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ABSTRACT Adequate policies or incentives are needed to support investment in renewable energy
industries. However, renewable power plant operators in South Korea may face the risk of finding it difficult
to recoup their capital cost in the absence of a peak-biased incentive for the power plant with energy storage
systems (ESS). Incentives for the forecast accuracy of the power plant will be adopted after the abolition
of the incentive. This study explores the impact of incentives on power plant operations. In this study,
we propose an ESS optimization model combined with a photovoltaic power plant. We design a coordinated
model of the power plant to model the structures of revenues and costs based on actual power generation
and a forecast error ratio. Optimization problems from the model are formulated as mixed integer linear
programming to maximize revenue with the incentive for forecast accuracy. The revenue of the incentive is
designed to reflect the unit price of the incentive, varying with the forecast error ratio. The effects of incentive
adoption are evaluated in comparison with the absence of incentives.

INDEX TERMS Energy storage system, forecast accuracy, incentive, photovoltaic power plant, renewable
energy certificate.

NOMENCLATURE
A. INDICES
t 1-hour time step in [1 : tmax].
s Scenario in [1 : smax].
rf Forecast error interval in [1 : rf max].

B. PARAMETERS
smpt Systemmarginal price at time t , (won/kWh).
RECt Price of renewable energy certificate at time

t , (won/kWh).
CPV Rated capacity of photovoltaic panels, (kW).
CESS Rated capacity of energy storage system,

(kW).

The associate editor coordinating the review of this manuscript and

approving it for publication was Bidyadhar Subudhi .

ωVO&M Variable O&M cost of energy storage sys-
tem, (won/kWh).

ηESS,eff Turnaround efficiency of energy storage
system (%).

SOCmin

/SOCmax Minimum/maximum state of charge of
energy storage system, (kWh).

ηch/ηdch Charging/discharging efficiency of energy
storage system, (%).

σs Probability of scenario s.
incrf Unit price of incentive for forecast accuracy

at forecast error region rf , (won/kWh).
prrf Constant value of forecast error ratio at fore-

cast error region rf .

PPV ,ft Forecasted electrical power of photovoltaic
panels at time t , (kWh).

Z Positive infinity.
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C. VARIABLES
Rsellt Revenue of selling electrical power to elec-

tricity market at time t , (won).
Rforecastt Revenue of the incentive for forecast accu-

racy at time t , (won).
CESS
t Operation cost of energy storage systems at

time t , (won).
PPCC,at,s Actual electrical power at the point of com-

mon coupling at time t in scenario s, (kWh).
PPCC,ft Forecasted electrical power at the point of

common coupling at time t , (kWh).
PPV ,at,s Actual electrical power of photovoltaic pan-

els at time t in scenario s, (kWh).
Pch,at,s

/Pdch,at,s
Actual charge/discharge power of energy
storage systems at time t in scenario s,
(kWh).

Pch,ft

/Pdch,ft
Forecasted charge/discharge power of
energy storage systems at time t , (kWh).

εt,s Forecast error ratio at time t in scenario s.
µt,s,rf Forecast error ratio at time t in scenario s in

forecast error region rf .
gt,s,rf Product of actual power and unit price of

incentive at time t in scenario s in forecast
error region rf .

ht,s,rf Multiplication of all terms related to forecast
error interval at time t in scenario s in fore-
cast error region rf .

D. BINARY VARIABLES
vt,s,rf Status of a forecast error region rf .
δ
ch,a
t,s

/δ
dch,a
t,s

Status of actual charging/discharging oper-
ation of energy storage system at time t in
scenario s.

δ
ch,f
t

/δ
dch,f
t

Status of forecasted charging/discharging
operation of energy storage system at time t .

I. INTRODUCTION
With the development of sustainable power systems, utiliz-
ing renewable energy sources (RES), including wind and
solar energy, is indispensable for supplying pollution-free
energy [1]. Many countries have adopted renewable energy
policies to promote innovation in sustainable develop-
ment [2]. Along with global trends, in South Korea,
the increase in electricity from renewable energy sources
(RES-E) is realized by policy instruments, including renew-
able portfolio standards (RPS) [3]. The RPS obligates major
electric power suppliers to procure a certain percentage of
RES-E in their electricity generation mix. This obligation can
be fulfilled in two ways: 1) suppliers generate RES-E them-
selves; and 2) suppliers purchase a renewable energy certifi-
cate (REC) issued for all RES-E. RECs can be bought and
sold on the REC market. The trading volume has increased
as the number of issued RECs increased from 4.1 million

