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Assessing Alternative Renewable Energy Policies
in Korea'’s Electricity Market

ByHYUNSEOK KIM™

This paper, focusing on the renewable portfolio standard (RPS),
evaluates alternative renewable energy policies. We propose a tractable
equilibrium model which provides a structural representation of
Korea’s electricity market, including its energy settlement system and
renewable energy certificate (REC) transactions. Arbitrage conditions
are used to define the core value of REC prices to identify relevant
competitive equilibrium conditions. The model considers R&D
investments and learning effects that may affect the development of
renewable energy technologies. The model is parameterized to represent
the baseline scenario under the currently scheduled RPS reinforcement
Jor a 20% share of renewable generation, and then simulated for
alternative scenarios. The result shows that the reinforcement of the
RPS leads to higher welfare compared to weakening it as well as
repealing it, though there remains room to enhance welfare. It turns out
that subsidies are welfare-inferior to the RPS due to financial burdens
and that reducing nuclear power generation from the baseline yields
lower welfare by worsening environmental externalities.

Key Word: Electricity Market, Renewable Portfolio Standard,
Technology, Renewable Energy Certificate, Welfare
JEL Code: Q21, Q28, Q31

1. Introduction

In July of 2017, the new government of South Korea announced its policy goal,
termed Renewable Energy 3020 (RE3020), which involved increasing the share
of renewable power generation, which was 7% in 2016, to more than 20% by 2030."
Later, in December of 2017, the Ministry of Trade, Industry and Energy (MOTIE)
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unveiled its Implementation Plan for RE3020. It proposes to expand public and
private large-scale projects by enhancing local acceptability, where 95% of new
power generation facilities will be based on solar and wind power. Subsequently,
MOTIE issued the 8th Basic Plan for Long-Term Electricity Supply and Demand
(MOTIE, 2017) which specifies the aggregate capacity and generation schedules for
power sources from 2017 to 2031. Specifically, in the plan, the share of renewable
energy generation, counting business-purpose generation only, becomes 20% by
2030, and it reaches 21.6% when adding self-consumption-purpose generation.

In terms of scale, RE3020 heavily relies on the expansion of business-purpose
renewable power generation. As a main vehicle to achieve this goal, the government
plans to strengthen the renewable portfolio standard (RPS). The promotion of
renewable generation under RE3020 has fundamental significance in terms of i)
ultimately improving environmental problems caused by greenhouse gases (GHG)
and air pollutants, and ii) improving the nation’s energy independence through
energy diversification. On the other hand, one can figure that if the obligation under
the RPS is strengthened drastically to meet the RE3020 target, the burden of
compliance may eventually be reflected in the retail electricity price and then passed
on to consumers. At the same time, this concern can be relieved to a certain degree
when considering that the latest forecast by the International Renewable Energy
Agency (IRENA, 2018), grid parity—the price of renewable energy is equal to that
of existing power sources—will not be long due to the cost reduction from technology
development. After all, it is not an easy task to determine the overall welfare effects
of the currently planned RPS reinforcement. This is also true when estimating the
effects of renewable energy policies as alternatives to the current policy.

In this paper, we propose a competitive equilibrium model designed to evaluate
alternative renewable energy policies, including RE3020. The model provides a
structural representation of Korea’s electricity market, including its energy
settlement system and renewable energy certificate (REC) transactions. Arbitrage
conditions are used to define the core value of REC prices to identify relevant
competitive equilibrium conditions. The model considers R&D investments and
learning effects that may affect the development of renewable energy technologies.
The model is parameterized to represent the baseline scenario under the currently
scheduled RPS reinforcement and then simulated for alternative scenarios. As well
as market effects, how the distributional effects of certain welfare factors—
government net income, consumer surplus, producer surplus, and environmental
effects—differ among alternatives is also examined.

It is found that achieving a 20% share of renewable energy generation via the RPS
increases social welfare compared to the absence of the RPS. To be specific, from its
absence, the introduction of the RPS results in an increase of the retail electricity
price, thus hurting consumers. On the other hand, as nonrenewable energy generation
shrinks, there is a significant decrease in externality costs. Overall, welfare is higher

"Following the Implementation Plan for RE3020, the definition of renewable energy in this paper includes some
nonrenewable waste (e.g., industrial waste and nonrenewable urban waste) and new energy sources (e.g., fuel cells),
which play a small role in the plan. Meanwhile, the International Energy Agency’s (IEA) definition of renewable
energy only includes hydropower, geothermal, solar, wind, tidal and bioenergy sources, excluding nonrenewable
waste and new energy sources (IEA, 2002). Based on the IEA definition, South Korea’s share of renewable energy
in 2016 was 2.8% (IEA, 2018a).
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under the RPS. Furthermore, there is room for enhancing welfare through an
additional strengthening of the RPS. It turns out that such welfare ranking remains
the same throughout various sensitivity analyses. In addition, a simple production
subsidy for renewable generation can achieve the target share of renewable
generation under the RPS, but it is found to be inferior to the RPS in terms of overall
welfare due to the high financial burden borne by the government. Next, if reducing
nuclear power generation from the baseline, welfare is lowered due to the increased
environmental externality costs caused by the expanded generation from fossil fuels,
which overwhelms any reduction in nuclear accident costs.

The rest of the paper proceeds as follows. Section II provides a literature review as
well as a historical background of relevant policies. In Section III the model is described,
followed by Section IV, where the model is parameterized using various sources of
data. Simulation results are shown in Section V, and Section VI concludes the paper.

I1. Background and Literature

After two oil crises in the 1970s, the government enacted the Act on the Promotion
of the Development of Alternative Energy in 1987 and established the Basic Plan for
the Development of Alternative Energy Technologies (1988-2001) in order to diversify
Korea's energy sources. Since the United Nations Framework Convention on
Climate Change (UNFCCC) in 1992, various efforts to reduce GHG emissions have
been made, and the commercialization of developed technologies has progressed
gradually. In 1997, the Act on the Promotion of the Development Alternative Energy
was revised as the Act on the Promotion of the Development and Use of Alternative
Energy, by which the use and diffusion of alternative energy was actively promoted.

In 2002, the government set a target share of alternative energy generation within
total electricity generation. In addition, under the Feed-in Tariff (FIT), renewable-
based producers begun to receive price support when the market price dropped below
the standard price through government contracts lasting 15 to 20 years. Thereby,
renewable-based producers were able to sell electricity at a fixed price, greatly
reducing market uncertainty and ultimately leading to the formation of an early
renewable energy generation market. Despite the improved policy support, as the
financial burden caused by the FIT grows, discussions focusing on the introduction
of the RPS started. The introduction of the RPS was considered beneficial in
comparison to the FIT in terms of: i) inducing technology development based on
market principles, ii) responding to the UNFCCC, and iii) fostering industries by
expanding the renewable energy market. In the end, the government enacted what
was termed the Renewable Portfolio Agreement (RPA) as a pilot project for 2009-
2011, implementing the RPS in 2012 with the abolition of the FIT.

The RPS obligates producers who are based on nonrenewable sources to supply
an additional amount, in general calculated by multiplying nonrenewable generation
by the supply-obligation rate, using renewable sources. In order to comply with this
obligation, the obligated party can (partially) choose self-generation or external
procurement. To illustrate this, for each IMWh of renewable generation, a REC,
which can be submitted to prove compliance, is granted, and by selling RECs
producers can make up their additional costs. At the same time, one can purchase
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RECs and use them to prove their compliance. Either approach is legitimate under
REC market transaction rules.

In July of 2017, the new government released the Five-Year Plan for National
Administration, incorporating RE3020. RE3020 aims to raise the share of renewable
generation, which was 7% in 2016, to 20% by 2030, mainly by applying higher
supply-obligation rates for business-purpose generation. Table 1 shows the historical
changes of the RPS supply-obligation-rate schedule. RE3020 plans to avoid biomass
and waste-based development and to supply more than 95% of new generation
facilities with solar and wind power in the future. Figure 1 shows MOTIE’s (2017)
projected generation for 2017-2031 together with the actual generation for 2005-
2016. In 2030, the share of business-purpose generation accounts for 20% (126
TWh), while it was 6.2% in 2017. Regarding domestic generation potential, Lee, Jo,
and Yoon (2014), by considering technology development and physical area
conditions, estimate these values to be 311 TWh for 2015 and 314 TWh for 2030.
Such generation potential rates represent 54% of the total generation for 2017 and
47% of the projected total generation for 2030.

Mandated policies, such as the RPS or the Renewable Fuel Standard (RFS),
stipulate production in a way that is considered to have a high non-market value

TABLE 1—RPS SuPPLY OBLIGATION RATE

12 13 14 1S e 17 18 19 200 21 223 24 .0 30
Enactment 20 25 30 35 40 50 60 70 80 90 100
Revisionl 20 25 30 30 35 40 45 50 60 70 80 90 100
Revision2 20 25 30 30 35 40 50 60 70 80 90 100
RE3020 28.0

Note: New provision in Sep 2010, first revision in Mar 2015, second revision in Dec 2016, Renewable Energy 3020
in Jul 2017.

Source: Enforcement Decree of the Act on the Promotion of Development, Use and Diffusion of New and Renewable
Energy, Annex 3; National Planning Advisory Committee (2017).

