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Abstract: Energy storage systems are crucial in dealing with challenges from the high-level
penetration of renewable energy, which has inherently intermittent characteristics. For this reason,
various incentive schemes improving the economic profitability of energy storage systems are
underway in many countries with an aim to expand the participation rate. The electricity charge
discount program, which was introduced in 2015 in Korea, is one of the policies meant to support the
economic feasibility of demand-side energy storage systems. This paper quantitatively evaluated the
impact of the electricity charge discount program on the economic feasibility of behind-the-meter
energy storage systems. In this work, we first summarized how electricity customers can benefit from
behind-the-meter energy storage systems. In addition, we represented details of the structure that
make up the electricity charge discount program, i.e., how the electricity charge is discounted through
the discount scheme. An optimization problem that establishes a charge and discharge schedule
of an energy storage system to minimize each consumer’s electricity expenditure was defined and
formulated as well. The case study results indicated that the electricity charge discount program
has improved the profitability of behind-the-meter energy storage systems, and this improved
profitability led to investment in behind-the-meter energy storage systems in Korea. As a result of the
electricity charge discount program, Korea’s domestic demand side energy storage system market
size, which was only 27 billion dollars in 2015 in Korea, has grown to 825 billion dollars in 2018.

Keywords: energy storage system; electricity charge discount program; peak reduction; economic
feasibility analysis; policy effectiveness evaluation

1. Introduction

In the 2016 Paris Climate Change Agreement, South Korea committed to a 37% reduction target by
2030 [1]. In order to achieve this, Korea announced the 3020 Renewable Energy Implementation Plan on
December 2017 [2,3]. The renewable portfolio standard (RPS) was strengthened, while the proportion
of renewable energy generation was increased, and the aging coal plant shut down plan was begun in
Korea [2,4]. However, integrating renewable energy resources with the power system can negatively
affect the power system, due to the inherent intermittency of renewable energy resources and rapid
variation of renewable energy generation [4]. Particularly in an isolated power system with relatively
low power system inertia, like Korea, the negative impact of intermittent renewable energy resources
may have greater leverage [5]. As one of the various solutions to relieve the impact of renewable energy
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resources integration, global leaders—such as the U.S. and Germany—are promoting the expansion
of energy storage system (ESS) applications [6]. Korea has also been supporting ESS businesses and
technologies. Plans to disseminate 1.7 GW ESS by 2020 through the research and development (R&D)
investment of $5.7 billion and the establishment of institutional incentives were announced in 2010 [7].
A renewable energy certificate (REC) is given to ESSs that are linked to renewable energy, such as
wind and photovoltaic power [8]. In the transmission and distribution networks, ESS has provided
the primary and secondary frequency regulation service and substitution for upgrade of decrepit
distribution network facilities. The ESS supply business is proceeding annually with government
subsidies, and electricity charge discount programs are provided for using ESS to reduce consumers’
electricity bills.

ESS is a solution to various challenges associated with power systems. ESS applications improve
the flexibility and reliability of the power system [9,10]. First of all, ESS does not require external
excitation to start. This makes ESS suitable for providing a black start service. Case studies of black
start services of ESSs in medium voltage distribution networks are discussed in Manganelli et al. [11].
Further, upgrades of transmission and distribution network facilities can be deferred through ESS
installation [12–14].

ESS is more useful for providing frequency regulation services than conventional generators due
to the fast ramping capability of ESS [15,16]. The determination scheme of the optimal cost-effective size
of ESS to provide a primary frequency reserve has been studied [17,18]. In the New York Independent
System Operator’s market, an ESS is more profitable on load frequency control service than energy
arbitrage on the customer side [19].

According to Moore and Shabani [6], the ESS capacity should be 10 to 20 percent of the total
intermittent renewable energy generation in order to avoid power system disturbance caused by
the integration of renewable energy generation. Mitigating the fluctuation of intermittent renewable
energy generation through ESSs has been studied in Zhao et al., Beaudin et al., Barton and Infield and
Suberu et al. [20–23]. The determination of the size and location of ESS installation for integrating
wind power generation has also been studied in Nguyen and Lee and Dvorkin et al. [24,25]. Nguyen
and Lee [24] examined a method of dispatching wind power generation while minimizing the size of
ESS connected with wind power and Dvorkin et al. [25] conducted a study for the determination of
the size and location of ESS installation so as to maximize profit through energy arbitrage through
surplus power from renewable generation variation.

