju Island. By contrast, monthly average daily solar radiation is lowered to
approximately 4.7 kWh/m2 in the northwestern region around Seoul, whereas Gochang, located at the
western coast of South Korea, shows the lowest monthly average daily solar radiation of 4.48 kWh/m2.
However, solar radiation in South Korea is considered relatively high compared with other countries
located at similar latitudes. For example, the annual average global horizontal irradiation in Jeonju,
South Korea (latitude 36◦ N, longitude 127◦ E) is 4.01 kWh/m2, compared with the 3.64 kWh/m2 of
Tokyo, which is located at a similar latitude, but at a longitude of approximately 139◦ E [15]. Moreover,
South Korea has more than 470 MJ distribution in Gyeongsang and east coast regions in December,
and cumulative distribution is over 470 MJ in most parts of the country except Jeolla’s west coast,
Ulleungdo, and Dokdo areas in January. Cumulative distribution is more than 450 MJ in most areas
of Gyeongsang in February [16]. Accordingly, South Korea’s climatic conditions are desirable for
extending the utilization of photovoltaic (PV) systems due to the high amount of solar radiation
received throughout the year.
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3.2. Statistical Analysis and Comparisons

The daily energy output (E) of a PV system is directly proportional to the total solar panel
area or photovoltaic array area (A), efficiency of solar panel (r), daily average solar radiation (H),
and performance ratio (PR). The E increases with a large A. Meanwhile, the A of the solar system is
limited. Thus, the factor that can increase the E at limited A is solar radiation, where the output energy
of the solar system increases with increasing solar radiation at constant A. However, PV panels offer
relatively low efficiency at 4–12% for thin film panels and under 22% for crystalline panels [25,26],
which affect the production of energy regardless of the availability of solar radiation. In addition, dirt,
dust, tree debris, moss, sap, water spots, snow, and mold significantly affect the performance of PV
panels, thereby causing further reduction in the overall efficiency. Accordingly, the E of a PV system
can be calculated by using the formula [23,27,28]

E = A × r × H × PR (1)

where A is the total solar panel area (m2); r is the solar panel yield or efficiency (%); which is calculated
based on the electrical power (kW) of one solar panel divided by the area of one panel (m2); H is the
daily average solar radiation (kWh/m2); and PR is the performance ratio, and coefficient for losses
range between 0.5 and 0.9 with default value = 0.75.



Sustainability 2018, 10, 1822 6 of 23

Equation (1) shows that the energy output of PV depends on manufacturing factors besides solar
radiation. To conduct the analysis and comparison, a Sharp ND-250QCs model (polycrystalline) of PV
with an area of 10 m2 is considered in this study to examine the possibility of using PVs for residential
consumption (private use), representing 38.5% of total consumption (Figure 1). Sharp ND-250QCs
has a voltage of 29.80 Vdc, current of 8.40 A, and power of 250 W with an area of 1.6 m2. More details
about the electrical and mechanical characteristics of this kind of PV are provided in [29]. Figure 5
presents the average daily energy output for the four cities with the lowest solar radiation in decreasing
order—Gangneung, Gochang, Wonju, and Seoul. The results presented in Figure 4 reveal that the daily
energy output of PV is estimated to be at least 5 kWh across different cities, which can satisfy primary
household energy consumption.
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However, increased attention is devoted to Seoul city (capital) because it has the largest energy
consumption compared with other cities; this consumption includes roughly half of the population,
as well as most industrial and commercial areas [18]. Figure 6 shows the monthly average of solar
radiation in Seoul city over 37 years (1 January 1981 to 31 December 2017) according to the hourly
solar radiation data obtained from the KMA [30]. Table 1 presents the basic statistics related to the
collected data.
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Table 1. Summary of the descriptive statistics of the solar radiation data from KMA

Variables Value of Daily Average Value of Monthly Average

Number of readings 13,513 444
Minimum (W/m2) 9.4 85.6
Maximum (W/m2) 676.2 377

Mean (W/m2) 244.6 244
Median (W/m2) 244.8 244.5

Standard deviation 117.25 58.6
Range 666.8 291.4

Figure 6 indicates that the highest average value of solar radiation was 338.7 W/m2 on May,
whereas the lower adjacent was 251.1 W/m2 and the upper adjacent was 377 W/m2. The red cross
represents the outliers with almost all outliers being lower adjacent. Thus, the outliers should not be
considered to reduce their effect on the collected data, in which the two lower outliers were 209.2 W/m2

and 224.8 W/m2, which occurred on May 1990 and 1981, respectively. The lowest average value of
solar radiation was 166.1 W/m2 on December, whereas the lower adjacent was 129 W/m2 in December
1992 and the upper adjacent was 207.7 W/m2 in December 1985. The two lower outliers 98.3 W/m2

and 113.4 W/m2 occurred in December 1990 and 1991, respectively. By contrast, September witnessed
the largest variation in solar radiation which may be attributed to seasonal weather fluctuations in this
period of the year.