Performance Projection

%
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= business purpose generation residential self generation

— — business portion (R) renewable portion (R)

FIGURE 1. RENEWABLE ENERGY GENERATION: PAST AND FUTURE

Source: Korea Energy Agency, New and Renewable Energy Center, New and Renewable Energy Supply Statistics
(https://www.knrec.or.kr/pds/st atistics.aspx, accessed Nov 19, 2018); MOTIE (2017).
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despite low profitability. As a result, introducing the RPS affects the generation mix
as well as wholesale and retail prices by affecting supply-side incentives. In this
sense, there has been a line of literature to analyze the economic impact of an RPS
together with related energy and environmental policies. Kydes (2007) sought to
analyze the impact of increasing renewable generation by 20% through an RPS in
the United States. The National Energy Modeling System (NEMS) of the US Energy
Information Administration (EIA) was used for the simulation. As a result, if
implementing an RPS there, the elasticity cost is increased by 3% and the total
electricity consumption is decreased by 0.6%. On the other hand, GHG emissions
were 16.5% less than those in the absence of an RPS.

Fischer and Newell (2008) analyze the relative welfare effects of environmental
policies—an RPS, renewable generation subsidies, carbon taxes, emissions trading,
and R&D investment support. Specifically, their competitive equilibrium model
consists of two stages, where R&D investment in the first stage induces a cost
reduction in the second stage, and it is simulated to compare the performance
outcomes of alternative policies. Considering GHG emissions as the cause of
environmental externalities, they compare social welfare when each policy option
achieves the same GHG emission reduction target. They found that the use of a
carbon tax is least likely to decrease welfare, followed by emissions trading systems,
an RPS, and R&D support. Fischer, Preonas, and Newell (2017) extend the model of
Fischer and Newell (2008) to simulate policy alternatives after proposing a model
that takes into account demand-side efficiency improvements. Compared to Fischer
and Newell (2008), nuclear and hydropower are considered as additional endogenous
sources, while renewable energy is subdivided into solar and others. Their analysis
found that carbon taxes are most efficient among various policy options, achieving
a 40% reduction of GHG emissions.

On the other hand, Bhattacharya, Giannakas, and Schoengold (2017) analyze the
welfare effects of an RPS in a situation where consumers could purchase both
general and renewable-energy electricity separately. Using a partial equilibrium
model considering heterogeneous consumer preferences, simulations are carried out
under the assumption of exogenous RPS-induced cost reductions. It was found that
the introduction of an RPS increases consumer surplus for those who prefer eco-
friendly electricity. Other results regarding prices, the total supply, and overall social
welfare are found to depend on assumptions about consumer preferences and the
degree of the price increase for renewable-energy-based electricity under an RPS.

Focusing on South Korea’s circumstances, Kim and Moon (2005) examined the
economic effects of an RPS using an input-output table. Electricity demand forecasts
from 2003 to 2020 and power generation plans depending on the power source were
inserted into the input table, and the final electricity prices are reflected by
simplifying the manner in which the REC cost is partly based on the supply-
obligation rate. As a result, when the renewable share reaches 3% in 2011, there are
an increase in price by 0.268% and a decrease in GDP by 1.940%. Kim and Cho
(2010) analyze RPS-inducing economic impacts on domestic industries by simulating
a general equilibrium model that considers renewable technology development and
learning effects under imperfect competition. Simulations are conducted by dividing
the share of renewable generation by 2022 into three cases: 7%, 8%, and 10%. The
main result is that in the short run, an RPS could lead to a decrease in GDP due to
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the increase in investment costs. This is due mainly to the burden of production costs,
but they argue that it results in long-run economic growth with the advantage of
being able to achieve the target precisely as compared to the FIT.

Meantime, there have been several attempts to monetize environmental externality
costs as a component of social welfare. One way is to measure the environmental
gains from externality cost savings through the use of marginal damage estimates of
GHG emissions from the existing literature (Chen, Huang, Khanna, and Onal, 2014;
Moschini, Lapan, and Kim, 2017). Furthermore, the annual environmental damage
estimates for air pollutants as well as GHG can be used to include relevant
environmental benefits within the welfare effects (Parry and Small, 2005).

In this paper, we propose a model for South Korea’s electricity market based on
work by Fischer and Newell (2008) and Fischer, Preonas, and Newell (2017).
Through simulations, we examine the effects of reinforcing the RPS under RE3020
along with other alternative situations. Compared with previous studies which
analyzed RPS policies, this study can add to the literature by presenting a model
based on a detailed representation of South Korea’s electricity market as well as the
RPS structure, and by analyzing welfare effects including environmental externalities
from GHG and air pollutants. Thereby, this paper provides a useful measure for
distributional the welfare effects of alternative renewable-energy policy scenarios.

II1. Model

We contemplate a competitive power market model for analyzing the effects of
renewable policies from a mid- and long-term perspective.” In the following sections,
the electricity supply is limited to business-purpose generation and demand means
net consumption after deducting self-generation. It is assumed that individual
producers are price takers under perfect competition. In particular, prices in a future
stage are treated as fully predictable and accepted as given. The generation cost
structure is assumed to be symmetric between firms and separable between energy
sources. Finally, for each source the model deals with a representative firm’s profit
maximization problem through aggregation.

As in Fischer and Newell (2008) and Fischer, Preonas, and Newell (2017), the
model consists of two stages: the first stage for renewable-energy technology
development and second stage under newly developed technologies, where each

stage consists of a specific number of years, 7, and 7,, respectively. Generation,

consumption, and externality costs occur in both stages. The representative firm of
each energy source determines the annual power generation for each stage. We apply
a discount rate 7, based on market interest rates. When dealing with a constant

monetary stream for each stage, one can devise discounted effective years for each

’In South Korea, every two years MOTIE establishes the Basic Plan for Long-Term Electricity Supply and
Demand, setting a schedule for generation capacity. This plan is actually based upon survey results regarding
construction and abolishment intentions in the private sector in order to reflect the long-term market reaction to the
plan. Therefore, an analysis regarding long-term market equilibria can be a useful criterion in terms of approximating
market results under possible national plans.



VOL. 41 NO. 4 Assessing Alternative Renewable Energy Policies in Korea’s Electricity Market 73

stage, as follows: n =1/(1+r)+---+1/(1+ r)ﬁ‘ for the first stage, and
n,=1/(A+r)+---+1/(1+ r)ﬁz for the second. Note that multiplying o=1/(1+ )’

by n, can provide fully discounted values based on the beginning of the first stage.

For a concise model, it is assumed that the generation levels of minor and stable
sources are determined exogenously. Specifically, for stage #, let X, denote the

amount of annual pumping-up generation and heavy oil generation and Y, denote

the renewable generation except for solar and wind power. The remaining energy
sources can be divided into nonrenewable and renewable sources. Below,
nonrenewable sources are represented by the subscript i, as follows: nuclear power

(i=n), coal (i=c), and (liquefied natural) gas (i =/). Renewable sources are
represented by subscript j, as follows: solar (j=s), and wind (j=w).
The RPS supply-obligation rate, applied to nonrenewable-based producers, is

denoted by ¢,, and the price of a REC, endowed to renewable-based producers for

1 MWh of generation, is denoted by B,. Depending on the energy source, REC

weights are applied in consideration of policy factors (e.g., environment,
technological development, and industrial activations; generation costs; potential
capacities; GHG reduction effects; and power supply stability levels) in order to

differentiate incentives depending on the source. The average REC weight, %, is

considered for both solar and wind power. The average weight for other renewable
energy is set to 1.

Generation costs of producers can be divided into fixed costs (e.g., construction
costs, fixed operation maintenance costs) and variable costs (e.g., fuel costs, variable
operation maintenance costs). In South Korea’s wholesale market, the cost-based
pool is operated hourly by the Korea Power Exchange (KPX), where the system

marginal price (SMP), pt* , 1s determined based on the variable costs of
participating generators. To be specific, in order to minimize the aggregate
generation costs, participating generators are ranked in the order of lower variable

costs, and the last generator that meets the forecast demand is defined as a marginal
price generator. Because generators cannot easily recover their fixed costs, the
capacity payment (CP), ¢,, is additionally paid to all generators participating in
the market. The Korea Electric Power Corporation (KEPCO), a monopolistic
distributer, purchases electricity by paying various settlement amounts—capacity
settlement amounts, energy settlement amounts, RPS obligation compliance costs,
and other charges—and supplies electricity to consumers at the retail electricity price

p,. By abstracting hourly decisions during a year, the model addresses the problem

of choosing annual generation levels at annual average prices.
A. Nonrenewable Generation

The generation of nonrenewable energy source i is denoted by x,, and its

it 2
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aggregate capacity is denoted by K. Let ¢, denote the annualized construction

cost for adding one unit (MW) of capacity for source i, taking its average lifespan
into account. For each source at stage ¢, the wholesale settlement price according
to the energy source is p;; , which is a function of the SMP, as explained below. In

addition, 7; represents various policy charges levied on the amount of power

generated by each nonrenewable energy source.

Under the assumed cost structure, for each energy source, the sum of individual
firms’ cost functions is that of the representative firm, as is the profit. The cost
function of the representative nonrenewable-based firm for source i at stage ¢ is

C;(x;,K; ), which corresponds to the annual power generation costs (excluding
construction costs) for generating X;.> Suppressing subscripts for simplicity, it is

assumed that cost functions satisfy C, =9C/dx >0 and C,, =0°C/0dx>>0.

That is, total costs and marginal costs increase in the generation amount. Further we
assume Cg <0 and Cgg > 0. Therefore, total costs decrease in the capacity,
while the marginal reduction of generation costs decrease in the capacity. By
assuming Cx <0, we deal with situations where an additional capacity increase

leads to a reduction in the marginal cost.
A representative nonrenewable energy firm has the follows profits:

HzN :nl[(pil —oB - 1; )x; — G (x;,,K; )_(gi —(’ji)Kn]

(D :
+0m, [ ( pin — 6B, = T; ) x;, — Ci (%2, K ) = (8 — ¢ ) K, |

Equation (1) reflects the additional costs ¢;B; incurred to comply with the RPS

obligation for one unit of nonrenewable generation. If a firm is simultaneously
generating using nonrenewables and renewables, due to the separable cost structure,
it can be understood that REC purchases and REC sales are occurring separately,
where equation (1) only shows purchases.

