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Abstract
Solar Photovoltaic (PV) technology which is playing a major role 

in providing clean electricity in Korea has been particularly diffused 
by financial and political support since 2008. However, although the 
energy technology has made unprecedented progress over the last 
several years, it is expected to be continually diffused until 2035 when 
it will constitute 14.1% of renewable energy in the total primary energy 
supply (TPES) and have its generating price decreased by KRW 60.9/
kWh. This study uses 2-Factor Learning Curves (2FLC) to estimate future 
Korean PV module price considering both cumulative production and 
R&D investment. Subsequently, the Levelised Cost of Electricity (LCOE) 
that considers the module price anticipated before hand is applied 
to forecast the Korean PV generating price to estimate if the nation 
will reach its planned goal by 2035. As a result, the PV module price 
would decrease by USD 0.282/W in 2040 with 12.22% of Learning-by-
Doing rate (LDR) and 10.44% of Learning-by-Searching rate (LSR) with 5 
years of time-lag and 15% of depreciation rate in Knowledge stock (KS) 
estimated by R&D investment. The future PV generating price in 2035 
is expected to be KRW 32.043-36.484/kWh, which is, the PV price that 
would reach its national target price by 2035 if current or similar levels 
of diffusion and R&D are offered in the time period.

Introduction
Korea is an energy-intensive country that must consider strong 

and radical action to diversify its energy sources and adhere to 
the international trend toward renewable energy use. In 2014, the 
nation’s total primary energy supply (TPES) was 282.9 million tonnes 
of oil equivalent (toe). The Second National Energy Basic Plan (2014-
2035) includes a target for the supply of new and renewable energy 
(hereinafter referred to as “renewable energy”)1 to be 11% of the 
TPES by 2035. The renewable energy production in 2014 was 10,956 
thousand toe, which is 3.87% of the TPES, while waste energy was 
6,904 thousand toe and bio energy was 2,821 thousand toe. 

The nation’s total electricity generation in 2014 was 521.9 
terawatt hours (TWh) and the electricity sourced from renewable 
energy (excluding hydro power) was 14.7 TWh, which is 2.8% of the 
TPES. Excluding hydro power, which that is often regarded as a non-
renewable energy source because of its high technological maturity, 

solar photovoltaic (PV) energy plays a major role in providing clean 
electricity, producing 2,556 gigawatt hours (GWh), which is the 
largest share of electricity production by a renewable energy source. 
Wind power and fuel cells produced 1,145 GWh and 943 GWh of 
electricity, respectively, in 2014.

The share of renewable energy is planned to be 11.0% of the TPES 
by 2035 with an annual 6.2% average growth rate in accordance with 
the Second National Energy Basic Plan (2014-2035) and the Fourth 
Basic Plan for New and Renewable Energy. The main directions for 
the renewable energy diffusion plan are to decrease the share of waste 
energy that accounts for two-thirds of the current renewable energy 
and to foster PV and wind energy as core sources of energy. PV energy 
is planned to be 12.9% in 2025 and 14.1% in 2035 of the renewable 
energy of the TPES with an 11.7% annual average growth rate. Thus, 
13.4% of the renewable energy of the total electricity generation will 
be supplied by PV to reach this target.

According to the Fourth Basic Plan for New and Renewable 
Energy, the price of PV that will function as a significant renewable 
energy source in Korea is intended to decrease to KRW (Korean 
Rates Won) 60.9/kWh by 2035, as depicted in the Figure 1. The 
plan states that research and development (R&D) is continually 
required to decrease the price of PV, improve its competitiveness 
with other electricity sourced by traditional fossil fuels and nuclear 
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Figure 1: Korean targeted PV generation price by 2035 planned in the Fourth 
Basic Plan for New and Renewable Energy.

 1According to the “Act on the promotion of the development, use, and diffu-
sion of new and renewable energy” enforced in April 2010, the term “new energy 
and renewable energy means energy sources converted from exiting fossil fuel 
resources or renewable energy sources, including the sun, water geothermal 
heat, precipitation, and bio-organisms; solar energy, bio energy converted from 
biological resources, which falls within the criteria and range prescribed by Presi-
dential decree, wind power, water power, fuel cells, energy from liquefied or gas-
ified coal, and from gasified heavy residual oil, which falls within the criteria and 
scope prescribed by Presidential Decree, ocean energy, waste energy, which 
falls within the criteria and scope prescribed by Presidential Decree, geothermal 
energy, hydrogenous energy and Sources of energy prescribed by Presidential 
Decree, other than petroleum, coal, nuclear power, or natural gas.
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power, and diffuse PV energy widely for national energy security and 
environmental impact. 

The key political instruments regarding renewable energy in Korea 
are the Renewable Portfolio Standard (RPS) and R&D subsidies. The 
RPS, which replaced a Feed-in Tariff (FIT), was introduced in 2012 
to enlarge the domestic market of renewable energy. The instrument 
mandates that electricity utilities that generate more than 500 MW 
must increase renewable energy production from 2% in 2012 to 10% 
in 2024. As of 2014, a cumulative capacity of 3.2 GW was newly 
installed, 1.2 GW of which are from PV energy [1].