Numerous studies have been carried out on ESS applications as demand-side energy resources,
and these have mainly focused on reducing each customer’s electricity expenditure. The charge
and discharge scheduling of behind-the-meter ESS for a smart home’s electricity bill minimization is
studied in Longe et al. [26]. The proposed energy scheduling and distributed storage (ESDS) algorithm
of Longe et al. [26] aims to reduce electricity bills while increasing customer satisfaction. Studies
on charge and discharge scheduling algorithms further considered the operation and wear-out costs
of batteries [27,28]. The proposed scheduling schemes are established in consideration of the fact
that repetitive charge and discharge of ESS degrade each battery’s lifetime. In Babacan et al. [29],
the scheduling algorithm of the behind-the-meter ESS aiming to minimize each customer’s electricity
expenditure, as well as mitigate the fluctuation of net demand load with solar photovoltaic generation,
is proposed and demonstrated. In addition, an optimization scheme for sizing the behind-the-meter
ESS in peak shaving application for a base charge reduction of electricity bills is proposed and
demonstrated in Martins et al. [30].

ESS applications on the demand side bring economic benefits to electricity customer first. Further,
large amounts of demand-side ESSs improve public value, such as a power system’s flexibility and
reliability [31,32]. The increase of ESS capacity on the demand side in the power system provides
controllability of the demand loads that increases the demand-side management capability, resolves
the fluctuation of distributed generation and uncertainty of loads, and reduces tangible and intangible
costs for power system operation. For these reasons, governments in various countries around the
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world have implemented policies encouraging the dissemination of ESS [6,33]. These governments
have initiated subsidies, released loan support funds, and introduced incentive programs in tax credit
and electricity tariff systems.

Subsidies to supplement the low profitability of ESS with high initial investment costs are the
most direct way to improve the economic feasibility of ESS. In Germany, one-third of the installation
costs for ESS with solar panels are subsidized. In Japan, since the Great East Japan Earthquake, federal
government and municipal governments have enhanced subsidy programs for the purpose of widely
spreading household emergency power sources. In California, USA, the Self-Generation Incentive
Program (SGIP) offers subsidies for advanced ESSs [33]. In Korea, more than 85 MW, 210 MWh ESSs
have been installed through government subsidies of more than $53.6 billion.

These governments have also enforced mandatory installation schemes. In California, the major
power suppliers in the state are obliged to install 1325 MW of ESSs by 2020, and they are currently
issuing orders to install ESSs, which are equivalent to 1% of the peak time power requirement for
small businesses [33]. This installation obligation will be gradually strengthened from 2.25% of the
electricity supply in 2014 to 5% in 2020. In Korea, ESS has been mandatory in the public sector since
2017. All of the public buildings in Korea with a contract power of 1000 kW or more should install
an ESS [34]. The capacity of installed ESS should be more than five percent of the building’s contract
power. ESS has to be preferentially considered as a back-up power source of public buildings when
back-up power is installed at public buildings. In addition, the states of Oregon and Massachusetts
have also enforced mandatory programs for ESS [33].

Financial incentives are introduced and initiated in Korea for improving the economic
effectiveness of behind-the-meter ESSs. Up to a six percent investment tax credit is given to electricity
customers who install an ESS with a high efficiency certification at their own sites. Through the ESS
electricity charge discount program (ECDP), electricity customers can earn benefits through not only
load shifting and peak reduction, but also using the electricity charge discount. Institutional incentive
and technological advancement in the market environment have improved the economic feasibility of
ESS applications and driven investment in ESS projects.

The aim of this paper is to analyze the impact of the Korea’s public policies on enhancing
the economic feasibility of behind-the-meter ESS to disseminate ESS to the demand side.
A behind-the-meter ESS is an ESS placed at the bottom of the receiving end. It is electrically connected
to the electricity customer, not to the utility. The incentive policy for improving the economic feasibility
of behind-the-meter ESS leads to the expansion of demand-side customers as a whole.