In a competitive market, individual firms determine the amount of generation
where the marginal cost curve (i.e., supply curve) matches the given price (e.g., Stoft,
2002; Borenstein and Holland, 2005; Biggar and Hesamzadeh, 2014). Given a
linearly increasing individual supply curve, the slope becomes infinite (i.e., vertical
marginal cost curve) after a firm’s generation reaches its maximum capacity. Thus,
there are two situations: i) if the market price belongs to the vertical part of the supply
curve, a firm generates to the maximum level of capacity, and ii) if the market price
falls within the incremental part, it generates at the point where the price meets its
supply curve. Note that the market price is determined at the point where the market-
level supply curve and demand curve meet, where the annual market supply curve
can be derived by horizontally summing individual marginal cost curves with respect
to firms and hours.

*Note that X;, is the amount of electricity sold to the wholesale electricity market after subtracting plants’

intra-consumption amounts, and this value is used as the basis for calculating the obligatory supply under the RPS.
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The SMP in the wholesale electricity market is determined by the variable costs
of a marginal generator. From an annual perspective, we consider that a
representative gas-fired firm’s generation is determined at the point at which the
aggregate marginal costs equal the wholesale settlement price under the given
capacity.* Assuming an interior solution, we exclude situations where the annual
gas-fired generation becomes zero or reaches the maximum aggregate capacity.
Then, for ¢#=1,2 and i=1! -equation (2) is established as a short-term

equilibrium condition that determines the annual gas-fired generation.
(2) Pu—0B —7—Cyy (x4, K, )=0.

On the other hand, we consider corner solution situations for nuclear and coal. The
annual generation can be determined by multiplying the given capacity by the annual

average capacity factor ( £; ) and by 8,760 hours (= 24 hours x 365 days). Therefore,
for t=1,2 and i = n,c,equation (3) holds as a short-term equilibrium condition.

In the long run, the generation capacity can increase or decrease freely. In the end,
the long-run equilibrium condition is that the utility’s profit becomes zero
(Borenstein and Holland, 2005). Therefore, over the long term, for ¢t =1,2 and
i =n,c,l, equation (4) holds together with the short-term equilibrium conditions.

“4) (pit —04B; —7; ) xiy = Ci (%, K3 )= (& =6 ) Ky = 0.

In the pricing structure of the domestic electricity market in South Korea, the
settlement price for nonrenewable energy, pj; , is determined by an adjustment
process based on the SMP (to maintain the financial balance between KEPCO and
its generation subsidiaries). Specifically, a typical settlement price is calculated by
Cri (xi, Kig ) +[pf = Coj(xip, Ki)Ix 4, where p; is the SMP, Cy; (x;,Ky)
denotes the variable costs, and /; represents the adjustment coefficients.

Furthermore, we consider that the per-MWh compliance costs and various policy
charges are also offset for producers, reflecting the actual settlement process. Taking
this feature into consideration, we have equation (5) for t=1,2 and i=mn,c,/.

(5) Dit _Cx,i(x[t:K[t )_[P;k _Cx,i(xitaKit )JXﬂz -oyB, -7, =0.

4According to SMP determination data by fuel source from the Electric Power Statistics Information System
(EPSIS) (http://epsis.kpx.or.kr/epsisnew/selectEkmaSmpNsmGrid.do?menuld=050203, accessed Aug. 31, 2018),
the fuel-type shares of marginal generators for 2010-2017 are 87% for gas (LNG), 9% for oil, and 4% for coal. We
abstract daily demand fluctuations and consider gas-fired plants as marginal on an annual basis.
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B. Renewable Generation

Following Fischer and Newell (2008) and Fischer, Preonas, and Newell (2017),
we assume that the accumulative knowledge is S, =S, (H,,Lj ). Note that S

is a function of knowledge from R&D, H ;;, and that from learning-by-doing, L;; .

We assume that Sy >0 and S; >0, as well as Sy = S;y . The annual new

R&D knowledge generated in each stage, % , increases the cumulative R&D

jt
knowledge; i.e., H;, =H; +mhj; , and the annual production in each stage

increases the accumulative experience knowledge; ie., L;, = L; +mny;,. The R&D
expenditure, R; (%, ), is increasing and convex, i.e., R, >0 and Ry, >0, and
R(0)=0. The government supports proportion o ; of renewable energy R&D

expenditures.
When the above is reflected, profits for the representative renewable-based firm
can be expressed as equation (6).

©) 0 =nm{(pj+2;8) ) =G (Zj:Sp)=(1-0;)R; (A )]}
+0m{(pja+2B: )y =Gi( 2255 )}
As mentioned above, the generation amount (MWh) is directly determined
according to the capacity factor, and renewable generation satisfies equation (7).

With regard to knowledge accumulation, the degree of appropriability of newly
acquired knowledge, p, can be considered, where we assume that solar power and

wind power have the same value.” Below, the incomplete transfer rate is considered
(0 < p <1), and for knowledge that a specific firm appropriates, other firms can use

it by paying a license royalty. In particular, it is assumed that newly acquired
knowledge is ultimately utilized through the use of either imitation or permission.®
As a result, the license revenue does not appear in equation (6), as this represents a
simple transfer between firms.

The model takes into account second-stage cost savings which arise due to
appropriable parts of new R&D-based knowledge in the first stage. Therefore, p

SFor example, p=0 implies that the newly acquired knowledge of an individual firm is completely spilled
over to other firms, while p=1 implies that new knowledge is fully attributed to the corresponding firms.

°Qiu and Anadon (2012) attempt empirically to identify the impact of expanding wind power on the decline in
China’s electricity prices during the period of 2003-2007 (without distinguishing between R&D innovations and
learning effects), finding that knowledge spillover among firms has contributed significantly to the decline. The
authors rationalize the results considering that both the government and business operators are gaining information
about management and operation during the expansion of the industry.
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appears in the representative firm’s first-order conditions, which are derived from
those of the individual firms (see Appendix A. for the derivation). Finally, for
j =s,w, the first-order condition associated with setting the value of the annual

R&D knowledge, 4

i » can be expressed as equation (8).

(8) (1=0 )Ry (hj1 )+ 0pmGs j(Z2,8)2 ) Su j (HjasLjr ) = 0.

The first term in equation (8) is the amount of R&D net investment that must be
paid in the first stage to acquire additional units of knowledge, and the negative of
the second term represents discounted gains in the second stage from appropriating
the new knowledge. Finally, the amount of new R&D knowledge is determined at
the point where the cost and benefit are equal.

The long-term equilibrium condition of the representative renewable-based firm
is to obtain a zero profit. This means that the excess profits from R&D investment
are transferred to the consumers in the long run. For j=s,w, the long-term

equilibrium condition is as follows:
©) (Pj+2B)yj=Gi(Zj,Sj)—(1=0; )R; (k)i ) = 0;

(10) (Pj2tXiB:)yjn—Gj(Z,,8,,)=0.

In the case of renewable-energy sources, the SMP itself is the settlement price;
thereby, pj; = p: .

C. Consumers

The electricity demand function is derived from the quasi-linear utility function
of the representative consumer such that the consumer welfare can be consistently
evaluated for each scenario in the simulation later. Specifically, the utility function
can be expressed as U=1+0O(P)—M . Here, [ is the monetary income
expressed by reference goods, and the price of the reference goods is normalized by
1. The demand function then becomes D(P) =—dO /P . For the sake of simplicity,
peak demand during the year and resulting fluctuations in demand are not taken into
consideration. In addition, it is assumed that the consumer considers environmental
costs, M . Specifically, such costs apply to only coal and gas, which heavily emit
GHG, and to the three major air pollutants NOx, SOx and PM; s. Furthermore, it
is assumed that consumers consider the possible nuclear accident costs (NAC),
which are proportional to the capacity of nuclear plants. The five external costs above
are expressed as &, , where m=GHG, NOy, SOy, PM,s for i=c, and
m=NAC for i=n . Finally, the total external cost can be expressed as
M =Zic (e N Zme (GHG, NOy, SOy, PM,\Ei.mXit + En acKy for t=1,2. Except for

external costs, the consumer welfare for the two stages is expressed by equation (11).
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(11) CS:nljRD(P)dP+5n2jPzD(P)dP.

The retail electricity price, £, is calculated by summing the aggregate settlement
price, P, and the transmission and distribution costs per unit, A, and then adding
the ad valorem sales tax y . As aresult, for 1 =1,2 equation (12) holds.

(12) B-(B+A)(1+y)=0.

To be concrete, the aggregate settlement price, £, is equal to the ‘total expenditure

paid’ divided by the ‘total amount of electricity purchased’ by the distributer in the
wholesale market:

Z»@‘Kit +9xKx +Z-pitxit +Z »pz*)"jt +p X+ Y,
i l J
zl’xil‘ +zjy]t +Xt +}7[

(13) F=

2

where @xyKy; implies capacity charges for other nonrenewable energy sources.

In South Korea, although the discussion on price rationalization continues, the
government regulates the retail electricity price, ensuring that it is not directly
connected to the wholesale price. Under this circumstance, changes in the RPS
obligation compliance costs cannot easily be fully reflected in the retail price. To
examine the mid- and long-term market effects, however, in this paper we assume
that the wholesale price is connected to the retail price in the future as well as in
earlier periods.