Hence, solar energy is considered the most promising energy source among all renewable
energy sources due to its suitability for application in vast areas of South Korea and in remote
areas where electrification progress and success rates are remain low due to geographical limitations
and challenging terrains, making access to these sites difficult [31]. Moreover, the deployment of solar
energy systems includes many benefits for environment, economy, and society. Perhaps the most
important benefit is its environment friendliness with its negligible emissions of harmful gases or
pollutants; wherein, an emission of approximately 0.7 kg of CO2 is prevented when generating solar
power per each kWh [32]. In addition, solar energy systems have low operation and maintenance costs.

The following section highlights in details the current status of installed solar stations in terms of
locations and capacity and discusses the cumulative energy production of solar stations over the last
decade (2007–2016). In addition, the next section presents the government’s future vision and plans for
its solar energy project.

3.3. Current Status and Prospects

Solar energy is considered to be the most important renewable energy in South Korea and
the capacity of the PV systems installed in South Korea is rapidly increasing as shown in Figure 7.
The cumulative capacity of PV systems in 2016 was 5000 MW which amounted to 32.5% of the total
capacity of new and renewable energy in South Korea [33]. The proportion of the PV systems was
26.3% in 2015 and the increase in the relative proportion of the PV systems continued in recent years.
The installed PV systems are classified into two types in accordance with those purposes. A solar
power plant is for the commercial profits and the others are for the private use. In South Korea,
the commercial PV systems are usually installed and the total cumulative capacity of the commercial
PV systems was 4450 MW in 2016. On the other hand, the total cumulative capacity of the PV systems
for the private use was only 551 MW [34]. In 2017, South Korea has 5.7 GW of generating capacity from
solar power and 1.2 GW from wind power [35]. Moreover, the Korean government seeks to increase
contribution of the solar power to 37 GW and wind power to 16.5 GW by 2030 [33,36].

The largest solar power plant in South Korea was recently constructed in Haenam, South Jeolla
Province. The installed capacity of the system is amounts to 57 MW with which the electricity can
be supplied to more than 20,000 families [34]. Moreover, the construction of the biggest floating
solar power plant in the world is expected to be finished by 2020. The power plant will be
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capable of generating 100 MW of electricity that will be sufficient to supply power to approximately
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Furthermore, the Korean government has established basic and detailed action plans for the
technical development and supply expansion of the renewable energy, and gradual decrease in use of
coal and fossil fuel [19]. In the plans, the renewable energy percentage of the total energy consumption
will be expanded up to 11% by 2030 [6]. Also, the solar and wind energy will be promoted as the most
important energy sources with cutting down the role of the waste energy. Accordingly, the waste energy
proportion of the new and renewable energy will decrease to 29.2% (67.0% in 2014) and the solar energy
proportion will increase to 14.1% (4.9% in 2014) by 2035 [11], as shown in Figure 2. To accomplish this
goal, the Korean government would switch the new and renewable energy market of South Korea
from the government-driven deployment to the market with the public–private partnership.

3.4. Challenges and Potential Solutions

Despite the many benefits offered by solar cells, some challenges should be considered.
The following paragraph highlights and discusses the most important challenges.

A. Cost

People strongly want to use solar energy systems, particularly for residential or personal
consumption. However, cost is a major limitation for the widespread application of solar energy.
According to the International Energy Agency [38], comparing the cost of generating electricity from
various technologies relies on the levelized cost of energy (LCOE) method. LCOE represents the
per-unit value of the total cost (i.e., capital, operation, and maintenance fuel); it can be calculated using
the equation [25,38]

LCOE =
OC

CF × 8760
× CRF + OMC + FC with CRF =

r × (1 + r)T

(1 + r)T − 1
(2)

where OC is the overnight construction cost (or investment without accounting for interest payments
during construction), OMC is the series of annualized operation and maintenance (O&M) costs, FC is
the series of annualized fuel costs, CRF is the capital recovery factor, CF is the capacity factor, r is the
discount rate, and T is the economic life of the plant.