Approximately 3.71 trillion KRW of Korea’s R&D budget, 
comprised of 1.94 trillion KRW from the government (52.3%) and 
1.77 trillion KRW (47.7%) from the private sector, has been dedicated 
to encouraging and improving renewable energy technology [1]. 
The R&D budget for renewable energy sharply increased in 2008, 
and 74.5% of the total renewable energy R&D budget from 1988 to 
2013 was allocated to four priority renewable energy sources: PV 
(26.6%), wind (15.9%), hydrogen and fuel cell (24.8%), and integrated 
gasification combined cycle (IGCC) (7.2%). 

PV energy has been continuously and intensively promoted 
by R&D policy, as shown in Figure 2, with 641.5 billion KRW in 
investment, comprised of 429.4 billion KRW from the government 
with 9% annual average growth and the remaining from the private 
sector [1], to improve conversion efficiency to decrease the cost of the 
system and electricity generation and to make PV energy competitive 
against traditional energy resources, specifically fossil fuel and nuclear 
power. In addition, the policy also seeks to catch up with the existing 
advanced PV technology and future innovative PV technologies, such 
as copper indium gallium selenide (CIGS) thin film solar cells, dye 
sensitized solar cells, and organic solar cells, to have a competitive 
advantage in the overseas market.

However, PV is struggling to diffuse and reduce costs despite a 
series of various efforts in the RPS and R&D support. For example, 
only 64.7% and 67.2% of the renewable energy certificates (RECs) 

were implemented in 2012 and 2013, respectively, indicating how 
the RPS as a diffusion policy failed to fulfill the entire original target. 
R&D investment is also problematic if the PV generation price will 
decrease enough to be competitive with one of the traditional sources 
of energy, such as fossil fuel or nuclear power. In Korea, the average 
PV R&D share as a percentage of total investment has been around 
6.1% over the past seven years. Thus, political incentives have been 
recommended for Korea to obtain a more advanced and competitive 
level of PV technology to broaden its share in the national and overseas 
markets. The efficiency of PV R&D investment should improve in 
accordance with an in-depth evaluation to determine the obstacles 
for PV growth and suggest reform measures [2-5]. It is important 
to evaluate the introduction of future renewable energy technology 
with R&D efforts because the performance of the technology could 
otherwise be underestimated, especially regarding the energy system 
model [6]. Therefore, it is essential for Korea to have substantial 
reductions in PV price that correspond to the political efforts. 

Considering that PV technology is expected to retain a major role 
in the Korean electricity market, this study aims to predict the future 
Korean PV generation prices under the current level of diffusion 
and R&D policies to discern if the technology can compete with 
the generation prices of traditional sources of power in the national 
electricity market. Therefore, the future price of a domestic PV 
module, which occupies the largest part of the generation price, is 
naturally estimated. Figure 3 describes the PV module and generation 
prices from 2002 to 2013 in Korea. A PV module in 2002 costs USD 
(US Dollar rates) 6.61/W, and declined to 0.89/W in 2013 [7]. The PV 
generation price is estimated to have been USD 1.189/kWh in 2002, 
and decreased to USD 0.262/kWh in 2013, and, as mentioned earlier, 
is expected to decrease to KRW 60.9/kWh (approximately USD 0.06/
kWh if KRW 1000 is converted as USD 0.91) by 2035. 

Literature Review
The exogenous growth model from the perspective of 

macroeconomics was advanced by Ramsey and Solow, and considers 
long-term and stable economic growth as being determined 
exogenously, for example, technical shock or technical change as a 
result of innovation without compensation [8,9]. However, in the 
recent endogenous growth model suggested by Romer and Lucas, 
economic growth is based on accumulated knowledge and human 
capital, such that producing new knowledge that will be constantly 
developed is significant for economic growth [10,11]. Therefore, 
R&D investment that brings about technical progress and technical 
innovation will shift the current technology and industry structure 
and ultimately influence economic growth. 

Innovation is defined as “an idea, practice, or object that is 
perceived as new to an individual or another unit of adoption” by 
Everett Rogers, who explains that innovation is developed through 
the processes of decision, activities, and impacts generated from the 
recognition of a problem or need to the basic and applied research, 
development, commercialization, adoption and diffusion, and 
consequences. Here, the processes of basic and applied research 
and development are customarily referred to as R&D. That is, an 
invention is discovered or created from a new idea through basic and 
applied research and turns into an innovation after going through 
a development process where technological transfer occurs as the 
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Figure 2: Annual Korean PV R&D investment.
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Figure 3: Korean PV module and energy generation prices.
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result of the research. The learning effect that reduces the unit cost 
of a product is a function of the experience gained from the product’s 
cumulative output, research, use, and/or interaction in later stages of 
commercialization, adoption, and diffusion. 