RECs in 2012 to 35.0 million RECs in 2019 [4]. The volume
continued to increase with the growth of RES-E.
From the perspective of RES suppliers, RECs are needed

to recover their investment costs. The suppliers can earn the
RECs by multiplying the amount of RES-E generated by
the REC weight [3]. The REC weight varies with the type
of RES. A photovoltaic (PV) power plant can have various
weights, ranging from 0.7 to 1.2. For example, if the amount
of power generated from the PV plant is 1 MWh, the REC
with a range of 0.7–1.2 is issued. In addition, an energy
storage system (ESS) combined with a PV power plant can
earn four times the REC for the discharging power [5]. The
RES supplier with the ESS could earn additional profits with
a large REC weight. With this large one, the supplier could
consider the combination of the ESS with its plant. They
could also determine the operation and planning strategy of
the ESS to maximize economic profit [6]. However, the large
REC weight of the ESS will vanish by the end of 2020.
Alternative measures would be needed to recover RES sup-
pliers’ investment costs and pursue additional profits instead
of earning the vanished REC weight.
The ESS can provide various services, such as complemen-

tary energy, arbitrage, reserves, and black start, to support the
operation of power systems and the RES [7]. Among these
services, RES suppliers might be interested in complemen-
tary energy and arbitrage rather than reserves, black start,
etc., because they want to make additional profits or mini-
mize the difference between the forecasted and actual gen-
eration [8]. When charged with excess RES-E, the ESS can
receive low-cost energy to reduce charging costs and curtailed
energy [9]. Otherwise, the ESS can discharge electricity to
earn profits and supply less electricity. RES suppliers can
control electricity production and estimate operation costs by
charging/discharging the ESS.
With useful services provided by the ESS, the ESS can

also supplement operation and planning of the RES plant
generating intermittent power. The operation strategy for a
community-based storage system was proposed to reduce the
loss at the PV coupling points and maximize the profit for the
community [10]. The control strategy of an energy system
coordinated with a supercapacitor was presented to smooth
the power fluctuations of the PV and to maintain the state
of charge (SOC) from approaching its lower limits [11]. The
coordinated planning framework for the RES and ESS was
proposed to recover the investment costs in the centralized
electricity market by varying the investment tax credit [12].
In addition, the on-site ESS with wind farms was used to
handle wind imbalances and to provide ancillary services by
optimizing the bidding of energy and reserves [13]. In short,
the proper utilization of the ESS can help operators and
planners maximize their profits under intermittent RES-E.
The above applications of the ESS are sufficient to make

operators and planners of the RES profitable, but operation
and planning of the ESS in Korea are merely simple strategies
that charge from the grid during off-peak hours and discharge
the energy during peak hours [6], [9], [14].With the high REC
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weight during peak hours, the optimal sizing methodology
of the ESS with the RES was proposed to maximize the
economic profit for the RES [6]. The peak-biased discharging
operation of the ESS could make it difficult to mitigate the
variability of the RES because the ESS would not discharge
the energy during off-peak hours. The effects of imposing
incentives were evaluated to promote the discharging of
energy during off-peak hours to solve this problem [14].
In addition, the operation strategy for the ESS was presented
to reduce the amount of curtailment of the RES and to
ensure system reliability without considering the economic
profit [9]. With the abovementioned strategies, the economic
profit from the RECweight might be an important part of ESS
operations in Korea.

While operations and planners of the ESSwith RES require
a chance to earn economic profit alternatives to the REC
weight in Korea, no existing study has focused on ESS oper-
ation strategies without REC incentives. To address this gap,
we evaluated the optimal operation strategy of the ESS with
the RES by considering incentives for the forecast accuracy
of the RES. This study addresses the following aspects.

1) The optimal operation strategy of the ESS combined
with a PV power plant is proposed.

2) The incentive for forecast accuracy of the RES under
the circumstances where the subsidy from the RPS
policy is reduced is considered.

3) The ESS scheduling algorithm, formulated usingmixed
integer linear programming (MILP), is developed.

The rest of this paper is organized as follows: Section II
presents the optimization model that maximizes the revenues
of the PV power plant with a coordinated model. Section III
analyzes the results by adopting the incentive for the forecast
accuracy through numerical results. Section IV discusses
the results and future work. Section V outlines the study’s
conclusions.