Figure 8 summarizes LCOE, O&M, and fuel costs for the baseload technologies of electricity
generation at 3% discount rate based on the International Energy Agency (IEA) report [38].
It is clear that the LCOE for various scenarios of solar technologies—namely, residential,
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commercial, and large ground-mounted—are US$ 155.56/MWh (US$ 0.156/kWh = 170.04 South
Korean Won), US$ 122.56/MWh (US$ 0.123 /kWh = 134.07 Won), and US$ 101.86/MWh
(US$ 0.102/kWh = 111.18 Won), respectively. By contrast, LCOE for conventional energy technologies
coal-pc800 is US$ 77.66/MWh (US$ 0.078/kWh = 85.02 Won), coal-pc1000 is US$ 74.30/MWh
(US$ 0.074/kWh = 80.66 Won), and combined cycle gas turbine (CCGT) is US$ 121.82/MWh
(US$ 0.122/kWh = 132.98 Won). Despite the sustained decrease in the costs of solar energy over
the last few years, LCOE of solar energy technology is still higher compared with conventional
technologies for electricity generation [39,40]. The main reason for the significant increase in LCOE
of solar energy technology is the large variations in capital costs. Capital cost accounts for over
80% of LCOE for solar energy technology and accounts for under 60% in conventional fossil fuel
technologies (e.g., coal, gas combined cycle) [38]. Fuel costs are the major component in the majority
of fossil fuel technologies. Moreover, fossil fuels produce negative externalities at the local level
(e.g., local air pollution) and global level (e.g., GHG emissions), whereas solar energy technologies do
not. Evidently, comparing solar energy technology with fossil fuel technologies without accounting for
these externalities would be biased.
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To overcome this challenge, the solution has two points that should be achieved with the support
and encouragement of the government:

i. In the last decade, solar energy technology has experienced strong support of the government
through various policies. After nearly one decade (2002–2011) of experience with feed-in
tariffs (FITs), South Korea replaced FITs with the renewable portfolio standards (RPS) scheme
in 2012 [41]. The renewable portfolio standards (RPS) subsidies policy led to increase the
competitiveness of solar energy and related industries by reducing costs and encouraging new
technological developments through competition among both renewable sources and electricity
suppliers. RPS refers to regulations that require electric power suppliers to supply a minimum
percentage or amount of their loads through eligible renewable energy sources. RPS applies to
13 electricity suppliers. The annual renewable energy quota of individual suppliers, which is
fixed until 2022, is calculated by multiplying their total electricity generation (excluding that
from renewables) by the annual obligatory RPS percentage. This percentage was initially set at
2% in 2012 and is planned to reach 10% by 2022 [42,43]. However, still need to overcome a few
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technical, financial, regulatory, and institutional barriers. Accordingly, the complementary
policies to alleviate market risks for small suppliers may be required. An optional FIT for small
increments in capacity is a probable policy option. Besides, better financing infrastructure
needs to be devised by cooperation between NGOs and government organizations to spur
the PV industry and boost the consumption of its products. Thus, we can conclude that the
continued support for several decades through policies is necessary to maintain and enhance
the growth of solar energy.

ii. Despite the huge technical potential for large-scale deployment of solar energy technologies
with acceptable cost in South Korea, the country needs to increase the independence of
manufacturers and reliance on local solar cell manufacturers to greatly reduce costs and
enhance the growth of solar energy.

B. Energy Source

Solar energy availability is intermittent and unpredictable and can only be used during the day.
Solar energy is also vulnerable to changes in weather conditions such as sudden onsets of cloudy or
rainy weather [44]. Fortunately, competent short and long-term forecasting and careful planning and
analysis help us to arrive at an optimal solution to these limitations. Moreover, uninterrupted power
supply may be ensured through the design of the solar system:

i. Stand-alone solar system (off-grid PV solar power): The territory of South Korea has
approximately 3000 islands, of which around 500 are inhabited. Most of these islands are
quite far from the mainland, and the supply of electricity from the mainland to such islands
is unfeasible. Currently, most of these islands use diesel generators to produce electricity.
Thus, stand-alone PV systems are ideal for remote rural areas and applications wherein other
power sources are either impractical or unavailable. To ensure an uninterrupted power
supply, a solar system should be coupled with storage devices or other energy sources.
However, batteries are important elements and the heart of any stand-alone solar power
system, whether that is using a large array of panels to power a home or farm. During hours of
sunshine, the PV system is directly fed to the load, with excess electrical energy being stored in
the batteries for later use. During the night, or during a period of low solar irradiance, such as
a cloudy or rainy day, energy is supplied to the load from the battery.