Wright first depicted the learning effect and showed that the total 
number of working hours decreases as the production level increases 
in airplane manufacturing [12]. Arrow and Alchian developed 
the theory and several different mechanisms of learning were 
distinguished, such as learning-by-doing (LBD) [13,14], learning-
by-searching (LBS), learning-by-using (LBU), and learning-by-
interacting (LBI) [15]. An approach called the one-factor learning 
curve (1FLC) is often applied to quantify the learning effect from 
LBD, and the approach has been extended to include LBS, which is 
called the two factor learning curve (2FLC) [16]. Recently, active R&D 
has become a significant factor to lead technical change endogenously 
and should also be considered when learning effects are estimated. 

While the significance of energy diversification, along with 
fossil fuel depletion and environmental conservation from global 
warming and climate change, are being stressed, renewable energy 
has garnered attention as being able to cope with these difficulties. 
International investment in technology development for renewable 
energy has increased dramatically during the last two decades, and 
some renewable energies, such as hydraulic, bio, waste, PV, and 

wind, have been commercialized and are performing a major role 
in supplying energy to some countries. For example, two-thirds of 
Sweden’s electricity is provided by renewable sources, and the country 
announced an ambitious plan to be the first fossil fuel-free country in 
a speech to the UN General Assembly [17]. However, uncompetitive 
generation costs for some renewables, such as PV and wind energy, 
is problematic to disseminating the energy, and several academic 
attempts have been made to analyze the prospects for reducing the 
cost of renewables by estimating the learning curves by the 1FLC 
[15,18-25]. 

R&D should not be disregarded since knowledge stock (KS) is 
significant for endogenous technical change and stable economic 
growth. The 2FLC incorporates the KS that is normally measured by 
past R&D investment in addition to the cumulative installed capacity 
or production of a certain technology, as is used in the 1FLC, and is 
more accurate to examine future energy price. 

Two Factor Learning Curve (2FLC)

The 2FLC was first introduced by Kouvaritakis et al. [34]. 
The model explains the relationships between cost reduction and 
cumulative capacity (CC), as well as the knowledge stock (KS) led 
by R&D activity. Therefore, from the two factors CC and KS, two 
learning-curves are specified: one is the conventional “learning-by-

Title Author

Variables PV Learning Rates

Place Period
Knowledge Stock

Cumulative 
Capacity

Investment 
cost LDR LSR

R&D Depreciation 
rate (%)

Time-lag 
(year)

Experiments with a methodology to 
model the role of R&D expenditures in 
energy technology learning processes; 

first results

 [26] intl. 1971-
1997

Public & 
Private 3 2

Cumulative 
installed 
capacity

(GW)

Investment 
cost/watt 
(USD'90)

17.46% 10.00%

Testing for the presence of some 
features of increasing returns to adoption 
factors in energy system dynamics: An 

analysis via the learning curve approach

 [27] intl. 1977-
1997

Public & 
Private 3 3

Power 
generation 
capacity

(MW)

Energy 
technology cost

(USD/kW)
7.34% 0.69%

Long-term renewable energy technology 
valuation using system dynamics and 
Monte Carlo simulation: Photovolatic 

technology case

[28] intl. 1974-
2011 Public 10 3

Cumulative PV 
production

(MW)

PV module 
Price

(USD/Watt)
12.18% 12.16%

Technological learning and renewable 
energy costs: Implications for US 

renewable energy policy
 [29] intl. 1975-

2000 Public 10 3

Cumulative 
shipments of 
PV modules 

(MW)

Manufacturer's 
price 18.40% 14.30%

The role of policy in PV industry growth:  
Past, present and future [30] USA 1990-

2008 Public 3 2-3

Cumulative 
installed 
capacity

(MW)

System Cost
(USD/W) 13.10% 10.00%

Quantification of technological learning 
by R&D and its application for renewable 

energy technologies
 [31] Japan 1990-

2010
Public & 
Private

10% for public, 
20% for 
private

5 years 
for public, 
3 years 

for 
private

Cumulative PV 
production

(kW)

PV Installed 
price

(USD/kW)
15.70% 13.20%

Forecasting the grid parity of solar 
photovoltaic energy using two

factor learning curve model
 [32] Korea 1995-

2009
Public & 
Private 10-20 2-4

Cumulative PV 
generation

(MWh)

Installed Price
(KRW/kW) 1.9~4% 15.5~23.5%

Scenario analysis for estimating the 
learning rate of photovoltaic power 
generation based on learning curve 

theory in South Korea 

 [33] Korea 2004-
2011 Public 20 3

Cumulative PV 
generation

(MWh)

Total PV 
transaction 
cost/total 

power trade
(KRW/kWh)

2% 5%

Table 1: Selected PV studies using the 2FLC methodology.
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doing” that explains the cost reduction as related to the CC, and the 
other is “learning-by-searching” that explains the KS as created by 
R&D activity to decrease the cost. The 2FLC can be demonstrated by 
Equation (1), presented as follows:

( ), , ,,  te t te t te tSC CC KS aCC KSα β− −=  			             (1)

Where 

SC: Specific Cost in one of currencies; CC: Cumulative Capacity; 
KS: Knowledge Stock; te: Technology; T: Time; a: Specific cost at unit 
cumulative capacity and unit knowledge stock; -α; Learning-by-doing 
index; and -β; Learning-by-searching index. 