D. Equilibrium

First, for ¢ =1,2 equilibrium in the power market must satisfy the equation

(14) Dt(Pt)_(zixit+2J~J’jt+Xt+Yt)(1_5)=0»

where ¢ is the loss ratio due to transmission and distribution.
Assuming full compliance under the RPS, the total amount of RECs,

Zj XYV Y, equals the obligation amount, ¢ X(Zix,-[ + X; ) . As a result, the

supply-obligation rate, ¢;, can be expressed as

(15) " _Zj/?,’jyjz"'yt
' Zixit+Xt '
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Note that the numerator in equation (15) is based on effective units of renewable
generation considering REC weights; accordingly, the physical amount of renewable
generation decreases as the weights exceed 1, and vice versa. Later, we will look at
the renewable share based on physical units, which is essentially related to achieving
the policy goal.

Equilibrium in the integrated REC market requires that the demand and supply for
RECs meet across renewable energy sources. In order to grasp the amount that a
(marginal) buyer is willing to pay, equation (2) can be rewritten as

(16) Pi—Cug (X, Ky ) =7 = 04 By

From the short-term standpoint of gas-fired firms, the left-hand side of equation (16)
corresponds to the per-MWh gain that a gas-fired firm can earn in the wholesale
market, and the right-hand side corresponds to per-MWh compliance costs.
Regarding the long-term behavior, rearranging equation (4) yields the following
expression for t=1,2 and i=mn,c,/,

(17) pit_Ci(xitaKit);(gi_@)Kit_Ti:atBt’

where the left-hand side of equation (17) corresponds to the per-MWh gain in
the long run. Note that for a gas-fired firm, it holds that
Cyi(xit, Kip) = [Ci (i, Ky )+ ($; — )K; 1/ x;;  from equations (16) and (17),
indicating that for the marginal energy source, marginal costs equal average costs in
the long run. Let the left-hand side of equation (17), identical for all i, be @;.In
a competitive integrated REC market, arbitrage cannot occur across energy sources.
Thus, all nonrenewable-based firms pay P, to comply with their per-MWh
obligations.
For renewable sources, equations (9) and (10) can be rearranged as follows:

(18) L{Gj(Zijﬂ)Jr(l_aj)Rj(hﬂ)—Pﬂ}:Bu
X Vil
1 (G;(Z2,5;) }
19 A JEi\psp) g
( ) /’{’j{ yj2 i ?

The left-hand sides of equations (18) and (19) correspond to the minimum acceptable
amount for a REC seller, while the right-hand sides correspond to the REC sales
revenue per IMWh of renewable generation. In the competitive REC market, each

left-hand side has a unique value regardless of the source, denoted by ‘¥;.
Using equations (17)-(19), for ¢ =1,2 REC market equilibrium can be defined as
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(20) Ziq)txit +O.X, - zijtJ’jt -¥.1 =0.

Finally, equation (20) implies that the total compliance costs for nonrenewable
generation and the total REC revenue for renewable generation are balanced. As long
as the equilibrium REC price is greater than zero, the RPS imposes a burden on
nonrenewable generation through the market mechanism and assists in the
development of renewables. However, the burden of nonrenewables will eventually
be passed on to consumers due to the compliance cost return mechanism, as
explained in the context related to equation (13).

Under the RPS, equilibrium can be characterized by 34 equations from equations
(2)-(5), (7M-(10), (12), (14), and (20), which can be solved for 34 endogenous

Variables(xithit’ yjt= Z ht’ Dit » p;ka Ba Bt for i:n,c,l, j=S,W,

Jjto
and ¢ =1,2). In order to analyze a situation without the RPS, equation (20) should
be dropped. Furthermore, in order to consider renewable energy subsidies, b, in

the absence of the RPS, one can replace B; with b, in equations (9) and (10).

After finding the equilibrium values, the social welfare value can then be
calculated. The consumer surplus, except for the externality costs, is equal to
equation (11), and the external costs are equal to EX =mM;+ on,M, . The

government net revenue is given by equation (21),

RV =nl|:{l//}51 +(1+y)A}Q, +Z,-Tixn —Zjo'jRj(hjl )]

Q1) .
o[ W+ (119)8}0.+ T

b

where O, = Zix,-t + Zj Yie+X;+Y and P is based on equation (13). Social

welfare can be defined as W = PS+ CS + RV + EX , where PS =0 in the long
run. This welfare measure has its limitations such that it ignores benefits from
enhancing national energy self-sufficiency or potential grid costs due to the unstable
characteristics of renewable energy sources. In the context of a lack of related
research in Korea, however, it still provides a useful metric of resulting welfare
effects caused by alternative renewable energy policies.

IV. Parameterization

To simulate the model, it is necessary to specify functions and set all parameters
in the model. In this section, based on raw data and information from the literature,
we set the parameter values by 1) directly quoting raw data, ii) using the equilibrium
conditions in the model, or iii) introducing assumptions. In terms of the time horizon,
we set 7, =5 in that it generally takes five years to obtain energy-related R&D

results, and 71, =20, having year 2030 positioned in the middle of the second stage.
Roughly, five years from 2015 to 2019, after the REC market is stabilized, can be
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regarded as the first stage, and 20 years from 2020 to 2039 are considered as the
second stage.” Accordingly, the actual number of years in the first stage is n, =4.7,

while that in the second stage is 1, =10.6. The discount rate for the entire second

stage is & = 0.82. The energy market interest rate is assumed to be » =0.07.% As
explained below, we use the raw data from 2016 for the first stage; thereby, all
monetary values are expressed in 2016 Korean won (¥). See the tables in Appendix
B. for a summary of values chosen in this section.

A. Primary Data

Information about capacity, generation, and price levels in the first stage are based
on 2016 data from KEPCO (2017). For the second stage, we use projected values for
the year 2030 provided by MOTIE (2017), reflecting RE3020. Other nonrenewable

energy generation, X, is assumed to be fixed over the first and second stages; these

values are calculated using the 2016 raw data of KEPCO (2017). For other renewable
energy generation, 1 is based on KEPCO’s (2017) raw data, while Y, is

constructed using projected values from MOTIE (2017), reflecting an increasing
trend of the other renewable category. For the amount of electricity that is actually
supplied in the wholesale market, based on KPX (2018), intra-plant load factors,

@, , are considered for nonrenewable sources though not for renewable sources.

Figures regarding R&D spending on core renewable technologies is collected
from internal data of Korea Energy Technology Evaluation and Planning (KETEP).
Cumulative R&D knowledge of solar power in the first stage is normalized as
Hg, =1, and cumulative knowledge of wind power is calculated as H,,, =0.69 by
considering the proportion of relative R&D expenditures during 2007-2016.
Cumulative experience knowledge, Lj, is estimated using cumulative generation
volumes during 2005-2016. The amount of new R&D knowledge obtained through

the first stage, #4; , can be calculated using equation (9), which requires

information about second-stage generation. Therefore, we start with the projected
2030 capacity values to calculate /%, and theninput 4;, inequation (9) to obtain

the estimated capacity values. Iterating this procedure until precisely replicating the
first stage value can give us the reference value of 7, .

Hourly CP rates for nonrenewable sources are derived using internal data of the
KPX, and corresponding annual rates are calculated by considering plant utilization
factors (KPX, 2014). Annualized fixed costs for nonrenewable and renewable energy
sources come from KPX (2018)’s data, which are similar to ‘overnight costs divided

"Regarding the length of the stage required for innovation, Newell, Jaffe, and Stavins (1999) consider that the
energy efficiency enhancement of household appliances is up to five years. On the other hand, EIA (2011) and EIA
(2014) establish typical cost recovery periods for power generation technology of 18 years and 28 years, respectively.
Practically, Fischer and Newell (2008) and Fischer, Preonas, and Newell (2017) assume five years for their first
stages and 20-21 years for their second stages.

8In IEA and NEA (2015), a discount rate of 7% is applied as a median value for calculating the levelized cost
of energy for each country. In addition, IEA (2018b) has recently stated that the energy industry’s market interest
rate remains stable at around 6%.
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by the plant lifetime’ based on figures from the International Energy Agency (IEA)
and Nuclear Energy Agency (NEA) (2015). Retail costs are calculated using
KEPCQO’s Electricity Cost Information for 2013-2017. Specifically, the total sales
figure of the retail market minus the cost of purchasing electricity is regarded as the
residual retail cost, which is ¥19,355/MWh. The degree of appropriability is set to
0.5 for both solar power and wind power in keeping with Fischer, Preonas, and
Newell (2017), meaning that the social return of R&D is double the private return.

B. Functional Assumptions

For nonrenewable sources i = n,c,l/ , we employ quadratic cost functions that satisfy
foregoing assumptions, C;(x;,Kj) = cy; + ¢, (X —x55) +0.5¢,; (KB / Ky ) — xBE)?,
where the superscript BL indicates baseline values. Because C;(x2L, K2L) = Coi»
we can calibrate ¢, ;, which corresponds to all fixed costs except for the annualized
construction costs, based on equation (4). Given the above cost functions, marginal
cost functions are C,;(x;,K;)= ¢ ;+¢y; (KL 1K) (x;, —xBL), and at the
baseline C,; (xBL KBy = ¢, . First, one can obtain ¢;,, which corresponds to gas

power marginal costs at the baseline, using equation (2). Based on the internal data
of KPX, we horizontally sum individual marginal cost functions to obtain aggregate
marginal cost functions according to the energy type and derive c¢;; for i=n,c
and c,; for i=m,c,l.