II. PROBLEM STRUCTURE
A. COORDINATED MODEL OF A PV POWER PLANT WITH
AN ESS
This study considers a coordinated model of a PV power
plant with an ESS, as shown in Fig. 1. The PV power plant
is connected to an electricity grid via a point of common
coupling (PCC). The electrical power from the PV panels and
ESSs can be transmitted to the electricity grid via the PCC.
In this study, the ESS charging power comes only from the
PV panels.

The PV power plant operator can sell the electricity trans-
mitted via the PCC to the electricity grid or electricity market.
Unlike the peak-biased revenue earned only during the peak
time, the revenue after vanishing the REC weight for the
ESS comprises the sold electrical power at the PCC without
consideration of peak/off-peak hours [3], [5], [6], [10], [14].
Under absence or reduction of conventional incentives for the
power plant operation, the operators would be willing to seek
other incentives to recoup their costs. Hence, an incentive
for the forecast accuracy of the RES in the new policy is

FIGURE 1. Coordinated model of a PV power plant with an ESS.

TABLE 1. Unit price of incentive for forecast accuracy [15].

a solution to obtaining other incentives. The new incentive
is assessed using the forecast error ratio at the PCC [15].
According to the ratio, the unit price of the incentive is set,
as presented in Table 1.

In this table, a lower ratio of forecast error results in a
higher unit price. The revenue of the PV power plant would
be maximized when a large amount of electrical power at the
PCC is sold and when a ratio of forecast error is under 6%.
Therefore, PV power plant operators can maximize their rev-
enue by controlling an amount of electrical power at the PCC
and the ratio of forecast error with the PV power generation
and the charging/discharging power of the ESS.

In short, the operator as shown in Fig. 1 could have two
operation strategies: 1) earing the revenues from selling the
power to the grid, 2) earning the revenues from incentive for
forecast accuracy.

B. OBJECTIVE FUNCTION
We define a revenue and expense model for a PV power plant.
The revenue model is composed of revenue from selling elec-
trical power to the electricity market, RSellt , and revenue from
the incentive for the forecast accuracy, Rforecastt . The expense
model of operation of the ESS, CESS

t , can vary with the
total amount of charging and discharging power. The revenue
model and the expense model are described as follows:

Maximize
∑
∀t

(
Rsellt + R

forecast
t − CESS

t

)
. (1)

The revenue and expense are modeled based on the expec-
tation value of the actual electrical power at the PCC.
The expectation value could be determined bymultiplying the
probability and the actual power of each scenario. Out of the
revenue model, the selling price is settled by the expectation
value and a combination of the system marginal price (SMP)
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and the REC price. The SMP represents the wholesale price
at which suppliers purchase electricity in Korean electricity
market. The REC price represents the additional source of
revenue for their generated power. With the SMP and the
REC, the operators can earn the revenue at the wholesale
market, expressed as

Rsellt =

[∑
∀s

(
σs · P

PCC,a
t,s

) ]
× (smpt + RECt)∀t. (2)

The revenue from the incentive is described from the novel
revenue model of PV power plant operators willing to receive
incentives for forecast accuracy. The additional revenue could
be determined by the actual power at the PCC and the unit
price that varies with the ratio of forecast error. From the unit
price and the range of forecast error ratio, the forecast error
ratio region is separated by several intervals. Although this
revenue is reward for the forecast accuracy, it is settled by the
actual power instead of the forecast error ratio according to
the Korean market rules [15]. The interval-varying unit price
in Table 1 is utilized with the actual power for a settlement
of a somewhat indirect reward. Therefore, the revenue of
the forecast accuracy is determined by the interval-varying
unit price of incentive and the actual power. This revenue is
described as

Rforecastt =

∑
∀s

σs · PPCC,at,s ·

∑
∀rf

(
vt,s,rf · incrf

) ∀t,
(3)

where vt,s,rf is the status of a forecast error interval rf at time t
in each scenario s. incrf is the unit price of the incentive for
the forecast error according to the interval rf . The assessment
of incentives for forecast errors is described in the following
section. Meanwhile, the actual power at the PCC in a scenario
is described as

PPCC,at,s = PPV ,at,s + P
dch,a
t,s − P

ch,a
t,s ∀t, ∀s. (4)

The above power comprises the actual power of the PV
panels, PPV ,at,s , the discharge power, Pdch,at,s , and the charge
power, Pch,at,s . The cost of the ESS is also modeled based on
the expectation value of the actual charge/discharge power
and the variable operation and maintenance (O&M) cost of
the ESS. The ESS cost is given by

CESS
t =

[∑
∀s

(
σs ·

(
Pch,at,s + P

dch,a
t,s

))]
× ωVO&M ∀t. (5)

In this optimization problem, the PV power plant operator
can maximize the revenue by adjusting the amount of actual
power at the PCC with the charge/discharge power.