Therefore, the learning-by-doing rate (LDR) and the learning-
by-searching rate (LSR) are derived from Equations (2) and (3) as 
follows:

1 2LDR α−= − ; (2)

1 2LSR β−= −  (3) 

The specific technology cost decreases with the LDR for each 
doubling of CC and/or the LSR for each doubling of KS. The KS is 
estimated from the past R&D investment utilized for a given year for 

the technology, and a depreciation rate and time-lag are taken into 
account. The KS is specified as Equation (4), as follows:

( ), , 1 ,1te t te t te t iKS KS ARDρ− −= − +  (4)

where

KS: Knowledge Stock; : Knowledge stock depreciation; ARD: 
Annual R&D expenditure; te: Technology; t: Time; and i: Time lag 
between R&D expenditure and its effect

The learning parameter is estimated by using Ordinary Least 
Squares (OLS), and is specified with an error term ( , as Equation 
(5) follows:

( ) ( ) ( ) ( )log log .SC a log CC log KSα β ε= + + +  (5)

The models of selected studies using 2FLC for predicting PV cost 
is shown in Table 1. The studies using 2FLC are mostly panel studies 
to compare the future energy price among countries. The results 
described as LDR and LSR were discovered differently depending 
on the variables considered as measures of each study. The LDR 
and LSR in the international studies are, on average, 14% and 9%, 
respectively. A study in the United States estimated its LDR and LSR 
as approximately 13% and 10%, and a Japanese study found 15.7% 
and 13.2%, which represents higher rates than in the United States. 

There has been limited research estimating PV prices in Korea. 
Park et al. used data from 1995 to 2010 and draw a time of grid parity 
in PV under various scenarios until 2030 [32]. According to a learning 
curve determined in a case of a 2 year time lag and a 10% depreciation 
rate for R&D, the PV generation price is expected to decrease to 157 
KRW/kWh in 2018, which is lower than the generation price of oil 
and liquefied natural gas (LNG). Hong et al. estimated PV generation 
cost with data from 2004 to 2011, and the cost decreased by 2.33% 
when the cumulative power generation doubled and by 5.13% every 
time R&D investment was doubled with 3 years of time lag and a 20% 
depreciation rate for R&D [33]. 

Levelised Cost of Electricity Generation (LCOE)
A PV cell is classified largely as non-organic or organic according 

to the cell material. Non-organic PV cells are divided further 
depending on whether they are produced by silicon. The wafer-based 
crystalline silicon (c-Si) PV, which accounted for approximately 90% 
of the PV market in 2013, is separated into monocrystalline silicon 
(sc-Si) PV, that has commercial efficiency between 16% and 24%, 
and multicrystalline silicon (mc-Si) PV, that has average conversion 
efficiency around 14 to 18% [35].

Figure 4: A value chain of wafer-based crystalline silicon (c-Si) PV.
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Figure 5: Korean and International module price and international 
cumulative production from 1999 to 2013.
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Figure 6: International PV cumulative capacity in GW by the three scenarios 
presented by the IEA.

Figure 7: Described analytical framework.
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The wafer-based c-Si PV, which dominates the current market 
with mature technology obtained by knowledge accumulated within 
the electronic industry, is manufactured according to the value chain 
depicted in Figure 4. Polysilicon is the raw material for c-Si that is 
produced and transformed into the ingot, wafer, and cell, and is the 
smallest unit to convert solar energy into direct current electricity. 
The cell is then assembled as a PV module to obtain a large volume of 
electricity, and the produced electricity is transferred to the grid being 
supported by a balance of system (BOS).

The Levelised Cost of Electricity Generation (LCOE) is based on 
a discounted cash flow (DCF) where the present value of the total 
investment cost is divided by the average real generation cost per 
generating unit. The LCOE varies by technology and its technological 
level is measured as efficiency and performance, place and project, 
and investment in the technology. The formula to measure the PV 
LCOE is described as Equation (6), as follows: 

1

1

(1 )

(1 )

n t t t
tt

n t
tt

I M F
rLCOE E
r

=

=

+ +
+=

+

∑

∑
 (6)

where;

LCOE = Average lifetime levelised cost of electricity generation;

It = PV system price in the year t;

Mt = Operations and maintenance expenditures in the year t;

Ft = Fuel expenditures in the year t;

Et = Electricity generation in the year t;

r = Discount rate; and

n = Economic life of the system.