This paper conducts a sensitivity analysis of the behind-the-meter ESS’s economic feasibility
according to the ESS ECDP. Since the release of ESS ECDP in 2015, the duration of ESS ECDP has
been extended, and the discount rate has been increased. After 2020, the incentives of ESS ECDP will
be gradually decreased and finally expire in 2026. This paper attempts to verify that the ESS ECDP
affects the profitability of behind-the-meter ESS and that increased profitability through ECDP leads to
increased scale of investment in ESS on the demand side.

ESS ECDP is described in Section 2 and the cost-benefit structure of behind-the-meter ESS is
modeled and formulated in Section 3. Section 4 quantitatively analyzes the sensitivity of the economic
feasibility according to ESS ECDP in stages. Finally, the impact of public policy on demand-side ESS is
reviewed in Section 5. This paper provides governments with the impact of public policy on the ESS
as a reference for decision making regarding ESS diffusion.

2. Energy Storage System (ESS) Electricity Charge Discount Program (ECDP)

2.1. Benefits of Behind-the-Meter ESS

The benefits of ESS on the demand side are generated through the sale of stored power, demand
response, and electricity bill reduction [30]. Since December 2014 in Korea, consumers can sell
less than 1000 kW of electric power from their behind-the-meter ESSs to the Korea Electric Power
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Corporation (KEPCO). In this case, less than 50% of the total annual stored energy is allowed to be sold
to the KEPCO, and the settlement of sold power is calculated using the system marginal price (SMP).
However, on average, the SMP has been lower than the electricity usage rate at peak time since 2015 in
Korea. In addition, following the initiation of ESS ECDP, the self-consumption of stored power in ESS
at the peak load time can earn discounts on the base charge as well as electricity bill reduction through
peak reduction and load shifting. Therefore, consumers are more motivated to utilize self-consumption
than sell stored power.

In the case of the demand response, ESS is not used as a sole resource, as it is used with various
resources such as light, electric motors, and other facilities. In addition, since the reduced peak
load by ESS is already reflected in the baseline decision, which is the basis of the demand response
settlement calculation, ESS is not useful as a demand response resource. For these reasons, electricity
bill management is the dominant factor for giving customers benefits through ESS rather than the
cases of the sale of stored power or demand response.

In Korea, a time of use (TOU) rate is applied to electricity customers, excluding households.
The TOU rates consist of the base charge, which is charged according to the peak load, and the usage
charge, which is charged according to the electricity usage. In the TOU rates system, one’s electricity
bill can be reduced through peak reduction and load shifting with the ESS charge–discharge scheme.
The base charge is saved by discharging the ESS to lower the peak load. The usage charge is reduced
by load shifting, which means that ESS charge with low-cost electricity at light load time and discharge
at peak load time then replaces expensive electricity purchases. Consequently, the ESS operator
would establish an optimal ESS charge–discharge schedule that maximizes the benefits of the ESS by
determining whether to use the limited ESS resources for peak reduction for base charge savings or for
load shift in order to reduce usage charge.

2.2. ESS Electricity Charge Discount Program

The ESS ECDP has been implemented in Korea since 2015 to encourage expansion of the
installation of ESS on the demand side. It is designed to establish a structure to give back to ESS
investors according to the contribution of behind-the-meter ESS to the power system such as reduced
peak demand, increased power system flexibility, and improved load management capability. The ESS
ECDP consists of base charge discount and usage charge discount for ESS charge. If an ESS reduces
the peak load through discharging at peak load time, then the base charge of the electricity bill is
discounted by reflecting the peak load reduction. The electricity rate for electricity usage to charge ESS
at light load time is discounted.

The effectiveness of the ESS ECDP depends on the discount period and the discount rate. All of
the discounts are available during the discount period, and therefore, upon expiration of the discount
period, a behind-the-meter ESS can only save base charge through peak load reduction and reduce
usage charge through energy arbitrage, i.e., load shifting. Since it was initiated, the range and
effectiveness for the ESS ECDP have been strengthened in stages. The ESS ECDP began with a 10%
discount on the electricity usage for charging ESS in 2015, and it was extended to base charge discount
so as to return the peak reduction contribution of ESS to the ESS owner with base charge reduction
benefit in 2016. On 1 January 2017, the Korean government implemented a policy to temporarily
increase the discount rate of ECDP for the purpose of enhancing the effectiveness of the incentive
system, and in May, announced a one-year extension of the applicable period of the increased discount
rate. With the initiation of the increased discount rate of ECDP, a weight to the discount rate depending
on the battery storage capacity has been introduced. This weight is determined by the ratio of ESS
battery storage capacity to contract power of the electricity customer. Table 1 summarizes the range
of ECDP, discount rate, and period in four stages, and these are depicted by year in Figure 1. Table 2
describes the weights according to the ratio of contract power to battery storage capacity.
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Figure 1. (a) Discount rate of base charge discount. (b) Discount rate of usage charge discount.