C. ASSESSMENT OF INCENTIVES FOR FORECAST ERROR
The forecast error at the PCC depends on the difference
between the actual and forecasted values of the electrical
power. The ratio of the forecast error is then calculated

by dividing the difference by the total capacity behind the
PCC [15]. This ratio is described as follows:

εt,s =
PPCC,ft − PPCC,at,s

CPV + CESS ∀t, ∀s, (6)

where εt,s is the ratio of forecast error at the PCC at time t
in each scenario s. The capacity of the total PV panels and
the ESS are represented by CPV and CESS , respectively. In
addition,PPCC,ft is the forecasted electrical power at the PCC,
expressed as

PPCC,ft = PPV ,ft + Pdch,ft − Pch,ft ∀t, (7)

where PPV ,ft is the forecasted power of PV panels. Pch,ft and
Pdch,ft are the forecasted charge and discharge powers, respec-
tively. Similar to (4), the forecasted power comprises the
forecasted power of the PV panels, the forecasted discharge
power and the forecasted charge power.

Under the new policy, the incentive in (3) depends on the
forecast error interval determined by the forecast error ratio
in (6). According to Table 1, the unit price of the incentive
is limited to the range of forecast error ratio, 6-8%. If the
forecast error is lower than 6%, the actual power at the PCC
is settled at the highest of unit price of incentive, 4 won/kWh.
In addition, if the forecast error is greater than 6% and lower
than 8%, the actual power is settled at 3 won/kWh. Otherwise,
if the forecast error is greater than 8%, the actual power is not
settled with incentive. Hence, the forecast error ratio is lim-
ited between −0.08(represented as 8% with under-estimated
prediction) to 0.08(represented as 8% with over-estimated
prediction). An overview of the decision process is shown
in Fig. 2.

FIGURE 2. Overview of decision process of forecast error interval.

As shown in Fig. 2, the unit price of the incentives varies
with the ratio of the forecast error listed in Table 1. The
forecast error ratio in Fig. 2 is arranged from a negative to
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positive ratio. The underestimated power at the PCC could
lead to a negative ratio; otherwise, the overestimated power
could lead to a positive ratio. The unit price and forecast
error can be divided into five intervals according to the
range of the ratios in Table 1. First, interval ¬ indicates that
the underestimated forecast error ratio is greater than 8%.
The unit price of the incentive in this interval is zero, and the
value of the status of the forecast error interval is 1, while the
values of other intervals are all zero. Second, interval ­ indi-
cates that the underestimated forecast error ratio is between
6% and 8%. The unit price in this interval is 3 won/kWh,
as shown in Table 1, and the value of the status of the forecast
error interval is 1. Third, interval ® indicates that the forecast
error ratio is less than 6%. The unit price of incentive is the
highest among intervals, and the value of the status of only
this internal is 1. Finally, the decision process of the values of
intervals ¯ and ° is similar to that of intervals ¬ and ­. With
these procedures, the ratio of the forecast error is described
with the status of the forecast error interval as

µt,s,rf = εt,s · vt,s,rf ∀t, ∀s, ∀rf , (8)

where µt,s,rf is the forecast error ratio in the forecast error
interval rf . Multiplication of the ratio and status yields the
forecast error ratio in each forecast error interval. If the
forecast error ratio is 3%, the status value related to interval®
takes 1, while the other values are zero. Then, the ratio in each
forecast error interval varies with the value of the status in
each interval. The condition of the status is required because
it can only be selected once for a single interval, as follows:∑

∀rf

vt,s,rf = 1 ∀t, ∀s. (9)

With this condition, the status of the forecasted interval
described in (3) can be determined according to the forecast
error ratio.

D. LINEARIZATION OF REVENUE AND FORECAST ERROR
Although the forecast error ratio can be determined by multi-
plying the ratio and the value of the status, the multiplication
forms in (3) and (8) must be linearized to model the MILP
optimization problem.