The BOS, comprised of an inverter, charge controller, battery if 
needed and other parts required supporting the system, occupies the 

largest portion of the PV system cost together with the PV module. 
The cost of the BOS largely varies depending on the nature of the 
installation, from 20% for a large-scale grid connected system to 70% 
for a smaller off-grid system. On average, the BOS is 40% of the cost 
for a standard utility-scale ground-mounted system [36]. Therefore, 
the PV module and BOS prices must be considered for PV LCOE 
analysis. Fuel expenditures (F) and operations and maintenance 
expenditures (M) are relatively lower than conventional fossil fuel 
and nuclear power plants [36]. 

Analytical Framework
First, the predicted future price of a domestic PV module is 

measured by a 2FLC. The time period for obtaining LDR and LSR 
was between 1994 and 2013, where the nominal pricing values used 
for analysis have been converted into real values using the 2014 US 
GDP (Gross Domestic Product) as a divisor. The specific investment 
cost (SC) is presented as the price of Korean PV module in 2014 
USD currency per Watt (W), and the data was obtained from the 
“International Energy Agency Photovoltaic Power Systems (IEA-
PVPS) National Survey Reports” reported from 2002 and 2013. As 
shown in Figure 5, the early Korean PV module price in 1994 was 
more than twice the international module, but the current price is 
adequately competitive in the international market. International 
R&D expenditures and PV module production are used for the 2FLC 
since new PV knowledge diffuses rapidly through the international 
market and the export-oriented Korean PV module industry is 
affected by international module production. International PV 
module production data from 1975 to 2013 was obtained from the 
Earth Policy Institute. The PV cumulative capacity in 2013 was 168 
GW and has recently rapidly increased. The international R&D 
expenditure data from 1974 to 2013 was collected from International 
Energy Agency (IEA) statistics to measure the KS at the beginning of 
the PV R&D activity. The PV annual KS are calculated according to 
Equation (4) with varied depreciation rates of 5, 10, 15, 20% per year 
and 2 to 6 years of annual time-lags. Therefore, the indexes of LBD 
and LBS are calculated with Equation (5), and the LDR and the LSR 
are obtained from Equations (2) and (3). Finally, the future Korean 
PV module price can be predicted with the most explainable LDR 
and LSR.

The future PV module price is anticipated with three future PV 
production scenarios, the Current Policies Scenario, the New Policies 
Scenario, and the 450 Scenario, which are forecasted throughout 
2040 by the IEA [37]. The predicted PV cumulative capacity in the 
three scenarios is presented in Figure 6 [38]. The Current Policies 
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Figure 8: Future PV module price by 2035.
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Figure 9: Korean BOS price by 2040.
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Policies Scenario.
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Scenario and the New Policies Scenario considers the policies and 
measures implemented as of mid-2015 that influence energy markets, 
and the 450 Scenario also takes into account relevant declared 
policy intentions with specific instruments that may not have been 
introduced yet. 

Second, the future Korean PV LCOE is estimated. With the 
Korean PV module price predicted in the previous step, the future 
BOS is also observed for the LCOE analysis. The estimated future 
BOS cost is discussed by Jeong where the future BOS cost by 2031 
is determined using a 16.7% LDR from 2001 to 2011 [39]. The data 
on the Korean PV annual production by 2029 was collected from the 
7th Basic Plan for Long-term Electricity Supply and Demand (2015-
2029), and the remaining annual production by 2040 was assumed to 
increase 7% from the previous year, which is the average increasing 
rate during the 5 years between 2025-2029. Finally, the annual PV 
system price (It) is determined by combining the PV module and BOS 
prices. The annual operations and maintenance expenditure (Mt) is 
estimated as 1% of the It and the fuel expenditures (Ft) is considered 
to be “0” since the PV generation system converts sunlight directly 
into electricity. The discounted rate (r) is 5.5%, which is the social 
discounted rate used by the Korea Development Institute (KDI) that is 

applied to long-term projects or projects with long-term effects, such 
as a public investment. The economic life of a PV system is assumed 
to be 20 years [40]. The annual PV generation (Et) is estimated with 
Equation (7), as per Jeong, with 0.7% of the degradation rate (d) and 
15.5% of the capacity factor (CF) [39], as follows:

 (1 ) 8760 capacityt
t tE d CF hours= − × × ×  (7)

The Figure 7 shows the analytical framework to predict future 
Korean PV module prices and LCOE. 

Results
This study uses the 2FLC and LCOE to predict the future Korean 

PV module and generation prices. The objective of the study is to 
determine if the price of a PV electricity system will reach the targeted 
PV generation prices by the given planned period presented in the 
Fourth Basic Plan for New and Renewable Energy.