Cost functions for renewable sources j=s,w are specified as
-1

Gi(Z;1,Sj) =(8o,; +§_,~Z_,~,)Sj, , where g, ; captures fixed costs apart from

annualized construction costs. One can calibrate g, ; using equation (9). For

Jj=s,w, knowledge functions are S;(H,L;)=(H} /Hjl)S” (Lj; /le)sz’f ,
where the cumulative knowledge stock has constant elasticity with respect to R&D
knowledge and experience knowledge, and the first-stage knowledge stock is
normalized to 1, ie., S;(H;,L;)=1. R&D knowledge parameters are set to
8,5 = 81 = 0.3 and learning knowledge parameters are setto s, ; =, ,, =0.3; thus,
projected outcomes under RE3020 are roughly implemented in the baseline. R&D
expenditure functions are R;(h;) =7, jhjyf’f for j=s,w, which yield constant

elasticities, 7, ;. Following Fischer and Newell (2008) and Fischer, Preonas, and

9

Newell (2017), we set »,; =12 for j=s,w,” with 7 ; calculated using

equation (8).
A constant elasticity aggregate demand function is utilized, in this case

D(P,,N;) = N; x(B)", where the price elasticity of electricity demand, 7 , is

°The elasticity of patent R&D is estimated to be 0.8 by Jaffe (1986); based on the reciprocal of the estimate,
Fischer and Newell (2008) calculate the elasticity of new knowledge of R&D as 1.2.
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assumed to be -0.3 from a mid- to long-term perspective. Several recent domestic
studies estimate the elasticities of electricity demand as follows. Kim and Park
(2013), using monthly consumption data for 1981-2011, suggest that the price
elasticity rates of industrial (residential) consumption are -0.127 (0.143) before 1997
and -0.088 (0.123) after 1997. Lim, Lim, and Yoo (2013), based on survey data of
521 households in 2012, estimate the price elasticity of residential consumption as -
0.68. As examples of elasticity application for a model simulation, Borenstein and
Holland (2005) assume that the demand elasticity is -0.1 in the short run and -0.3 or
-0.5 in the long run. In Fischer and Newell (2008), it is assumed to be -0.2 from a
long-term perspective, while Fischer, Preonas, and Newell (2017) apply -0.1 from a
short-term perspective. Note that N, represents exogenous changes in the power

demand level. We apply N, = 1.64 X 10'° considering the baseline price and

quantity and N, =1.85x10' (=N, x 1.125) based on MOTIE’s (2017) projected
increase in demand.
The solar and wind capacity factors in the first stage are calculated as [, =0.138

and f,, =0.182, respectively, using aggregate generation and capacity data from
KEPCO (2017). For the second stage, [, =0.14 which is the average of the
predicted capacity factor values for 2017-2031. We also set f3,,, =0.21 by assuming
that the wind capacity factor increases at a rate identical to that of the solar power.

C. Externality Costs

GHG social costs in the first stage are assumed using Yi’s (2018) results, which
are the basis of the recently published Financial Reform Special Committee (2018):
¥35,680/MWh for coal and ¥15,720/MWh for gas. When referring to figures in
old publications—emission factors in MOTIE (2014) and marginal damages in
MOTIE (2015)—we have externality costs of ¥20,575/MWh for coal and
W9,063/MWh for gas. Accordingly, it appears that external costs are experiencing
upward adjustments to reflect increasing environmental damages.

With respect to GHG externality costs in the second stage, an additional discussion
regarding the trends of the estimates in the literature is necessary. The US
Government (2016) specifies that under three discount rate assumptions (5%, 3%,
and 2.5%), the US CO; social costs in 2030 compared to 2015 are greatly increased
(46%, 39%, and 30%). Nordhaus (2017), relying on the updated Dynamic Integrated
Model of Climate and the Economy (DICE), presents estimates of the global CO»
social cost of $31.2/tCO; in 2015 and $51.6/tCO> in 2030, indicating an increase of
65%. In addition, applying the discount rate of Stern (2007), which is approximately
1.4%, the corresponding values are estimated to be $197.4/tCO, in 2015 and
$376.2/tCO; in 2030, resulting in an increase of 91%. Along with the trends in these
estimates, we assume that the discounted GHG social costs in the second stage are
34% higher than those in the first stage, applying a discount rate of 7%; these
outcomes are ¥W47,759/MWh for coal and ¥21,042/MWh for gas. Thereby, we
specify costs as € gy for i=n,c and t=1,2.

Air pollutant social costs follow the values given by Yi (2018): NOx, SOx and
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PM, s, respectively, cause social costs of ¥W16,590/MWh, ¥15,740/MWh, and
W800/MWh for coal, and ¥4,630/MWh, ¥310/MWh, and ¥320/MWh for gas.
These figures are applied in both stages without trends because air pollutants cause
damages locally and do not stay in the atmosphere for a long time. In addition, the
nuclear accident risk cost is based on the value provided by KPX (2018), where
several alternatives are specified depending on how the probability of an accident is
handled. We employ the estimate of ¥67,644,000/MW, as finally determined in the
analysis by KPX (2018).

V. Numerical Simulation

A numerical simulation is carried out for six policy scenarios: i) the baseline RPS,
ii) repealing the RPS, iii) the past RPS, iv) the optimal RPS, v) a renewable
generation subsidy, and vi) nuclear power reduction. The baseline RPS scenario
presents market outcomes under the 2016 RPS in the first stage and under the
implementation of RE3020 (i.e., 20% share of business-purpose renewable
generation) in the second stage. Renewable generation occupies 5.0% in the first
stage and 20% in the second stage, where the corresponding RPS supply-obligation
rates are 5.5% and 28%, respectively. In this scenario, while the supply-obligation
rate determines the amount of renewable generation, the market drives the amount
of generation for the remaining energy sources, where the wholesale and retail prices
remain connected for both stages.

The repeal of the RPS scenario deals with a situation in which only the RPS is
removed, where we assume that a certain level of renewable energy (mostly hydro)
continues.'® Compared to the baseline, the past RPS scenario is based on the second-
stage supply-obligation rate as stipulated before RE3020. Specifically, it was to
apply 4% in 2017 and, by increasing by 1% each year, reach 10% in 2023. Reflecting
this trend, we apply 17% in 2030. In the optimal RPS scenario, the second-stage
supply-obligation rate is set such that it maximizes the social welfare, while we hold
the first-stage rate at the same level.

The subsidy scenario, in the absence of the RPS, introduces a direct production
subsidy for renewable generation. To compare with the baseline, the subsidy level is
set precisely using the REC prices for each stage in the baseline, i.e., %98,807/MWh
and W5,781/MWh, respectively. The nuclear reduction scenario forces a 5%
reduction in the aggregate nuclear power capacity in the second stage compared to
the baseline, maintaining the same capacity factor."!

Equilibrium outcomes for each scenario can be obtained by solving the calibrated
model based on corresponding sets of equilibrium conditions and assumed policy
parameters. The welfare effects, aggregated over both stages, refer to relative welfare

YAn average renewable generation level of 102,150 MWh for 1999-2000, which was before the introduction
of the FIT, is regarded as the minimum amount of renewable energy generation.

!1As shown later, in the baseline, the second-stage aggregate nuclear capacity is 23,024 MW. On the other hand,
MOTIE (2017) forecasts that the nuclear capacity will increase from 22,529 MW in 2017 to 28,200 MW in 2023
and then decline to 20,400 MW in 2029. In order partially to reflect the capacity projections around 2030 in MOTIE
(2017), which appears to be based on the government’s plan, the scenario of ‘nuclear power reduction’ artificially
reduces the aggregate nuclear capacity from the baseline.
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changes compared to the scenario without the RPS. As a result of the simulation, the
market results for each scenario are as shown in Table 2 and the welfare effects are
as shown in Table 3. When the parameters were set correctly, the first-stage baseline
outcomes are consistent with the figures from primary data. It turns out that the first-
stage market results are consistent with the raw data.

TABLE 2—SIMULATION RESULTS: MARKET OUTCOME

NoRPS PastRPS BaselineRPS ~ Optimal RPS Subsidy Nuclear
Obligation rate (192™) (%) 0%/ 0%  55%/17% 5.5%/28% 5.5%/31% 0% /0% 5.5% /28%
First Stage Outcome

Retail price (F%/MWh) 105,120 109,981 110,355 110,576 105,093 110,355
Wholesale price (W/MWh) 77,104 77,061 77,060 77,060 77,070 77,060
REC price #/REC) 0 91,768 98,807 102,960 0 98,799
Nuclear capacity (MW) 23,101 23,116 23,116 23,116 23,113 23,116
Coal capacity (MW) 31,989 32,034 32,035 32,035 32,025 32,035
Gas capacity (MW) 32,465 32,622 32,624 32,625 32,591 32,624
Solar capacity (MW) 0 3,878 3,716 3,647 3,716 3,716
‘Wind capacity (MW) 0 936 1,051 1,097 1,051 1,051
Nuclear generation (GWh) 153,311 153,408 153,409 153,410 153,387 153,409
Coal generation (GWh) 204,336 204,626 204,630 204,633 204,564 204,630
Gas generation (GWh) 152,406 119,131 118,609 118,304 126,361 118,610
Solar generation (GWh) 0 4,701 4,505 4,421 4,504 4,505
‘Wind generation (GWh) 0 1,490 1,673 1,747 1,672 1,673
Renewable share (%) 0.0 5.0 5.0 5.0 4.9 5.0
Consumption (GWh) 510,783 503,904 503,390 503,088 510,823 503,391
Second Stage Outcome
Retail price (%/MWh) 104,606 106,028 105,807 105,669 104,491 105,870
‘Wholesale price (W/MWh) 77,194 77,086 77,036 77,025 77,039 77,046
REC price #/REC) 0 9,970 5,781 4,838 0 5,775
Nuclear capacity (MW) 23,071 23,107 23,124 23,128 23,123 21,968
Coal capacity (MW) 31,896 32,009 32,059 32,070 32,056 32,049
Gas capacity (MW) 32,021 32,536 32,693 32,721 32,685 32,665
Solar capacity (MW) 0 17,507 26,537 29,566 26,534 26,530
‘Wind capacity (MW) 0 10,714 25,346 28,100 25,343 25,340
Nuclear generation (GWh) 153,110 153,352 153,462 153,487 153,456 145,789
Coal generation (GWh) 203,739 204,462 204,784 204,857 204,765 204,719
Gas generation (GWh) 219,898 138,470 100,414 91,768 102,673 108,066
Solar generation (GWh) 0 21,471 32,544 36,260 32,541 32,537
‘Wind generation (GWh) 0 19,709 46,627 51,693 46,622 46,615
Renewable share (%) 0.0 13.2 19.6 21.1 19.6 19.6
Consumption (GWh) 575,478 573,151 573,509 573,734 575,667 573,406
Solar cost reduction (%) 0.0 24.6 24.7 24.9 24.7 24.7
Wind cost reduction (%) 0.0 15.0 17.3 18.2 17.3 17.3