The linearization of (8) proceeds as follows:

{
εt,s ≥−

(
1−vt,s,rf

)
· Z+vt,s,rf · prrf

εt,s ≤
(
1−vt,s,rf

)
· Z+vt,s,rf · prrf+1,

if rf <rf max{
εt,s ≥−

(
1−vt,s,rf

)
· Z+vt,s,rf · prrf

εt,s ≤
(
1−vt,s,rf

)
· Z+vt,s,rf ,

otherwise

∀t,∀s, (10)

where prrf is the constant value of the forecast error ratio in
the interval rf . Z represents positive infinity. If εt,s is −0.07
(when the forecast error ratio is 7%), the value of the status
in interval ­ (or vt,s,2) takes on 1 when pr2 and pr3 are
−0.08 and −0.06, respectively. The ratio in other intervals is
larger than negative infinity and smaller than positive infinity

because the other values of the status are zero. In short,
this process can change the nonlinear equation in (8) to the
linear form in (10) for modelling the MILP optimization
problem.
Equation (3) should also be linearized because the revenue

is a nonlinear form comprising amultiplication of the variable
representing the actual power and the variable describing
the status of the forecast error interval. Equation (3) can be
linearized for the MILP optimization problem as follows:

Rforecastt =

∑
∀s

σs · PPCC,at,s ·

∑
∀rf

(
vt,s,rf · incrf

)
=

∑
∀s

σs ·
∑
∀rf

(
PPCC,at,s · incrf · vt,s,rf

)
=

∑
∀s

σs ·
∑
∀rf

(
gt,s,rf · vt,s,rf

)
=

∑
∀s

σs ·
∑
∀rf

ht,s,rf

, ∀t (11)

where gt,s,rf is the product of the actual power and the unit
price of incentive in the forecast error interval. ht,s,rf is the
multiplication of all terms related to the forecast error inter-
val. With the sums of variables shown in the last term of (11),
the revenue of the forecast can be linearized. In addition,
the linear inequality constraints of gt,s,rf and ht,s,rf are as
follows:{

ht,s,rf ≥ −vt,s,rf × Z
ht,s,rf ≤ vt,s,rf × Z{
ht,s,rf ≥ gt,s,rf −

(
1− vt,s,rf

)
× Z

ht,s,rf ≤ gt,s,rf +
(
1− vt,s,rf

)
× Z

∀t,∀s,∀rf . (12)

The result of ht,s,rf depends on the status value in (10). If the
forecast error ratio is in interval ¬, only ht,s,rf of interval ¬
can take on gt,s,rf of interval ¬, representing the product of
the unit price of the incentive and the actual power, regardless
of the value of the actual power.

E. OPERATION CONSTRAINTS OF ESS
The charge and discharge power constraints of the ESS are
influenced by the SOC limit. The SOC is limited within a
range from the minimum SOC level to the maximum SOC
level. {

SOCmin
≤ SOC f

t ≤ SOC
max

SOCmin
≤ SOCa

t,s ≤ SOC
max ∀t,∀s. (13)

In addition, the SOC is determined by the charging–
discharging operations, and the SOC is assumed to be
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initialized to half of the ESS capacity:

SOC f
t =


CapESS

/
2+ Pch,ft × ηESS,eff

−Pdch,ft

/
ηESS,eff ,

if t = 1

SOC f
t−1 + P

ch,f
t × ηESS,eff

−Pdch,ft

/
ηESS,eff ,

otherwise

∀t, (14)

SOCa
t,s =


CapESS

/
2+ Pch,at,s × η

ESS,eff

−Pdch,at,s

/
ηESS,eff ,

if t = 1

SOCa
t−1,s + P

ch,a
t,s × η

ESS,eff

−Pdch,at,s

/
ηESS,eff ,

otherwise

∀t, ∀s. (15)

The amount of charge or discharge power is lim-
ited by the multiplication of the capacity and the ESS
charging–discharging efficiency in single time steps. In addi-
tion, the ESS can only operate in charge or discharge modes
at a single time step. These characteristics are given by{

0 ≤ Pch,ft ≤ ηch × δ
ch,f
t × CapESS

0 ≤ Pdch,ft ≤ ηdch × δ
dch,f
t × CapESS

∀t, (16){
0 ≤ Pch,at,s ≤ η

ch
× δ

ch,a
t,s × Cap

ESS

0 ≤ Pdch,at,s ≤ ηdch × δ
dch,a
t,s × CapESS

∀t, ∀s, (17)

δ
ch,f
t + δ

dch,f
t ≤ 1 ∀t, (18)

δ
ch,a
t,s + δ

dch,a
t,s ≤ 1 ∀t, ∀s. (19)

Although the charging or discharging speed of the ESS is
fast enough to be fully charged or discharged in several
minutes, the ESS in this study is assumed to be continuously
charged or discharged for 1 h at a 1 C rate [16].
Finally, the ESS can be charged only from the electrical

power generated by the PV panels according to the following
conditions:

Pch,ft ≤ PPV ,ft ∀t, (20)

Pch,at,s ≤ PPV ,at,s ∀t, ∀s. (21)

III. NUMERICAL RESULTS
Computational studies were performed using R software and
GAMS to validate the proposed model. The scenario gener-
ation and reduction of PV power generation were conducted
using R software. The proposedMILP optimization problems
were implemented in GAMS with the Cplex solver.