Future PV module price in Korea

The KS was calculated in advance with scenarios of 2- to 6-year 
time lags and 5, 10, 15, 20% depreciation rates. The Durbin-Watson 
(DW) statistic and the variance inflation factor (VIF) tests were 
carried out to verify the serial correlation and multi-collinearity, 

Cumulative Capacity Intl' Knowledge Stock
Adj. R2 DW VIF

TL DR Elasticity T LDR (%) Elasticity t LSR (%)

2

5 0.176 2.001 -12.97% -0.043 -7.768 2.94% 0.899 0.893 4.658

10 0.259 1.206 -19.66% -0.078 -3.374 5.26% 0.725 0.575 10.208

15 -0.136 -0.415 9.00% -0.041 -0.922 2.80% 0.563 0.320 15.027

20 -0.451 -1.341 26.85% 0.004 0.710 -0.28% 0.541 0.260 15.080

3

5 0.035 0.495 -2.46% -0.039 -7.939 2.67% 0.903 1.111 3.133

10 0.024 0.179 -1.68% -0.071 -3.758 4.80% 0.749 0.776 4.536

15 -0.181 -0.948 11.79% -0.051 -1.439 3.47% 0.591 0.433 5.421

20 -0.341 -1.727 21.05% -0.021 -0.495 1.45% 0.548 0.300 5.246

4

5 -0.055 -0.099 3.74% -0.038 -9.340 2.60% 0.925 1.437 2.303

10 -0.082 -1.014 5.53% -0.078 -5.532 5.26% 0.836 1.289 2.457

15 -0.166 -1.470 10.87% -0.091 -2.956 6.11% 0.697 0.931 2.581

20 -0.255 -2.049 16.20% -0.074 -1.806 5.00% 0.615 0.636 2.459

5

5 -0.105 -2.788 7.02% -0.037 -12.452 2.53% 0.955 1.571 1.908

10 -0.152 -4.083 10.00% -0.087 -11.721 5.85% 0.949 1.632 1.672

15 -0.188 -4.916 12.22% -0.159 -10.724 10.44% 0.941 1.886 1.517

20 -0.226 -5.388 14.50% -0.214 -9.138 13.79% 0.922 1.913 1.385

6

5 -0.094 -2.550 6.31% -0.037 -12.870 2.53% 0.957 1.538 1.962

10 -0.131 -3.652 8.68% -0.087 -12.622 5.85% 0.956 1.554 1.767

15 -0.157 -4.159 10.31% -0.164 -11.483 10.75% 0.948 1.684 1.652

20 -0.194 -4.431 12.58% -0.222 -9.196 14.26% 0.923 1.558 1.518

Table 2: LDR and LSR results for the prediction of Korean PV Module Prices.
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respectively. The results, as estimated with OLS, are described in 
Table 2. Considering the adjusted R2 is larger than 0.900, the DW is 
close to 2.000, and the VIF is below 10, an option with the CC and KS 
with a 5-year time-lag and 15% of depreciation is the most significant 
in explaining the Korean PV module price. The indexes of LBD and 
LBS are specified as -0.188 and -0.159, respectively, as a result, and 
the LDR and LSR are estimated as 12.22% and 10.44% consequently 
through Equations (2) and (3). The future Korean PV module prices 
(2014 USD/W) predicted for 2040 according to the two learning 
rates and the three scenarios presented by the 2015 IEA World 
Energy Outlook are shown in Figure 8. The Korean PV module price 
is expected to decrease to USD 0.300/W in 2040 under the Current 
Policies Scenario, to USD 0.282/W under the New Policies Scenario, 
and to USD 0.264/W under the 450 Scenario.

Future PV LCOE in Korea

Estimating the annual It to measure the future Korean PV LCOE 
requires two major expenditures, the PV module and the BOS. The 
expected BOS price by 2040 is shown in Figure 9, and is predicted 
to decrease to USD 0.64/W by 2040. The PV system price, which is 
the combined Korean PV module and BOS prices and the Mt are 
presented in Table 3. Again, the annual Mt is assumed to be 1% of the 
annual I, and the Ft is not expected to occur for this study.

Finally, the 2040 PV LCOE in Korea is measured under the IEA’s 
three scenarios, and the predictive values are as shown in Table 4. 
The figures from 2002 and 2013 are actual PV generation prices [37], 
and the LCOE in 2020, 2030, and 2040 are forecasted according to 
the scenarios. The PV LCOE is predicted to continuously decrease to 
USD 0.011/kWh in 2040 under the most positive 450 Scenario.

Sensitivity analysis

Sensitivity analysis is necessary when there are uncertainties in 
the variables used for analysis. The sensitivity analysis for the Korean 
PV module price was performed in advance. Based on Hayamizu et al. 
this study applies ±5% annually to the baseline value of international 
R&D expenditures to observe the R&D impact on capital costs of PV 
modules by 2040 and estimate PV module prices in each scenario 
[31]. The results are shown in Figures 10-12. The PV module price 
will likely decrease to USD 0.231/W by 2040 under the 450 Scenario 
with the R&D expenditure having increased 5% annually from 2014. 

The PV LCOE is also re-estimated with the PV module prices 
changed according to the sensitivity analysis. The results of the 
changed PV LCOE are shown in the Table 5. The PV LCOE is 
expected to drop to USD 0.010/kWh by 2040 under the 450 Scenario 
with the R&D expenditures having increased 5% annually, or at least 
USD 0.014/kWh under the Current Policies Scenario with the R&D 
expenditures having decreased 5% annually.