ii. Hybrid solar system (on-grid PV solar power): A solar system connected to the power
grid is the most commonly used system in major cities and solar power plants. The hybrid
solar system saves more money with solar panels through better efficiency rates and net
metering, as well as lowering equipment and installation costs. Batteries and other stand-alone
equipment required for a fully functional off-grid solar system are unnecessary in the hybrid
solar system. Therefore, grid-tied solar systems are generally cheaper and simpler to install.
Moreover, home solar panels often generate more electricity than what is typically consumed.
With net metering, homeowners can place this excess electricity in the utility grid, and utility
companies purchase electricity from homeowners at the same rate they sell it themselves.

C. Technical Hindrances

i. Lightning strikes may damage electronic components. Diodes, which are mounted on the
termination box under each panel, may either crack or short circuit under high humidity and
heat conditions. Monitoring systems in solar power plants can easily determine the faults,
whereas, the government can develop a program to train those who wish to use the home solar
system about its basic operation, maintenance, and management.

ii. Building capacity is vital to producing a workforce for the successful implementation of
PV systems. Training and producing a competent workforce to drive industry growth and
PV diffusion is yet another challenge that this industry faces. A focused, collaborative,
and goal-oriented workforce is required to achieve technological leadership in PV. To generate
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a competent workforce, the government can develop a program to train those wishing to use
the home solar energy system about its basic operation, maintenance, and management.

iii. The increasing distance between solar power plants and homes increases costs and complicates
the industry’s risk management of transmission technologies. Establishing a systematic
approach to maximize the use of existing network assets is, therefore, important. In locations
where solar power plants are small and dispersed over the low voltage grid (e.g., rooftop solar
PVs), managing the interface between the high voltage transmission network and low voltage
local networks is a priority. Careful planning and analysis also help reach optimal solutions.
Moreover, enhancing intra-industry cooperation is needed for expanding the PV supply chain
and motivating technical knowledge sharing through conferences and workshops.

D. Ecological and Social Impacts

After the complete life cycle of solar modules (20–30 years), safety, environmental, and health
concerns arise because the disposal of the modules is another challenge [45,46]. Most estimates
of life cycle emissions for PV systems are between 0.07 and 0.18 pounds of CO2 per kWh [26].
Thus, the disposing of the large quantities of modules in a single landfill can cause potential risks to
humans and biota (i.e., animal and plant life of an area during a time period). Harmful chemicals can
seep into these landfills and contaminate local ground and surface water. The future solar market is
assessed to be fairly large. Thus, now is the perfect time to plan the management of future solar waste,
as any delay may result in the tedious task of attending to tons of waste.

Various toxic materials are utilized in the manufacturing process of solar modules, especially in
the extraction of solar cells. Cadmium (Cd) is a toxic element that is utilized in the thin film of solar
cells as a semiconductor converting solar energy into electrical energy. According to the National
Institute of Occupational Safety & Health, Cd dust and vapors can cause severe diseases, such as cancer.
Many other harmful chemicals are also used as solvents for cleaning dust and dirt from PV modules.
Upon seeing their harmful effects, the European Union prohibited the use of Cd, Pb, Hg, and other
harmful compounds as per the regulations of the Restriction of Hazardous Substances Directive [45].
This prohibition emphasizes that research on new materials is crucial for this industry.

Solar power plant projects require relatively large areas for deployment and last 15–20 years
or more, thereby preventing land usage for any other purpose. Utility-scale PV systems commonly
require approximately 3.5–10 acres per megawatt [26]. This requirement is a serious concern as several
current issues relate to this problem, such as the population explosion that has already resulted in the
occupation of several useful lands. Moreover, the removal of trees and bushes may be required to
produce the optimum solar site if they happen to block sunrays, thereby adversely affecting wildlife.
The Korean government has, therefore, resorted to establishing floating solar power plants since 2014.
Establishing such power plants also allows the government to avoid social costs, especially on-land
requisition problems.

E. Performance Limitations

PV panels offer a rather low efficiency at 4–12% for thin film panels and under 22% for crystalline
panels [25,26]. In addition, dirt, dust, tree debris, moss, sap, water spots, snow, and mold significantly
affect the performance of PV panels and may, thus, cause further reduction in the overall efficiency.
Fortunately, efficiency may be improved through a dual-axis tracking system that allows wind, rain,
and gravity to remove most debris and dust. Moreover, the dual-axis tracking system can increase the
total amount of energy produced by a PV system by approximately 20–30% [23,47].