A. ASSUMPTIONS
The proposed optimization model was examined with a
1491.6 kW PV power plant in Yeongam, South Korea [17].
In addition, the capacity of the ESS in the plant was assumed
to be 1000 kWh for the utility scale [16]. The key parameters
for the optimization model with the plant and ESS are listed
in Table 2.
In the table, the operation conditions for the ESS regarding

the minimum/maximum SOC level, turnaround, and charging

TABLE 2. Key parameters for optimization model.

FIGURE 3. Actual SMP profile in summer 2020.

and discharging efficiencies are presented. The turnaround
efficiency represents the power loss ratio incurred by inner
operations as shown in Equation (14) and Equation (15).
The charging and discharging efficiency describe the power
loss ratio occurring in charging and discharging operation
as shown in Equation (16) and Equation (17). In addition,
the variable O&M cost of the ESS is adjusted to an hourly
price by dividing 1% of the investment cost by the number
of hours per year [18]. The REC unit price is assumed to be
the actual REC unit price in summer 2020 [19]. With these
parameters, the SMP profile is assumed to be the actual SMP
profile in summer 2020, as shown in Fig. 3 [20].

The SMP during between 1 and 8 AM. is low when the
total consumption of electricity seems to be low. In contrast,
the SMP during between 9 AM and 12 AM is relatively
high since the peak load occurs. With these characteristics,
the operator would be expected to sell the electricity during
between 9 AM and 12 AM.

B. SCENARIO GENERATION AND REDUCTION OF PV
POWER GENERATION
The actual power of the PV panels in this study can be
determined by scenarios generated from the forecasted power
and its error distribution. The forecasted power was estimated
by the generation profile of the PV power plant in the summer
of 2020 [21]. A Gaussian distribution was considered to
model the error. The mean value and standard deviation of the
distribution are assumed to be 108% of the forecasted power
and 25% of its power at each time, respectively. In short,
the random variable of the actual power is represented around
the value of forecasted power. With this distribution, a Monte
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FIGURE 4. Forecasted power and scenarios of actual power of
photovoltaic power plant.

FIGURE 5. Reduced scenarios of actual power.

Carlo simulation was used to generate 1000 scenarios for
each forecasted power, as shown in Fig. 4. In this figure,
the forecasted power is represented by a solid line, and the
scenarios are depicted by dot plots.

Although all points of the actual power scattered around
the forecasted power could be useful for considering all oper-
ation scenarios, a scenario reduction technique is required
to decrease the computational burden. A scenario reduc-
tion technique using k-medoids clustering was applied to
reduce and sort out the scenarios [22]. With this technique,
we reduced the number of scenarios to 10, as shown in Fig. 5.
The probability of each scenario of PV power generation is
shown in Fig. 6.

C. OPTIMIZATION CASE CATEGORIZATION
We compared the results of the proposed optimization model
with those of the optimization model that did not consider
the incentive for forecast accuracy. With this comparison,
we intended to evaluate the effectiveness of considering the
incentive in the ESS operation in the absence of the REC
incentive. The results were categorized as Case A and Case B
to simplify the expression of the results. Case A corre-
sponds to a base case in which the PV power plant operator
does not consider the incentive for the forecast accuracy.

FIGURE 6. Probability of each scenario.

TABLE 3. Summary of optimization case configuration.

TABLE 4. Optimal revenue results of PV power plant operation in a day.

The ESS would be controlled along with the SMP because
the operator in Case A could care less about the forecast
error. Case B assumed that the operator would consider the
forecasted power and the actual power at the PCC owing
to the incentive for forecast accuracy. The ESS would be
controlled by strategies such that the operator in Case B could
minimize the forecast error of the combination of PV power
generation and the charge/discharge power of the ESS. These
cases are summarized in Table 3.

D. OPTIMIZATION CASE RESULTS
The optimal revenue results for the PV power plant operation
are listed in Table 4.

The average revenue and cost are represented in Table 4
because scenarios of the actual power of the PV panels were
considered.