Doshi et al. and Jeong apply ± 30% to the baseline values of the 
capacity factor (CF), discount rate(r), economic lifetime of system(n), 
depreciation rate(d), and other variables to conduct sensitivity 
analysis [39,41]. This study also conducts sensitivity analysis by 
applying ± 30% to the baseline values of the parameter variables. The 
results that describe changes in the PV LCOE are shown in Table 6. 
The CF and I impact the Korean PV LCOE significantly as the LCOE 
decreases by 23.33% and 30% as the CF improves by 30% and the 
I decreases by 30%, respectively. Therefore, the LCOE decreases 
by USD 0.00678/kWh when the I declines 30% from the expected 
price, and USD 0.007497/kWh when the CF improves 30% from the 
assumed performance of 15.5%. 

Conclusions and Policy Implications
This study estimates the future Korean PV module and LCOE 

Korean PV Module and BOS prices ( )tI + Operations and 
Maintenance ( )tM

(2014 USD/W)
2002 27.82

2003 21.20

2004 12.41

2005 10.83

2006 9.77

2007 8.85

2008 7.49

2009 5.97

2010 5.05

2011 3.63

2012 3.02

2013 2.82

New
Policies Scenario

Current
Policies Scenario 450 Scenario

2020 1.60 1.61 1.60

2030 1.14 1.15 1.12

2040 0.37 0.39 0.34

Table 3: PV system price ( )tI and operations and maintenance expenditures 
( )tM .

Korean PV LCOE (2014 USD/kWh)

2002 1.189

2003 1.158

2004 0.913

2005 0.684

2006 0.643

2007 0.615

2008 0.550

2009 0.476

2010 0.385

2011 0.261

2012 0.286

2013 0.262

New
Policies Scenario

Current
Policies Scenario 450 Scenario

2020 0.252 0.253 0.251

2030 0.096 0.098 0.095

2040 0.012 0.013 0.011

Table 4: A prediction of the Korean PV LCOE by 2040.
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prices by 2035 to verify if the forecasted prices will reach the national 
targeted generation prices with the current level of production and 
R&D support. First, the Korean PV module price is projected with a 
2FLC, taking into account international PV cumulative production 
and R&D expenditures. As a result, the PV module price has a 
tendency to decrease by 12.22% of the LDR and 10.44% of the LSR 
every time the cumulative PV production and KS are doubled. The 
time-lag and depreciation rate for the PV R&D are measured as 
5-year and 15%, respectively, and have an adjusted R2 of 0.941, DW 
of 1.886, and a VIF of 1.517. These results indicate that 5 years are 
required between R&D investment and the realization of quantifiable 
benefits, since the price and KS of the technology depreciates rapidly 
at 15% annually, which is characteristic of an evolving technology 
such as PV.

Forecasting the PV electricity price in Korea is based on the LCOE 
formula sequence. The PV generation price is estimated to decrease 
to USD 0.011 ~ 0.013/kWh by 2040. The PV target generation price, 
according to the Fourth Basic Plan for New and Renewable Energy 
released in 2014, is expected to reach KRW 245.75/kWh by 2017, 
KRW 117.6/kWh by 2022, and KRW 60.9/kWh by 2035. The annual 
PV LCOE prices are estimated with the constant average annual 
growth rate (CAAGR) to determine if the PV LCOE would decrease 
by its expected target price. The CAAGR tends to be higher with time 
as well, as do the New Policies Scenario and 450 Scenario. As shown 
in Table 7, the PV generation price is not expected to reach the 2022 
goal, but will decline to KRW 60.9/kWh of the 2035 PV target price by 
2032 and decrease to KRW 31.043 ~ 39.917/kWh by 2035. According 
to the sensitivity analysis performed due to the uncertainty in the 
variables used for the analysis, the price is expected to change with CF 
and I, which is required to enhance the efficiency of PV modules and 
reduce system costs. As for the time to reach the grid parity for PV, it 
is not anticipated to be lower than the Korean System Marginal Price 
(SMP) by 2022 according to a scenario provided by the Korea Power 
Exchange (KRX). The SMP in 2022 is expected to be KRW 127.1/kWh 
[37], and the PV generation price will reach the grid parity before 
2025-26 if the SMP maintains this level.

This research uses international PV production and R&D 
investment to estimate the LDR and LSR of Korean PV. The PV 
modules produced in each country are being sold in the domestic 
and international markets, indicating that the price of Korean PV 
modules is determined based on the demand and supply in the 
international open market. Therefore, while PV modules from other 
countries, such as China, are less expensive, Korea should strengthen 
its domestic PV technology to be able to sell its PV modules in the 
international market. In fact, the current market price of c-Si PV 
does not differ much between countries since the PV knowledge 
accumulated by past R&D activities in advanced countries, such as 
Europe or Japan, is rapidly diffused globally through the products, 
and China is leading the market by having a second mover advantage. 