Table 1. Summary of ESS ECDP in Korea.

Stages ESS ECDP
Discount Rate

Discount Period
Base Charging

Stage 1 Charging rate discount was initiated - 10% 1.1.2015–12.31.2017
Stage 2 Base charge discount was initiated 100% - 4.1.2016–3.31.2026

Stage 3 Temporarily enhanced discount rate was
additionally applied with a weight factor 300% 50% 1.1.2017–12.31.2019

Stage 4 Applicable period of additional discount
was extended 300% 50% 1.1.2017–12.31.2020

Table 2. Weight of ESS ECDP.

Battery Capacity/Contract Power (%) Weight

More than 10% 120%
Between 5 and 10% 100%

Less than 5% 80%

Before the initiation of ESS ECDP, the benefits of behind-the-meter ESS relied on load shifting and
peak reduction. These were not enough to attract investors to invest in demand-side ESSs. However,
the ESS ECDP significantly increases the profitability of behind-the-meter ESSs.

Figure 2 illustrates schematically how ESS benefits consumers, i.e., the profit-making structure
via peak reduction and load shifting through behind-the-meter ESS. The green line shown in Figure 2a
is a typical load pattern of the commercial building with a contract power of 3000 kW. A 250 kW,
1000 kWh ESS is applied to the building in order to reduce electricity bills, and the schedule of charge
and discharge for this ESS is drawn in green and red bars, respectively. The orange line is a net load
pattern that reflects the ESS charge and discharge on the original load pattern.

First of all, as shown in Figure 2a, the ESS reduces the original peak of 1898 kW to 1715 kW
through discharging at the peak time period. This peak reduction also reduces the base charge of the
electricity bill.

The electric power charged in the ESS in a light load time period, which is low in its electricity
usage rate, is used by discharging at a peak load time period, in which an electricity usage rate is
expensive. ESS provides benefits as much as the difference in electricity usage charges for these two
time periods. A discount for electricity usage to charge ESS improves the profitability of arbitrage
through load shifting.
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Figure 2. (a) Peak reduction and load shifting through behind-the-meter ESS. (b) Base charge reduction.

Figure 2b provides information on the benefit generation structure through peak reduction.
The base charge of the electricity bill for the original peak, the blue bar, is reduced to the green bar via
ESS discharging at peak time. In addition, ECDP provides additional discounts on the base charge
by reflecting the contribution of the peak load reduction. The red bar in Figure 2b is the base charge,
which is the final payment of the customer. Compared to the original base charge, the final base charge
was reduced by about 50.3%. This is a reduction of about 45.0% additional savings compared to 9.6%,
which is the base charge reduction through the peak load reduction of the ESS without ECDP. Details
in the improvement of profitability of behind-the-meter ESSs due to ECDP and the resulting expansion
of ESSs on the demand side are discussed in Section 4.

3. Problem Definition and Formulation

This chapter defines and formulates the cost-benefit structure of a behind-the-meter ESS as well as
the optimization problem for electricity bill minimization. In this chapter, in terms of minimizing the
electricity bill, the cost is defined as the electricity charge for charging the ESS. In addition, the benefits
are the base charge and usage charge reduction, and discounts for electricity charge through the ESS
ECDP. The optimization problem, which establishes a schedule of behind-the-meter ESS for minimizing
electricity bills, is organized so as to analyze the effectiveness of ESS ECDP on the profitability of
behind-the-meter ESSs. Furthermore, the correlation between ESS profitability and diffusion effects is
derived to assess the extent to which economic improvements in behind-the-meter ESS affected the
spread of demand-side ESSs.

3.1. Base Charge Reduction

The base charge for electricity is charged monthly, depending on the peak load, in kW, regardless
of electricity usage, in kWh. It is calculated as the product of the annual peak load and the unit base
rate. If the annual peak load is under 30% of the contract power, the base charge is calculated based on
30% of the contract power. As a short peak power occurring in summer or winter becomes the basis
for the base rate calculation of the following year, thorough peak load management is required.