The average revenue for selling electricity in both cases
was almost the same, as this revenue would be assessed by
the actual power at the PCC. In other words, the forecast error
might not influence the revenue for selling electricity.

The average revenue for forecast accuracy is only repre-
sented in Case B. This revenue accounted for almost 3% of
the average total revenue. Although the revenue for selling
electricity was the same in both cases, the consideration of
incentives for forecast accuracy would result in significant
revenue.
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The average ESS operation cost was also only represented
in Case B. Although the ESS operation is expected to con-
tribute to an increase in the revenue, as shown in the results of
conventional research [6], [10], [14], the ESS operation cost
was not represented in Case A or was as low as in Case B.
These results imply that the actual charge/discharge power of
the ESS is low.

Although the actual operation of the ESS was anticipated
to be low, the total revenue in Case B was greater than that in
Case A owing to the revenue for forecast accuracy. To analyze
the details of revenues and costs, the forecasted and actual
power at the PCCwere depicted, and profiles of forecast error
ratio according to scenario were represented. The results of
the power and forecast error ratio for Case A are depicted
in Fig. 7. Fig. 7(a) shows the forecasted and actual power of
each scenario at the PCC. Fig. 7(b) shows the average forecast
error ratio and forecast error ratio for each scenario. Fig. 7(c)
shows the forecast and average of the actual charge/discharge
power of the ESSwith the profiles of each scenario. Similarly,
the results for Case B are shown in Fig. 8.

The difference between the forecasted power and the actual
power at the PCC, as shown in Figs. 7(a) and 8(a), could
imply an estimated forecast error. The difference range is
from−382 to 355 kWh inCaseA, and from−422 to 427 kWh
in Case B. The average of the actual power at the PCC in
Case A tended to be greater than the forecasted power, owing
to the overestimated power generation scenarios shown
in Fig. 5. By contrast, the average actual power at the PCC
in Case B was sometimes less than the forecasted power at
13:00 and 19:00.

The forecast ratios in Figs. 7(b) and 8(b) reveal similar
aspects of the difference range in Figs. 7(a) and 8(a). In addi-
tion, the average forecast error ratio in Case A tended to be
smaller than that in Case B. These results seem to show that
the optimized model without considering the incentive for
forecast accuracy could minimize the forecast error. Even if
the forecast ratio in Case B could be greater than the ratio in
Case A, the PV power plant could earn an incentive when the
forecast ratio is in that range.

The forecast accuracy trend could be adjusted by the
forecasted and actual charge/discharge power of the ESS,
as shown in Figs. 7(c) and 8(c). The ESS, as shown
in Fig. 7(c), was not utilized in all times and scenarios. There
was no need to control the ESS in Case A in the absence of
an incentive. However, the operation strategies of the ESS,
as shown in Fig. 8(c), are used to adjust the forecasted and
actual charge/discharge power. The increase in the forecasted
charge power could result in a decrease in the forecasted
power at the PCC. This increase could also provide the PV
power plant operator with a chance to discharge power during
the high SMP region between 09:00 and 19:00. The ESS was
sometimes forecast to be charged during that time range when
the discharge power was short.

With the forecasted charge/discharge power of the ESS,
the actual charge/discharge power adjusted the forecast ratio,
as shown in Fig. 8(b). When the forecasted charge power was

FIGURE 7. Profiles of results in Case A.

high between 06:00 and 09:00, the actual charge power was
low at that time. This strategy results in a negative forecast
ratio. At the same time, the forecasted discharge power was
higher than the actual discharge power. This strategy results
in a positive forecast ratio. By using these strategies, the
forecasted ratio between 06:00 and 08:00 changed from pos-
itive in Fig. 7(b) to negative in Fig. 8(b). At 09:00, the trend
changed from negative to positive.

The forecasted discharge power tended to be more frequent
than the forecasted charge power between 09:00 and 19:00 in
Fig. 8(c). The actual power from the PV panels tended to be
higher than the forecasted power because the forecast ratio
was negative, as shown in Fig. 7(b). The PV power plant
operator increases the forecasted discharge power to change
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FIGURE 8. Profiles of results in Case B.

this trend to the opposite trend. If the actual power from
the PV panels is estimated to be greater than the forecasted
power, the operator can increase the forecasted discharge
power to reduce the forecast error. Otherwise, the operator
decreases the power at the PCC by reducing the forecasted
discharge power or increasing the forecasted charge power.
Although all the power would not be adjusted for all times,
the charge/discharge power could be controlled to be the
desired forecast ratio.