Note: All scenarios except for the no RPS scenario are under government R&D support.
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TABLE 3—SIMULATION RESULTS: WELFARE OUTCOME (¥ BILLION)

NoRPS PastRPS BaselineRPS ~ Optimal RPS Subsidy Nuclear
Sum 0 25,790 44,737 49,005 42,165 37,623
Government revenue 0 173 -380 -681 -20,183 -421
Public R&D expenditure 0 -44 -492 -766 -491 -491
Retail tax 0 476 471 467 -21 479
Wholesale tax 0 -259 -359 -382 -342 -409
Subsidy 0 0 0 0 -19,328 0
Consumer surplus 0 -18,688 -18,478 -18,309 637 -18,791
Producer surplus 0 0 0 0 0 -3,568
Externality costs 0 44,305 63,594 67,995 61,710 60,403
GHG 0 40,038 57,678 61,700 56,072 54,139
NOx 0 3,874 5,370 16,282 30,779 34,149
SOx 0 148 207 220 197 195
PM; s 0 270 375 399 357 354
Nuclear accident risk 0 -26 -36 -38 -34 644

Note: Welfare effects are changes relative to the no RPS scenario.

A. Baseline RPS and Repeal of the RPS

In the baseline scenario, the first-stage market results replicate the raw data, while
the second-stage results are of interest because there are no values to be replicated
other than the renewable generation capacity. It was found that if an RPS supply-
obligation rate of 28% is applied in the second stage, the renewable share increases
to 19.6%, where the annual solar and wind power generation levels are similar to
each other. Specifically, the annual generation levels are 32,544 MWh for solar and
46,627 MWh for wind. This is quite similar to the plans for these two power sources
(33,530MWh for solar and 42,566MWh for wind) by MOTIE (2017).

In the baseline, the annual R&D expenditure in the first stage is approximately
¥£87.1 billion/year for solar (#435.5 billion in total during the first stage) and about
¥W70.1 billion/year for wind (¥350.5 billion in total). Compared to the first stage, in
the second stage the generation costs are reduced by 24.7% for solar and 17.3% for
wind, owing to technology development and learning effects. Under the cost
reduction, the REC price drops to ¥5,781/REC but remains positive, meaning that
the RPS is binding even in the second stage. In other words, generation costs for
renewable energy are still higher than the costs for fossil fuels.

The second-stage retail price fell by 4.1% from that in the first stage due mainly to
a decline in the generation costs for renewable energy. Owing to the reduced REC price,
the annual RPS compliance cost (= REC price X weighted renewable energy generation)
dropped greatly from ¥2.7 trillion/year in the first stage to ¥76 billion/year in the
second stage. In addition, due to the expansion of renewable energy, the generation
volume of nonrenewable energy in the second stage is reduced compared to that in
the first stage. The generation mix consists of 30% nuclear, 39% coal, 23% gas, 3%
other nonrenewables, and 5% renewable in the first stage, and with corresponding
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rates of 26%, 35%, 17%, 3% and 20% in the second stage. The resulting capacity
factors for nuclear, coal and gas are 76%, 73%, and 42% in the first stage and 76%,
73%, and 35% in the second stage, respectively, where there is a decrease only in
gas-fired generation. The reduced generation volume contributes to lower
nonrenewable-energy marginal costs, resulting in a slight decline of 0.03% in the
wholesale electricity price. As a result of this price effect, annual electricity
consumption in the second stage is increased by 13.9% from the first stage, which
exceeds the exogenous demand increase of 12.5%.

When the RPS is abolished, there is no renewable generation in either the first or
second stages, and no R&D investment in renewable energy occurs. The wholesale
settlement price rises slightly by 0.11% from the first stage to the second because
marginal costs increase as nonrenewable generation increases due to the increase in
exogenous demand. The retail price declines by 0.5% in the second stage compared
to the first stage because there is a decrease in capacity payments in the second stage,
which overwhelms the increase in the wholesale settlement price. Compared to the
repeal of RPS scenario, in the baseline scenario retail prices are increased by 5.0%
in the first stage and 1.1% in the second stage. In other words, under the RPS, it can
be understood that the payment for the RPS compliance cost is placed on top of the
wholesale adjusted price, causing an increase in retail prices. As a result, total
consumption in the baseline scenario is decreased by 1.4% in the first stage and 0.3%
in the second stage, relative to the no RPS scenario.

With regard to welfare effects, the baseline scenario, compared to the no RPS
scenario, shows a welfare increase of ¥44.7 trillion, which means a relative gap in
the discounted 25-year welfare sum. Looking at distributional effects, government
revenue in the baseline is reduced compared to the no RPS scenario mainly due to 1)
an additional R&D expenditure and ii) lower wholesale tax revenue. Compared to
the no RPS scenario, in the baseline increased retail prices lower consumer surplus
by ¥18.5 trillion, while the reduced amount of nonrenewable generation results in
lower externality costs of ¥63.6 trillion.

B. Past RPS and Optimal RPS

In terms of the second-stage supply-obligation rate, which is 28% in the baseline,
the past RPS and optimal RPS scenarios respectively apply a lower rate of 17% and
a higher rate of 31%. Note that as the second-stage rate increases, i.e., when we go
through ‘no RPS’ — ‘past RPS’ — ‘baseline RPS’ — ‘optimal RPS’, the second-
stage wholesale price decreases. This occurs due to the merit-order effect, by which
a decrease in nonrenewable energy generation due to the strengthening of the RPS
results in lower marginal costs at the margin. On the other hand, first-stage retail
prices increase as the RPS is strengthened because a stronger second-stage supply-
obligation rate necessitates a larger expansion of wind power, which is more
expensive than solar power, thereby leading to rises in the REC price and retail price
in the first stage.

It is important to examine changes in R&D investments. First, as the second-stage
supply-obligation rate increases, the annual R&D investment increases significantly
for both solar and wind power. This arises because if second-stage renewable
generation is forcibly increased, the R&D incentive becomes stronger because the
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marginal effects of the second-stage cost reduction from the first stage of R&D
increases. It appears that as the second-stage supply-obligation rate increases, the
greater cost-reduction effects realizes. In addition, strengthening the RPS results in
a larger role of wind power; thereby, wind power experiences a greater cost reduction
from the baseline than solar power in the optimal RPS scenario. This arises because
the first-stage accumulative knowledge stock for wind is lower than that of solar,
meaning that the marginal cost-reduction effects from additional knowledge is higher
for wind than for solar.

In term of welfare, when normalizing the welfare increase from the no RPS
scenario to the past RPS scenario as 1, the baseline undergoes an increase in welfare
by 1.7 times and the optimal RPS scenario experiences an increase by 1.9 times. In
detail, the stronger the RPS supply-obligation rate is in the second stage, the higher
the incentive for R&D investment becomes, resulting in higher government
expenditures. A stronger second-stage supply-obligation rate also lowers consumer
surplus with an increase in retail prices. Despite these negative effects, overall
welfare increases in the second-stage RPS target rate owing to the considerable
decrease in externality costs.

C. Renewable Generation Subsidy and Nuclear Power Reduction

In the subsidy scenario, it turns out that when subsidy levels are precisely equal to
REC prices, the resulting renewable energy generation and cost saving effects are
identical to those in the baseline scenario. As the RPS obligation is not incurred,
however, retail electricity price falls by 4.8% in the first stage and by 1.2% in the
second stage compared to the baseline scenario. Wholesale prices are higher in the
subsidy scenario because nonrenewable energy generation is greater, yielding higher
marginal costs than in the baseline.

As a result, replacing the RPS with a renewable generation subsidy yields a gain
of ¥19.1 trillion in consumer surplus compared to the baseline, as electricity is
supplied at lower retail prices. On the other hand, compared to the baseline, there is
an increase in the government expenditure of ¥19.3 trillion, and the amount of
nonrenewable energy generation increases, resulting in reduced external costs of
¥ 1.8 trillion. In summary, the effect of raising overall welfare from the no RPS
scenario is ¥2.6 trillion lower than that in the baseline scenario.

As shown in Table 2, an introduction of the RPS from its absence mainly reduces
gas-fired generation, which is marginal in terms of generation, and has minor effects
on the remaining nonrenewable energy sources. In the baseline scenario, the second-
stage nuclear power capacity is determined to be approximately 23,124MW, and
nuclear generation accounts for 26.0% of the total in the second stage. The nuclear
reduction scenario is to, from the baseline, limit aggregate nuclear capacity to 21,968
MW, which is a 5% reduction, thereby reducing nuclear generation from 153 TWh
to 146 TWh under the baseline nuclear capacity factor, accounting for 24.6% of the
total generation.