4. Wind Energy

South Korea declared its plan to reduce its greenhouse gas emissions by 30% by 2020 to the
international community by deploying renewable energy systems, especially wind energy conversion
systems [31]. This section investigates the opportunities and feasibility of wind energy, as well as the
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prospects and challenges. In addition, wind directions in summer and winter seasons are discussed;
and a wind energy analysis for different cities of South Korea is provided.

4.1. Opportunities and Potential of Wind Energy

Wind energy is another free available energy source that can be converted to electricity.
According to wind speed data obtained from both the KMA [14,30] and National Institute of
Meteorological Science (NIMS) [17], the annual average wind speed of South Korea is 4.0 m/s,
varying between 3.5 m/s in September and 4.6 m/s in March, as shown in Figure 9. In summer,
the wind speed evidently and considerably decreases compared with that in winter. This seasonal
variation of wind speed is deeply related with the atmospheric pressure and wind direction in South
Korea. Figure 10 depicts the wind monsoon trend that affects South Korea in winter and summer.
In summer, the North Pacific atmospheric pressure is directed south of South Korea and affects every
region in South Korea. This condition directs the wind in summer considerably southeast or southwest.
By contrast, the main wind direction in winter is northwest in most areas, and northeast wind appears
in some parts of the southwestern and southern coasts of Gyeongnam. In addition, southwestern winds
can be seen in Gangwon Province. The distribution of wind direction reflects the northwestern wind
system due to the Siberian high pressure during winter in the northern part of Korea.

The change of wind direction when season changes is one of the weak points of using wind
energy in South Korea. However, wind speed varies per province. According to the resource ‘Maps’
in NIMS [17] shown in Figure 11, most of inland areas have low wind speed at less than 5.0 m/s.
However, wind speed above 7.5 m/s can be observed in the mountainous regions of the nearby east
coast (Mt. Seorak, Mt. Odaesan, Mt. Taebaek, and Mt. Deogyu), the southeastern coast, and Jeju
Island located below the peninsula. In case of offshore wind, wind velocity of 6.5–7.0 m/s appears
in the east west coasts of Gangwon-do, and strong wind speed of 7.5 m/s or more is observed on
the southern coast. Moreover, the average top wind in winter of more than 8.5 m/ s appear in Jeju
Island, Gyeongnam’s east coast, and Gangwon Province mountainous areas (Mt. Seorak, Odaesan, and
Taebaek) in December. In January, stronger than 8.5 m/s winds appear on the east coast of Pohang and
Uljin, along the southwest coast of Jeju Island and Mokpo. Stronger than 8.5 m/s wind in February is
observed in Gangwon-do’s mountainous area. In Gangwon-do, the mountainous areas in Gangwon-do
have winds of over 8.5 m/s, and strong winds are observed in the east coast of Gyeongnam Province,
the southwest coast of South Jeonnam, and Jeju Island.
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Figure 9. Average monthly wind speed of South Korea [17].
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Figure 12 shows the monthly average of wind speed for Seoul city (capital) over 37 years
(1 January 1981 to 31 December 2017), according to an hourly solar radiation data that obtained
from the Korea Meteorological Administration (KMA) [30].
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Figure 12 reveals that the highest average value of wind speed was 2.85 m/s in March; whereas the
lower adjacent was 2.13 m/s and the upper adjacent was 3.52 m/s. While, the lowest average value
of wind speed was 2.0 m/s in September with lower adjacent was 1.35 m/s and upper adjacent was
2.51 m/s. In a nutshell, use of wind energy in Seoul city is not recommended.

4.2. Statistical Analysis and Comparisons

Evaluation of the wind power and energy per unit area is important in the assessment of the
wind power project. A wind turbine (WT) produces energy by converting the flowing wind speed
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into mechanical energy and then to electricity. Wind power is determined by the size of rotor blades,
wind velocity, and air density. Moreover, the theoretical power in moving air is the flow rate of kinetic
energy per second by a WT and is given by the equation [48–50]

P =
1
2

ρAV3Cp (3)

where V is the monthly wind speed (m/s), and Cp is the coefficient by Betz limit, which can achieve
the maximum value of 59% for all types of WTs. A is the swept area (πD2/4, D is the rotor diameter in
m2 and π = 3.1416), and ρ is the corrected monthly air density (kg/m3), which can be estimated by the
following equation [48–50],

ρ =
P

RT
, (4)

where P is the monthly mean air pressure (N/m2); T is the monthly mean air temperature (K); and R is
the specific gas constant for air (287 J/kg K).