The ESS operation strategies in Case A were worthless
because the ESS was not utilized in all scenarios, as shown
in Fig. 7(c). In short, the PV power plant operator in Case A
only sold the actual PV power generation in Fig. 7(a) along
with the SMP in Fig. 3. In contrast to the results in Case A,

the operation strategies in Case B pursued additional revenue
by adjusting the forecasted power and the actual power at the
PCC with the charge/discharge power.

IV. DISCUSSION
The results in Case A show that the operation strategies of the
operator depend only on the SMP profile and scenarios of the
actual power. The PV power plant operator would not utilize
the ESS in the absence of the REC incentive and the incentive
for forecast accuracy. In contrast, in order to earn an incentive
for forecast accuracy, the operator in Case B adjusted the
forecast and actual power at the PCC by controlling the
charge/discharge power of the ESS. Operation strategies in
Case B would be required to recoup the capital costs of PV
power plants in the absence of an REC incentive.

However, this study has several limitations. Although the
PV power plant operator could earn the incentive by adjusting
the forecast accuracy, the actual operation of the ESS was
considerably low from the operation results of the actual
charge/discharge power in Case B. The reason for low uti-
lization of the ESS may be the low unit price of incentive.
Theoretically, the charge/discharge power of the ESS can
influence the forecast error ratio by controlling the forecasted
and actual power. If the actual power at the PCC will be
anticipated to be much lower than the forecasted power,
the forecasted charge power can contribute to reduce the
forecast error ratio. In addition, the actual discharge power
can also contribute to increase the actual power settled at
the SMP and the REC price. With these operation strategies,
operators would plan the share of the revenues from the
incentive and selling the electricity. However, this planning
strategies would be effective when the unit price of the incen-
tive is appropriately similar to the SMP and the REC price.
According to Table 1, Table 2 and Fig. 3, the unit price
of incentive for the forecast accuracy is much smaller than
the SMP and the REC price. Under this unit price of the
incentive, operators focus on the revenues from selling the
electricity rather than the revenues from the incentive. They
would earn the revenues from the incentive with theminimum
amount of charge/discharge operation since the unit price of
the incentive ismuch smaller than the SMP, the RECprice and
the variable O&M cost of the ESS. Therefore, in actual cases,
adjusting the forecast error ratio would have a small influence
on the revenues for operators under the low unit price of
the incentive. In addition, the low utilization of the ESS in
an actual operation seemed to result from the criteria of the
incentive for forecast accuracy. Even if the ESS is not actually
utilized, the operator can earn an incentive when the forecast
accuracy is within the criteria of the incentive. This charac-
teristic mainly influences the adjustment of the forecast value
of the charge/discharge power. The desired forecast ratio
can be achieved by adjusting the forecast value, but the low
utilization of the ESS in actual operation may affect real-time
operations. With incentives for forecast accuracy, penalties
for imbalances and incentives for real-time operations are
required tomanage real-time imbalances by utilizing the ESS.
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Hence, future studies can consider an optimization problem
with incentives or penalties for real-time operations.

V. CONCLUSION
We evaluated the incentive for forecast accuracy in a PV
power plant in South Korea. A coordinated model of a plant
with an ESS was designed. In this model, a PV power
plant operator can provide an incentive for forecast accuracy
according to the forecast error ratio. An optimization problem
from this model was developed to maximize the revenue of
the operator. The objective function comprised revenues for
selling electricity and incentives for forecast accuracy, except
for the costs of the ESS. With an SMP and an REC price,
the revenues reflected the estimated power for scenarios of
actual PV generation. The incentives were estimated by the
forecast error ratio described by the difference between the
forecasted value and the actual power at the PCC. A lin-
earization process was applied to the constraints of incentives
varying with the ratio to be modeled as an MILP problem.
Other constraints were also included to reflect ESS oper-
ation. Numerical results were obtained with the operation
characteristics of the ESS and the profiles of the SMP and
REC. In addition, the scenario reduction technique using
k-medoids clustering was applied to the proposed model to
reduce the computational burden. The results show that the
operator can earn additional revenue from incentives for fore-
cast accuracy. To pursue incentives, the forecasted and actual
charge/discharge power of the ESS were adjusted to manage
the forecast accuracy. The incentive for forecast accuracy
could be expected to recoup the capital costs of the PV power
plant in the absence of incentives for the ESS operation.
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