The forced reduction in the second-stage aggregate nuclear capacity results in an
increase in the retail price owing to the increases in other expensive forms of
nonrenewable generation. As a result, compared to the baseline, consumer surplus is
lowered by about ¥300 billion, and producer surplus in nuclear power experiences
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a loss of ¥W3.6 trillion as the long-term equilibrium condition is not met with
increased marginal costs. The costs associated with the nuclear accident risk are
reduced by about ¥W640 billion compared to the baseline scenario, but the
environment external costs are more than ¥3.2 trillion due mainly to the increased
amount of gas-fired generation. As a result, overall welfare is lower by ¥7.9 trillion
than in the baseline.

The nuclear power reduction scenario can be thought of as a further reflection of
MOTIE (2017) when considering the schedule of nuclear power capacity. One can
also interpret the result of this scenario in the following way. When setting the
nuclear power reduction scenario as the baseline, the original baseline scenario can
be treated as a scenario in which market principles are applied to the nuclear power
sector ceteris paribus. The implication is then as follows: if letting the market
mechanism fully govern the nuclear power sector, there would be welfare gains
partially from an increase in nuclear power generation and a decrease in gas-fired
generation. This outcome mainly arises because nuclear power generation is less
expensive than generation by other energy sources, resulting in overall welfare gains
even if considering the negative impacts from nuclear accident risks.

D. Sensitivity Analysis

A sensitivity analysis is performed while changing major parameter values. Table
4 summarizes the variations of the parameters and the resulting welfare effects. To
be specific, the analysis deals with changes in the discount rate, the length of the
second stage, the level of demand elasticity, the R&D effect, the learning effect, and
the appropriability rate, while also removing exogenous demand growth, second-
stage efficiency improvements, and any increase in the second-stage GHG social
costs, with 15 cases analyzed in total. It should be noted that the relative welfare rank
among the six scenarios remains the same throughout the analysis. Specifically, from
the highest welfare scenario, the order is as follows: optimal RPS, baseline RPS,
renewable generation subsidy, nuclear reduction, past RPS, and repeal of RPS, where
the magnitude of the welfare effect continues to vary.

There are several notable features. If we increase the discount rate from 7% to 9%,
the present value of future benefits and costs become smaller; thus, the overall
welfare effect gap between the scenarios is reduced compared to that in the baseline.
On the other hand, if the discount rate is reduced to 5%, the relative gap becomes
larger than in the baseline results. Note that reducing or increasing the number of
years in the second stage has the same effect as raising or lowering the discount rate
applied to the second stage, thereby yielding similar results compared to an
adjustment of the discount rate.

Lowering the demand elasticity reduces the magnitude of the overall welfare
effects for all scenarios, while increasing it results in larger welfare changes, where
for the latter demand responses are more significant. The changes in welfare by
varying the R&D effect, learning effect, and appropriability are lower compared to
the former variations. The elimination of the natural demand growth in the second
stage compared to the first lowers welfare for all scenarios, and removing the
improvement in the renewable capacity factor also results in lower welfare. When
assuming that the discounted second-stage GHG social costs are maintained at the
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TABLE 4—SENSITIVITY ANALYSIS
NoRPS  PastRPS  BaselineRPS ~ OptimalRPS ~ Subsidy Nuclear
Baseline 0 25,790 44,737 49,005 42,165 37,623
High di t rat
8 ( ;,hszc"(‘)“;)ra ¢ 0 19270 34427 37,815 32,155 28,692
L i t rat
O“E g’t"g‘;)ra ¢ 0 33,823 57421 62217 54,501 48,623
Short 2™ stage
(i, =15, 1, =9 n 0 20,985 37,197 40,452 34,859 31,090
2 — 1 M T
Long 2" stage
(71, =25. 1, =10.6) 0 29,313 50,267 54,508 47,524 42,415
2 — 4% M A
Low demand elasticity
(7= 0) 0 24,534 43,463 47,016 41,788 36,324
High demand elasticity
(n = -05) 0 27,073 46,050 50,135 42,552 38,961
Low R&D effect
(S, . =8 =0.25) 0 25,787 44,741 48,873 42,170 37,627
1,5 — CPtw V-
High R&D effect
(S, . =8 =035) 0 25,791 44,734 48,548 42,161 37,620
1,5 — Yt,w — U
Low learning effect
0 24,247 42,532 46,144 39,426 35,418
(Sy 5 =8, 4 =025) : : : ’ .
High learning effect
0 27,221 46,832 50,863 44,777 39,719
(Sy ¢ =Sy 4 =035) ’ ’ ’ : :
Low appropriability
(p =04) 0 25,800 44,967 48,899 42,454 37,853
High appropriabilit
e 0 25783 44586 48328 41975 37472
No demand increase
(N, =N,) 0 21,468 38,718 42,103 36,240 31,597
1= N2
No factor increase
(ﬁ =013 IB =0.18) 0 19,608 35,022 38,529 29,944 27,906
s2 — Ut Mw2 T
Low GHG social costs
(Eeaone = 92,032, 0 16282 30,782 34,039 28,474 24,562
812,GHG =40,548)

Note: 1) Welfare effects are changes relative to the no RPS scenario. 2) In the case of ‘low GHG social costs’, it is
assumed that the second-stage discounted GHG costs of coal and gas are identical to those in the first stage.

level of the first stage, the magnitude of the welfare effects is lower than in the

baseline for all scenarios.
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VI. Concluding Remarks

This paper analyzes the market and welfare effects of South Korea’s policy goal,
RE3020—raising the proportion of renewable energy generation to more than 20%
by 2030—together with other policy options. To carry out counterfactual simulations
for alternative scenarios, we propose a model that reflects the major characteristics
of the domestic electricity market. In particular, the model incorporates the energy
settlement system in the wholesale electricity market and REC transactions under
the RPS, as well as R&D investment and learning effects that may affect the
development of renewable energy technologies. The model consists of a first stage
in which knowledge related to renewable energy technology development
accumulates and a second stage in which technology development is realized due to
accumulated knowledge. As a reference scenario for the simulations, the first and
second stage in the model are parameterized to replicate the current situation (based
on raw data in 2016) and the future that reflects the implementation of RE3020
(based on projected values over 2017-2031), respectively. Subsequently, we simulate
alternative scenarios to investigate the relative performance outcomes among them.

The results show that the current and planned RPS under RE3020, which is set as
a baseline, increases social welfare compared to the weakened RPS before RE3020,
and compared to the absence of the RPS. Although introducing or reinforcing the
RPS causes an increase in retail electricity prices, hurting consumers, it crowd out
nonrenewable energy generation owing to the merit order effect, thereby resulting in
a significant reduction of externality costs. As long as it is feasible in terms of the
physical area, it is found that welfare can be increased further by strengthening the
RPS beyond what RE3020 stipulates. As an alternative to the RPS, a simple
production subsidy for renewable energy is examined, and it turns out that welfare
is lower than the RPS when the same level of renewable energy generation is
achieved. This occurs mainly because the government must incur a major financial
burden. Finally, restraining nuclear power generation from the baseline is found to
lower welfare compared to the baseline because an increase in externality costs from
expanded coal and gas power generation overwhelms the decrease in nuclear
accident costs.

The Paris Agreement was signed at the 21st Conference of the Parties of the
UNFCCC in 2015 on the basis of a global consensus on countering climate change
and improving energy self-sufficiency. Since then, energy conservation has been
promoted worldwide by expanding renewable energy, improving production
efficiency, and saving energy. As a result of the Paris Agreement, South Korea is
expected to achieve a GHG emission reduction of 37% relative to ‘business as usual’
by 2030, where one of the measures proposed is the use of the RPS in the power
sector. In this context, the analysis in this study attempts to present a measure of the
impact of South Korea’s major renewable energy policy, the RPS.

However, there are several caveats to consider when interpreting the results in this
paper. When the generation share of variable renewable energy sources exceeds a
certain level, the power grid system may undergo daily weather fluctuations when
attempting to maintain a stable supply. To illustrate this, in locations where a
significant amount of solar power capacity has been installed, the amount of power
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that must be generated from sources other than solar energy increases sharply around
sunset. Then, the grid system would require additional costs by preparing back-up
generation and/or large-scale energy storage systems, factors which are not taken
into account in this paper. Depending on the levels of the related costs and who pays
such a burden, the results can be affected. In addition, the analysis is based on the
assumption that all electricity market policies except for those we are tackling will
remain identical to those in the current situation. Finally, this paper does not consider
possible electricity demand management scenarios or incentives for residential self-
generation.

APPENDIX

A. Derivation of Equation (8)

Applying Fischer and Newell’s (2007) framework, we derive p in equation (8)
from individual firms’ first-order conditions, given that some innovations of a
particular firm may be appropriable. For j=s,w, suppose that there are N,
identical firms, and let the subscript & denote an individual firm. Assume that the

cumulative knowledge is completely disseminated, yielding H ;, = H, + Ziv:’l hy,

and Lj, =L; + Z/iv:/. Vi - Ashare of p; for R&D knowledge cannot be imitated

and can be used by paying a license fee. We then have the following individual firm
k ’s profit,

A 0% =m{(pj+B)yu—GCu(ZpSp)—(1-0; )R (hy )}
+§”2{(pj2+Bz)yjk2_ij(ijzaSj2)+7}'k(hjk1)} ’

where Ty (hy, ) = Zf;ﬁkljke(hjkl )_Z#ktﬂk (A, ). Note that T (hy, ) denotes
loyalty income from other firms, netting payments to other firms. To be specific,
tie (R ) = G (S; (Hpo = Pihjas Ly ) Zjy ) = Gy (S;(H oLy, ). Zyp, ), meaning
that the (maximum) loyalty thata firm 4 can collect froma firm /¢ is the amount
of cost savings that firm /¢ can achieve by accessing firm & ’s knowledge that
cannot be imitated.