With the ESS, the base charge can be lowered by simultaneously discharging at the time when the
peak load occurs. When the load exceeds a predetermined level, the ESS starts to discharge and the
load no longer increases. However, due to the storage capacity limit of ESSs, it is important to set an
appropriate level of the peak load control value by considering the forecasted load.
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Meanwhile, peak reduction through a ESS not only leads to savings in the base charge, but also
has the effect of improving the customer’s load factor, which is defined in Equation (1). A higher load
factor, i.e., thorough peak management, improves the customer’s economic feasibility [35].

Load f actor, LF = ∑
t=(Tl+Tm+Tp)

Pl
t ×

1
Pl

Tmax

(
Tl + Tm + Tp

)
(1)

The base charge savings through peak reduction are represented as follows:

πb =
(

Pl
Tmax + Pc

Tmax − Pd
Tmax

)
µb (2)

The effectiveness of the base charge reduction through ESS differs depending on each electricity
customer’s load factor. Due to the limited storage capacity of the ESS, the base charge reduction
through peak load reduction can be better for electricity customers with a low load factor than those
with a high load factor.

3.2. Usage Charge Reduction

The usage charge reduction stems from load shifting, a type of arbitrage transaction. This is to
reduce the electricity bill based on the difference between the two rates by charging the ESS at the
light load time with a low electricity rate and discharging the ESS at the peak load time with a high
electricity rate. The usage charge reduction through load shifting is formulated in Equation (3):

πu = µl ∑
d=D

∑
t=Tl

(
Pc

d,t − Pd
d,t

)
+ µm ∑

t=Tm

(
Pc

d,t − Pd
d,t

)
+ µp ∑

t=Tp

(
Pc

d,t − Pd
d,t

) (3)

3.3. Elecricity Charge Discount

ESS ECDP is applied in two ways, as described above, with a discount on the base charge and
usage rate for charging the ESS. The base charge discount is calculated by multiplying the electricity
base rate and peak load reduction as in Equation (4). The peak load reduction is predetermined by the
electricity company, KEPCO, in Korea as in Equation (5). Discounts on usage charges are granted only
for electricity usage to charge ESS at light load times. The discount for usage charge is represented as
Equation (6).

πb
d = Φµbδbω (4)

Φ =
∑d=D ∑t=Tp

(
Pd

d,t − Pc
d,t

)
3

(5)

πu
d = µlδcω ∑

d=D
∑

t=Tl

(
Pc

d,t

)
(6)

3.4. Electricity Bill Minimization

The purpose of behind-the-meter ESSs is to minimize electricity bills, which can be achieved by
maximizing benefits through ESSs. Since ESS has a capacity limit, the ESS operator should resolve
the optimization problem of allocating limited stored energy considering all the benefit-making
options: peak reduction, arbitrage, and ECDP. The problem of electricity bill minimization through
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behind-the-meter ESS is defined as Equation (7). Then, the decision variables of the cost minimization
problem are the kW powers of ESS charging and discharging.

min.C =
(

Pl
Tmax +Pc

Tmax − Pd
Tmax

)
µb

+ ∑
d=D

(
µl ∑

t=Tl

(Pc
d,t(1− δcω)− Pd

d,t + Pl
d,t) + µm ∑

t=Tm

(Pc
d,t − Pd

d,t + Pl
d,t)

+µp ∑
t=Tp

(Pc
d,t − Pd

d,t + Pl
d,t)

)
− 1

3 µbδbω ∑
d=Dw

∑
t=Tp

(Pd
d,t − Pc

d,t)

(7)

subject to
0 ≤ Pc ≤ Pc

max

0 ≤ Pd ≤ Pd
max

Pd
max = Pc

max

(1− ε)E ≤
T

∑
t=1

(
Pc

t − Pd
t

)
≤ εE, ∀t

Tn

∑
t=Tn−1

Pd
t ≤

Tn−1

∑
t=1

(
Pc

t − Pd
t

)
, ∀t

3.5. Economic Feasibility Evaluation

The effectiveness of the ESS ECDP on the profitability of behind-the-meter ESS is analyzed
through economic feasibility evaluation in this paper. In order to evaluate the economic feasibility
of behind-the-meter ESS, the cost and profit of behind-the-meter ESS are defined and represented
as follows:

cost:

C = ∑
d=D

∑
t=T

(
µtPc

d,t

)
− πu

d = ∑
d=D

µl(1− δcω) ∑
t=Tl

Pc
d,t + µm ∑

t=Tm

Pc
d,t + µp ∑

t=Tp

Pc
d,t

 (8)

and profit:

π =
(

Pl
Tmax + Pc

Tmax − Pd
Tmax

)
µb + ∑

d=D

(
µl ∑

t=Tl

Pd
d,t + µm ∑

t=Tm

Pd
d,t + µp ∑

t=Tp

Pd
d,t

)
+ 1

3 µbδbω ∑
d=Dw

∑
t=Tp

(
Pd

d,t − Pc
d,t

) (9)

3.6. Correlation Coefficient

The correlation between the economic feasibility of behind-the-meter ESS and the installation
capacity of ESS on the demand side is analyzed in order to verify the effectiveness of the ESS ECDP,
which is a public policy aiming to expand ESS diffusion. The closer the relationship of economic
feasibility of ESS and installed capacity of demand-side ESS, the closer the correlation coefficient is to 1.
A positive correlation coefficient means positive correlation and a negative correlation coefficient means
inverse correlation. The correlation coefficient between the economic feasibility of behind-the-meter
ESS and the dissemination of demand side ESS is carried out in this work.
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4. Case Studies

In this section, the impact of the ESS ECDP on the improvement of the economic feasibility
of the behind-the-meter ESS is quantitatively analyzed. Furthermore, the way in which this
economic improvement led to actual ESS dissemination on the demand side is evaluated. All the
simulations and calculations in this paper are conducted with MATLAB 7.10.0 (R2010) of MathWorks
in Natick, Massachusetts, U.S.A. Also, all the figures provided in this paper are also drawn through
same program.

4.1. Load Analysis and ESS Scheduling

A complex center with 2500 kW of contract power was selected as a sample for the evaluation of
economic feasibility. Figure 3 shows the 24-h load patterns and its distribution for each hour of the
actual load of the building for a year. In winter, the load pattern is different from the other seasons
because of the different peak time period applied to electricity charge and heating demand in the
evening and at night. Therefore, the loads are analyzed separately for spring, summer, autumn,
and winter. The peak load usually occurs as the flow of outside visitors increases around lunch and
dinner time. Due to the characteristics of this building, which has many night shifts, the load at all
times is kept above a certain level, except for in the early morning hours. This building is subject to the
electricity tariff, A-level high voltage with option II, as summarized in Tables 3 and 4.
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Figure 3. (a) Daily loads in spring, summer, and fall. (b) Distributions of loads in spring, summer, and
fall. (c) Daily loads in winter. (d) Distributions of loads in winter.
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Table 3. Electricity Tariff for a Building with A-level High Voltage, Option II.

Base Charge ($/kW)
Usage Rate (cent/kWh)

Time Summer Spring, Fall Winter

7.43
Light Load Time 5.01 5.01 5.63

Medium Load Time 9.73 7.02 9.75
Peak Load Time 17.06 9.76 14.88

Table 4. Time Table for TOU Price in Korea.

Time Summer, Spring, Fall Winter

Light Load Time 23:00–09:00 23:00–09:00

Medium Load Time
09:00–10:00 09:00–10:00
12:00–13:00 12:00–17:00
17:00–23:00 20:00–22:00

Peak Load Time
10:00–12:00 10:00–12:00
13:00–17:00 17:00–20:00

22:00–23:00

4.2. ESS Scheduling

An overview of the behind-the-meter ESS in this work is given in Table 5. Excluding
pumped-storage hydro power plants and uninterruptible power supplies, more than 99% of ESSs
in Korea are lithium-ion battery ESS. In addition, in order to meet the High-efficiency Appliance
Certification criteria for ESS in Korea, the ESS should have a round-trip efficiency of over 89%. Given
the service characteristics of ESS applications, behind-the-meter ESS for peak reduction and load
shifting is suitable to have a storage time of about two to five hours [36]. A 250 kW, 1000 kWh ESS
capable of sustaining the rated power for four hours is considered for this study.

Table 5. Specification of ESS and Conditions of Analysis.