Knowledge creating activities, such as R&D, arise from three 
types of market failure: indivisibilities, uncertainty, and externalities. 
These market failures reduce the private sector’s incentive to invest 
in R&D. R&D projects involving significant fixed costs exhibit 
economies of scale with highly educated human resources or specified 
use (indivisibilities); it can be uncertain if a project will have market 
value (technological uncertainty); and, moral hazard generates 
difficulties in carrying out R&D activities (externalities). In addition, 
knowledge creating activities, as a public good, are both non-rival 
and non-excludable [42]. The knowledge can be in circulation to be 
consumed by many people, which weakens any attempt to produce 
new knowledge (non-rival); and, it is difficult for innovators to value 
the knowledge created and exclude its use by others (non-excludable), 
which also reduces the innovator’s R&D efforts. However, often those 
who heavily invest in R&D activities benefit since the knowledge 
is seldom worthless, and foreknowledge enables a private rate for 
individuals who invested in R&D that exceeds the social rate of return 
as the first runner in the market. 

New PV technology should be developed with R&D to become a 
front-runner in the market. In fact, the current major source of PV 
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Figure 11: Sensitivity analysis of the PV module price under the New 
Policies Scenario.
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Figure 12: Sensitivity analysis of the Korean PV module price under the 450 
Scenario.

PV LCOE (USD/kWh)
New Policies 

Scenario
Current Policies 

Scenarios 450 Scenarios

-5% 0% 5% -5% 0% 5% -5% 0% 5%
2020 0.253 0.252 0.251 0.253 0.253 0.253 0.252 0.251 0.251
2030 0.098 0.096 0.095 0.099 0.098 0.096 0.097 0.095 0.094
2040 0.013 0.012 0.010 0.014 0.013 0.011 0.013 0.011 0.010

Table 5: PV LCOE according to the sensitivity analysis of the Korean PV 
module prices.

-30% +30%

Economic life of system (n) -1.44% 1.24%

Discount rate (r) 0.35% -0.33%

Capacity Factor (CF) 42.86% -23.33%

Depreciation rate (d) -1.79% 1.38%

Investment expenditure (I) -30.00% 31.79%

Table 6: Sensitivity analysis of the Korean PV LCOE in 2040.
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income in Korea is from export revenue, mostly in the polysilicon 
industry in an upstream value chain that has a high entry barrier 
and is being operated by large companies with a large international 
market share. On the contrary, the downstream of the PV value chain 
that relies largely on export revenue due to the narrow domestic 
market suffers from its limited position in the international market. 
This is predicted to get more difficult in the long-term due to the lack 
of past performance and verification of product reliability through 
commercialization.

It is important for innovative PV to have opportunities to evolve 
to produce large quantities, improve cost competitiveness, and occupy 

a dominant position in the international market. The technological 
gap between the future generation of PV, such as PV based on thin-
film technology, and the technology level in advanced countries is 
seriously widening. Specifically, in 2011, Korea was 66% compared 
to advanced countries, and the localization rate was also low at 46%.

To enhance the R&D for new PV technology, which is expected 
to decrease PV module and PV generation prices, strong, short-term 
R&D investment in c-Si of low cost and high efficiency is required. 
This will distinguish the technology from advanced countries, enlarge 
the domestic market by strengthening diffusion policies, such as 
RPS, promote the use of domestic products, and accumulate track 

Target PV Generating Price (KRW/kWh)

2017 245.75 2022 117.6 2035 60.9

Expected PV LCOE Price (2014 KRW/kWh)

-5% 0% 5%

Price CAAGR(%) Price CAAGR(%) Price CAAGR(%)

Current Policies

2017 280.494
2020-2030

280.349
2020-2030

280.204
2020-2030

-1.67 -1.68 -1.69

2022 221.091
2030-2040

220.179
2030-2040

219.259
2030-2040

-8.95 -9.10 -9.25

2035 39.917
2040-2050

36.833
2040-2050

33.891
2040-2050

-17.50 -18.55 -19.63

New Policies Scenario

2017 280.494
2020-2030

279.716
2020-2030

279.205
2020-2030

-1.67 -1.7 -1.78

2022 220.506
2030-2040

218.752
2030-2040

217.362
2030-2040

-9.07 -9.2 -9.36

2035 38.219
2040-2050

35.285
2040-2050

32.484
2040-2050

-17.99 -19.0 -20.11

450 Scenario

2017 279.487
2020-2030

279.346
2020-2030

279.205
2020-2030

-1.76 -1.77 -1.78

2022 218.545
2030-2040

217.695
2030-2040

216.837
2030-2040

-9.19 -9.33 -9.47

2035 36.484
2040-2050

33.70
2040-2050

31.043
2040-2050

-18.54 -19.58 -20.64

Table 7: Korean target PV generation price and expected PV LCOE price.
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records so they can be sold in the international market. Further, 
strong R&D investment in future PV technology, such as a-Si and 
CIGS, will enhance its technological level to allow it to dominate the 
market share in the long-run. Such investments will fund in-depth 
and durable evaluations of R&D projects until the PV modules have 
economical value through commercialization.
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