As shown in Equation (3), if the rotor area in m2 is fixed and the air density is fixed for a given
location, then the energy contained in wind is only dependent on the wind speed. Then, we can
simplify the aforementioned equation to obtain K.V3, where K is a fixed constant representing the
combined fixed rotor blade area, air mass, and efficiency of the turbine. Thus, the “available wind
energy is proportional to the cube of the wind speed” or wind velocity. This statement is important
because a small change in wind speed results in a huge change in the power contained within it.

The power output from WT to another varies due to different manufacturing factors besides
wind speed. In our case, choosing a suitable wind turbine for low wind speed and considering wind
energy potential for different regions, where the performance of wind energy generator increases in
open areas are important. The Skystream 3.7 WT model is considered in this study to investigate
the possibility of using WTs for residential consumption (private use). The Skystream 3.7 WT model,
designed for homes and businesses, paved the way as the first compact, all-inclusive personal wind
generator (with built-in controls and inverter) designed to work in very low winds. More details about
the electrical and mechanical characteristics of the Skystream 3.7 WT are provided in [51]. Figure 13
shows the estimation of annual energy output for various wind speeds that represents all possible
areas of South Korea. In addition, Figure 12 illustrates that wind energy production is much less
than that of solar energy, which explains why the use of wind generators is uncommon in residential
consumption (home systems).
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However, wind farms (stations) in open areas that include a set of WTs achieve positive results.
A total of 51 wind farms are installed in South Korea. Moreover, the Korean government plans to
invest approximately $7.5 billion into wind farms to increase the total capacity to 2.5 GW by 2019 [31].
Details are provided in the following section.

4.3. Current Status and Prospects

This section highlights details about the cumulative wind energy production over the last decade
(2007–2016), the location and capacity of the current wind farms, and the government’s strategies and
future plans.

Figure 14 shows the cumulative production of wind power in South Korea over the last decade.
Evidently, the power output increases annually, which reflects the high interest of the Korean
government to shift toward green energy and reduce the significant economic and ecological influence
of energy provided by fossil fuels in the coming years [52]. The cumulative wind power was 1089 MW
in 2016 from 51 installed sites and 345 units [53], in which the cumulative wind power increased by
20.20% compared with that in 2015 (869 MW) [54]. The highest cumulative wind power produced
was in Gangwon, which was 189,140 kW from 11 sites and 113 units, whereas, the lowest wind power
produced was in Busan’s wind farm, which was 750 kW from one site and one unit [53]. In addition,
the cumulative wind power generated by Jeju’s wind farms was 128,150 kW. Figure 15 summarizes the
location and capacity of the installed wind farm in South Korea.
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Figure 14. Cumulative wind power capacity in South Korea [54].

Most wind farms are in Gangwon Province and Jeju Island due to the strong winds in winter
of more than 9 m/s that appeared in Jeju Island, Gyeongnam’s east coast, and Gangwon Province
mountainous areas (Mt. Seorak, Odaesan, and Taebaek) in December. In January, stronger than 9 m/s
winds appeared on the east coast of Pohang and Uljin and along the southwest coast of Jeju Island and
Mokpo. Stronger than 9 m/s of wind was observed in in Gangwon-do’s mountainous area in February.
In Gangwon-do, the mountainous areas have widespread winds stronger than 9 m/s, and strong winds
can be seen in the east coast of Gyeongnam Province, southwest coast of South Jeonnam, and Jeju
Island [17].