When all licenses are fully accessed under a symmetric equilibrium, the marginal
loyalty gain from a unit of innovation is as follows:

(AZ) ah L =2 {(1=5;)Gs jSu j2 = Gs.jexSu jo } = =P (N; =1)Gs jaSu jo > 0 -
£k

Ifafirm & increases its R&D-based knowledge by one more unit, there will be more
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room for second-stage cost reductions (whether through imitation or licensing) for
other firms. Here, due to p;, the marginal cost reduction by using full licenses is

greater than that by simply imitating. Hence, when firm % generates one more unit
of innovation, other firms consider paying royalty more beneficial compared to
imitating. Meanwhile, the choice of firm & to use other firms’ licenses is not
affected by its innovation choice. Therefore, an increase in R&D knowledge increases
loyalty income, as expressed by equation (A2). Considering this feature, we have the
following first-order condition for an individual firm’s innovation choice.

(A3) (l_o-j)Rh,k(hjkl)_§n2{1+(Nj_l)ﬁj}GS,jszH,jz =0.

Royalty payments refer to a simple transfer between firms: Z kT jk(hjkl ) =0.
Under symmetric equilibrium by energy sources, we have y; = Z Ykt
Zjl = Zijk[ , hjt = Zkhjkt , and Gj (th’S/t ) = Zijk (Zjl’Sjt ) . Because

accumulative  knowledge is shared by all firms, we  have
0G(Z;,8)19Sj; = N;0G i (Z jx,S ) / 9S ;; . Moreover, total R&D spending is the

sum of individual firms’ R&D spending; i.e., R;(h;)=) Ry (hy,) . Thus,
Rh,j(hjl) = Rh,jk(hjkl) .
Based on the conditions above, we have Hf = z 5 ka first and then obtain the

following by aggregating equation (A3).

(A3) (l_o-j)Rh(hjl)_5pjn2GS,j2SH,j2:09

Here, p; :{1+[)J-(Nj —l)} /'Nj,and as N; becomes larger, p; approaches
P ;. For simplicity, we can assume  pg = p,, = p , which makes equation (A3) equal

to equation (8).
B. Tables

TABLE A1—RAW AND PROCESSED DATA

Variable Symbol Value Source/explanation
1* stage nuclear capacity (MW) Kfll‘ 23,116
1% stage coal capacity (MW) KgL 32,035
1% stage gas capacity (MW) KBt 32,624 KEPCO (2017)
1™ stage other nonrenewable capacity (MW) Ky 8,716

1™ stage solar capacity (MW) ZlgL 3,716
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TABLE A1—RAW AND PROCESSED DATA (CONT D)

Variable Symbol Value Source/explanation
1% stage wind capacity (MW) ZflL 1,015
1 stage nuclear generation (GWh) " xflL 153,409
1 stage coal generation (GWh) " xflL 204,630
1% stage gas generation (GWh) xBL 118,609
KEPCO (2017)
1* stage solar generation (GWh) y gL 4,505
1* stage wind generation (GWh) y fle 1,673

15/2™ stage other nonrenewable generation (GWh) X, X, 16,528

1% stage other renewable generation (GWh) )4 19,605
2™ stage other renewable generation (GWh) Y 36,886 MOTIE (2017)
System marginal price (W/MWh) pl*BL 77,060 KPX (2017)
Retail electricity price (W/MWh) P]BL 110,520  Calculated using equation (12)
REC price (W/REC) BBL 98,807 KPX internal data
R&D expenditure for solar (WK) RBL 87,073,406
KETEP internal data
R&D expenditure for wind (WK) RBL 70,143,154
1% stage R&D knowledge stock for solar generation H g"‘ 1.00 Assumption
1* stage R&D knowledge stock for wind generation H f}L 0.69 KETEP internal data

2™ stage learning knowledge stock for solar generation LBL 14,347,443

KEPCO (2017)
2™ stage learning knowledge stock for wind generation Lfvf 9,806,946
1% stage new knowledge for solar generation hﬁL 0.0064
1* stage new knowledge for wind generation hﬁlL 0.0163
Calculated using equation (8)
2™ stage solar capacity (MW) VA ﬁL 26,052
2™ stage wind capacity (MW) VA f‘fZL 25,621

Note: The superscript BL indicates values replicated from the baseline scenario. Other renewable generation includes
generation from some nonrenewable waste and new energy sources which are projected to be fairly stable according
to MOTIE (2017).
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TABLE A2—PARAMETERS FOR THE ELECTRICITY MARKET

Parameter Symbol  Value Source/explanation
Nuclear capacity payment (WK/MW/year) bn 69,851
Coal capacity payment (WK/MW/year) b, 61,742 KPX internal data
Gas capacity payment (WK/MW/year) b, 72,941
Other nonrenewable capacity payment (WK/MW/year) bx 44,299 KPX (2017)
Adjustment coefficient for nuclear generation An 0.78
Adjustment coefficient for coal generation A 0.72 KPX internal data
Adjustment coefficient for gas generation 8 1.00

Annualized nuclear construction costs (WK/MW/year) { n 84,836

Annualized coal construction costs (#WK/MW/year) é/ ¢ 53,829
Annualized gas construction costs (WK/MW/year) ; / 35,316
Annualized solar construction costs (WK/MW/year) fs 110,000

Annualized wind construction costs (WK/MW/year) fw 191,300

Various policy costs for nuclear generation(¥/MWh) T, 1,056.0 KPX (2018)

Various policy costs for coal generation (¥/MWh) T, 314.5

Various policy costs for gas generation (#%/MWh) T 305.5
Internal load rate for nuclear generation (%) wy, 5.3
Internal load rate for coal generation (%) W, 4.6
Internal load rate for gas generation (%) wy 1.8

Internal load rate for other nonrenewable (%) Wy 3.7 EPSIS (http://epsis.kpx.or.kr/)
1% stage capacity factor for solar generation B 0.138 B = yﬁl / (8760 x ZSBIL)
1* stage capacity factor for wind generation By 0.182 By = flL / (8760 % Z flL )
2" stage capacity factor for solar generation ﬂsz 0.140
MOTIE (2017)
2™ stage capacity factor for wind generation ﬂwz 0.210
Retail sales costs (W/MWh) A 19,355 KEPCO cost data
Retail sales tax P 0.037 Electric Utility Act and Decree
Public R&D expenditure ratio for solar generation O 0.71
KETEP internal data
Public R&D expenditure ratio for wind generation Oy 0.61
Demand elasticity n -0.30
Assumption
R&D appropriability rate p 0.50

Note: Charges under the Act on the Compensation and Support for Areas Adjacent to Transmission and Substation
Facilities and the Act on Assistance to Electric Power Plants Neighboring Areas.
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TABLE A3—PARAMETERS IN FUNCTIONS

Parameter Symbol Value Source/explanation
No-load costs for nuclear generation (¥) Con 9.07x10"
No-load costs for coal generation (%) Coc 1.44x10" Calculated using equation (4)
No-load costs for gas generation (W) ol 1.03x10"
Intercept of nuclear electricity supply (W/MWh) Cin 5,507
KPX internal data
Intercept of coal electricity supply (W/MWh) Cie 48,081
Intercept of gas electricity supply (¥/MWh) C 77,060 Calculated using equation (2)
Slope for nuclear electricity supply (W/MWh?) Cop 1.23x10¢
Slope for coal electricity supply (W/MWh?) Cre 9.83x107¢ KPX internal data
Slope for gas electricity supply (¥/MWh?) €y 1.30x10¢
No-load costs for solar electricity (¥) 8,5 4.28x10" Calculated using equation (9)
No-load costs for wind electricity (¥) o.w 1.06x10" Calculated using equation (10)
: 13 BL BL 7/2'5
Solar R&D expenditure parameter N,s 2.03x10 Voo = R{(R;) )
Wind R&D expenditure parameter Viw 2.35%x10"2 Y = R‘fL / {(hij )7/” }
Solar R&D elasticity Yss 1.20 )
’ Fischer, Preonas, and Newell
. . (2017)
Wind R&D elasticity Vow 1.20
Solar R&D parameter Sy.s 0.30
Wind R&D parameter Syw 0.30
Assumption
Solar learning parameter Sy 0.30
Wind learning parameter Sy w 0.30
1* stage demand parameter N, 1.64x10" N, = D% /PPy

2™ stage demand parameter N, 1.85x10% N, = N, x1.125
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TABLE A4—EXTERNALITY COSTS

Parameter Symbol Value Source/explanation
1* stage GHG cost of coal generation (¥/MWh) Ec1,GHG 35,680
Yi (2018)
1% stage GHG cost of gas generation (W/MWh) E11,GHG 15,720
2" stage GHG cost of coal generation (W/MWh) €c2,GHG 123,148 &€, e x1 .5;22 / (5722)
2™ stage GHG cost of gas generation (W/MWh) €12,GHG 54,257 & o X 1 .Sﬁz / (5]’!2)
NOx cost of coal generation (¥/MWh) €c NO, 16,590
NOx cost of gas generation (¥%/MWh) &1 No, 4,630
SOx cost of coal generation (W/MWh) & 50, 15,740
Yi (2018)
SOx cost of gas (W/MWh) €150, 310
PM, 5 cost of coal generation (#/MWh) Ec.PM, 800
PM, 5 cost of gas generation (#W/MWh) €1.PM, 320
Nuclear accident risk cost (WK /MW) En,4C 67,644 KPX (2018)
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