Jeju Island is a major island off the southern end of the South Korea, where the construction of
an offshore wind farm is planned based on the excellent wind energy resources. In 1992, a wind turbine
with a 250 kW capacity was installed near Jeju Island. This was the first wind turbine connected to the
national grid in the country [31]. After that, the construction of wind energy farms rapidly increased
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due to the highly increasing demand of electricity. In the sea off of Gujwa-eup, 2-MW and 3-MW wind
power generators were installed as a test, whereas 30-MW, 100-MW, and 84-MW commercial wind
farms are planned in the sea off of Hangyeong-myeon, Hanlim-eup, and Daejeong-eup of Jeju Island,
respectively [55,56].Sustainability 2018, 10, x FOR PEER REVIEW  17 of 23 
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Moreover, several studies [57,58] have been conducted to assess the possibility of installing
off-shore wind farms in different places of South Korea. Kim and Kim [59] assessed the wind energy
resources of the Yulchon district in Korea and conducted a comparative economic analysis in order to
determine the feasibility of establishing a 30 MW capacity wind farm. They shortlisted three wind
turbines as potential candidates and conducted a techno-economic analysis to determine the optimum
wind turbine for the Yulchon district. They shortlisted six different wind turbines which are best
suited for the development of the wind farm and also estimated their annual energy productions (AEP)
and capacity factors. The study, conducted by Kim et al. [58], focused on the selection of an optimal
candidate site around the Korean Peninsula through an economic evaluation for the development
of Korea’s first large-size off-shore wind farm. They used different criteria to select optimum site(s)
which include the expected B/C (benefit/cost) ratio, the possible installation capacity of the wind farm,
the convenience of grid connection, and so on. They found that there are multiple locations around the
Korean Peninsula best suited for large-scale off-shore wind farms. A similar study was also conducted
by Oh et al. [60] in order to assess the wind energy potential around the Korean Peninsula, and also to
determine the feasibility of a 100 MW class off-shore wind farm. Lee et al. [61] conducted a feasibility
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study to assess the wind potential of the Younggwang district in South Korea, which is a candidate site
for the development of an off-shore wind farm, which is planned to be constructed by 2019.

Wind farms play a decisive role in meeting energy demands and achieving a climate-friendly
environment. The Korean government plans to invest approximately $7.5 billion in wind farms to
increase the total capacity to 2.5 GW by 2019 [31]. Furthermore, the Korean government seeks to
develop the solar and wind power sector as major alternative energy resources, which will account for
11.0% of total energy production by 2035 [31]. Wind power will play an important role in the long-term
deployment plan, where wind farms will supply 18.2% of total energy by 2035 [11].

4.4. Challenges and Potential Solutions

Despite the huge potential and numerous benefits of wind energy, many challenges which
may affect the future of wind energy should be considered. The main barriers and challenges are
summarized as follows:

A. Cost

Figure 16 LCOE, O&M, and fuel costs for the baseload technologies of electricity generation
with various scenarios of wind technologies at 3% discount rate. The LCOE for onshore wind
and offshore wind are US$ 111.64/MWh (US$ 0.112/kWh = 122.08 South Korean Won) and
US$ 214.47/MWh (US$ 0.214/kWh = 233.26 Won), respectively. Meanwhile, the LCOE for conventional
energy technologies coal-pc800 is US$ 77.66/MWh (US$ 0.078/kWh = 85.02 won), US$ 74.30/MWh
(US$ 0.074/kWh = 80.66 Won) for coal-pc1000, and US$ 121.82/MWh (US$ 0.122/kWh = 132.98 Won)
for CCGT [38]. Despite the general sustained decrease in the cost of renewable energy for the past
years, the LCOE of wind energy technology is still higher than that of conventional technologies for
electricity generation. The main reason for the increase in the LCOE of wind energy technology is
the significant variation in capital costs, which accounts for more than 80% of LCOE for wind energy
technology. However, the fact that positive externality that green energy technology (wind energy)
does not rely on fuel, which is subject to significant price fluctuations and associated risks, should be
considered. In addition, using green energy technology may lead to reduced CO2 and other pollutant
emissions, decreased need for other generation capacity, and potentially reduced need for grid usage
and associated losses [34].
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Most wind turbine systems were supplied by local turbine manufacturers since 2011.
However, one of the leading turbine manufacturers (Vestas) has 42.2% market share in the Korean wind
energy industry, and many wind farm owners are not fully satisfied with Vestas’ service due to its high
cost [53]. Increasing the independence of manufacturers and reliance on local turbine manufacturers
may considerably reduce costs (replacement and maintenance). Nevertheless, local turbine
manufacturers should enhance the size, length, cost, reliability, and efficiency of wind turbines.

B. Energy Source

Wind sources are intermittent and unpredictable. To ensure uninterrupted power supply,
wind energy systems should be coupled with other energy sources (public electrical grid). In addition,
competent short- and long-term forecasting and careful planning and analysis would help reach
an optimal solution.

C. Technical Hindrances

i. Local turbine manufacturers should enhance the size, length, cost, reliability, and efficiency
of wind turbines. Numerous manufacturing issues must be addressed because wind turbine
components undergo excessive forces and tremendous joint stresses and failures. For instance,
blades, towers, and casings must be able to withstand heat, cold, rain, and ice and adapt to
changing wind speeds. Blades must also be constructed with a high strength-to-weight ratio,
and thus research into new materials is crucial.

ii. The increasing distance between offshore wind farms and destinations makes the costs and
risk management of transmission technologies an even more complex challenge to the industry.
Careful planning and analysis would help reach optimal solutions.

iii. Turbines might cause noise due to turbine blades. However, this problem is resolved or
greatly reduced through technological development and by choosing the locations of wind
plants properly.

D. Environmental Factors

Another barrier to using wind turbines is lightning activity—strikes by lightning and damage
to the electronic components. However, this problem may be considerably reduced through
technological developments and monitoring systems and through periodic maintenance that increases
system performance.

5. Conclusions and Recommendations

This paper discussed the opportunities, prospects, and challenges of solar and wind energy in
South Korea. The findings of this study can help the decision of policy makers to frame strong policies
by understanding the overall perspective of implementing solar and wind energy, considering the
strength, weakness, opportunities, and challenges associated with it. Furthermore, the findings
revealed that the opportunities and strengths of solar and wind energy are much stronger than their
weaknesses and challenges. Hence, the present study strongly recommends the adoption, deployment,
growth, and installation of solar and wind energy technology and related projects for a sustainable
future in South Korea. Note that the results obtained are in the context of South Korea but more or less
can be generalized to neighboring countries, because strengths, weaknesses, and opportunities are
common attributes selected in research.

Herein, some recommendations are suggested that can help in the decision-making process of
policy makers to frame strong policies to efficiently develop and ensure sustainability with improved
planning to provide clean energy.

• The southeastern coastal area, including Jeju Island, is considered a suitable place to establish solar
power plants due to these locations having a high radiation rate of over 5 kWh/m2. In addition,
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using a dual-axis tracking system for the PV array increase the total amount of energy produced
by a PV system by approximately 20% to 30%, and dual-axis tracking system also allows wind,
rain, and gravity to remove most debris and dust. On the other hand, it is necessary to consider
the area that will be uses for installation of solar power plants. Solar power plants floating on top
of the water near these islands is recommended, thereby promoting land use to accommodate
potential population growth in the future without any obstacles.

• Jeju Island, Gyeongnam’s east coast, Gangwon Province mountainous areas (Mt. Seorak, Odaesan,
Taebaek), the southwest coast of south Jeonnam, and the eastern coasts of Pohang and Uljin are
a suitable places to use energy acquired from wind power. Moreover, the government should
support and encourage local turbine manufacturers. The local turbine manufacturers need to
make wind turbines larger, taller, less expensive, more reliable, and more efficient.

• The infrastructure of transmission systems requires particular attention and care from officials to
reduce transmission and distribution losses as much as possible. Careful planning and analysis
would help reach the optimal solution.

• Generally, renewable energy markets have experienced phenomenal growth in South Korea in
the last decade because of significant technological improvements and government policies that
support the development and utilization of renewable energy, thereby leading to a reduction
in cost. Despite the huge technical potential, the development and large-scale deployment of
renewable energy technologies in South Korea must overcome technical, financial, regulatory,
and institutional barriers. The continued support through policies may be necessary to maintain
and enhance the growth of renewable energy. In addition, the cooperation between the
government and NGOs should be strengthened by devising an improved financing infrastructure
to boost renewable energy technology and its products.

• Excess energy of homes’ installed solar power systems can be added to the public electrical
grid, and utility companies can buy electricity from homeowners at the same rate as they sell
it themselves.

• Competent forecasting and careful planning and analysis of solar radiation and wind speed
would help achieve an optimal long term system.

In this study, we extensively reviewed the opportunities and prospects of solar and wind energy,
as well as its present challenges and potential solutions. One of the most crucial challenges that solar
and wind energy systems face is their energy source (i.e., solar radiation and wind, respectively)
which is extremely variable. Such variability may increase risk and uncertainty levels in expected
solar and wind energy generation, which is considered an inhibiting factor toward energy security.
Thus, our future research will focus on the long-term prediction of mean hourly wind speeds and
solar radiation values in a region. Such prediction is feasible through the application of a combination
of different approaches to minimize the risk of failure within the energy system and to forecast its
reliability by modeling or simulating future scenarios in line with the vision of the government.
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