Battery type Lithium-ion
Rated power 250 kW

Storage capacity 1000 kWh
Round-trip efficiency 89%

Life cycles 3000 cycles (≈12 years)
Depth of discharge (DOD) 95%

Maintenance cost 0.2% of capital cost, annually

The optimization problem for the ESS charge–discharge scheduling was solved, and the results
are shown in Figure 4. Since the base charge saving and base charge discount through peak reduction
are more profitable than arbitrage through load shifting, the ESS is mainly discharged at the peak time
period. In addition, since the maximum load occurring at the light load time is not considered in the
calculation of the base charge, the ESS charged from midnight to its rated power without considering
any additional calculations for charging. If the ESS charge is made at a light load time, there is no
variation in the economics of how and when it is charged. Thus, it is more effective for the operator to
set the charging schedule in consideration of the operating aspect and the life cycle of the ESS.



Sustainability 2019, 11, 186 11 of 17Sustainability 2019, 11, x FOR PEER REVIEW 11 of 17 

  
(a) (b) 

Figure 4. (a) ESS charge-discharge schedule in spring, summer, and fall; (b) and in winter. 

4.3. Economic Feasibility of ESS without Subsidies or Fixed Cost 

Since the initiation of the ESS ECDP in Korea, discounts are strengthened in stages. In this work, 
the economic feasibility of ESS ECDP of each stage is analyzed. 

The cases for analysis are summarized in Table 6. Case 1 is the case without discount before the 
ESS ECDP initiation. Cases 2 to 5 are cases of ESS ECDP in stages, as shown Table 1 after ESS ECDP 
initiation. Cases 4 and 5 reflect a temporarily raised discount rate for base charge discount. In Cases 
4 and 5, a discount rate of 300% is initially applied, and then a discount rate of 100% is applied after 
the end of the 300% discount period. 

In this study, the impact of the improved profitability of behind-the-meter ESS through the ESS 
ECDP on the dissemination of demand side ESSs in Korea is analyzed. Subsidies that have been 
provided to behind-the-meter ESSs should be considered so as to analyze the correlation of economic 
feasibility with the dissemination of ESS in real cases. In order to consider the cash discount rate in 
the case study, the discount rate is assumed to be 3%. In this work, the capital cost of ESS is fixed at 
$625,000. 

Table 6. Controlled Cases for ESS’s Economic Feasibility Analysis. 

Discounts Case I Case II Case III Case IV Case V 
Base charge discount - - 100% 300%, 100% 300%, 100% 

Period of base charge discount 
(years) - - 10 3, 7 4, 6 

Usage charge discount for the 
ESS charge - 10% 10% 50% 50% 

Period of usage charge discount 
(years) 

- 3 3 3 4 

In order to assess only the effect of the ESS ECDP, controlled cases without other considerations, 
such as cost degradation and governmental subsidy, were analyzed. Economic feasibility evaluation 
is conducted in terms of payback period, benefit-cost ratio, internal rate of return (IRR), and net 
present value (NPV). The results are carried out in Table 7. Cases 1, 2, and 3 did not achieve payback 
during the lifetime of the ESS. Thus, in these cases, the ESS project is not profitable. In Cases 4 and 5, 
ECDP’s incentives ensure that the ESS project is economically viable. 
  

0 5 10 15 20 25
-250

-200

-150

-100

-50

0

50

100

150

200

250

Hours

P
ow

er
 o

f E
S

S
 c

ha
rg

e/
di

sc
ha

rg
e 

(k
W

)

 

 
charge
discharge

0 5 10 15 20 25
-250

-200

-150

-100

-50

0

50

100

150

200

250

Hours

P
ow

er
 o

f E
S

S
 c

ha
rg

e/
di

sc
ha

rg
e 

(k
W

)

 

 
charge
discharge

Figure 4. (a) ESS charge-discharge schedule in spring, summer, and fall; (b) and in winter.

4.3. Economic Feasibility of ESS without Subsidies or Fixed Cost

Since the initiation of the ESS ECDP in Korea, discounts are strengthened in stages. In this work,
the economic feasibility of ESS ECDP of each stage is analyzed.

The cases for analysis are summarized in Table 6. Case 1 is the case without discount before the
ESS ECDP initiation. Cases 2 to 5 are cases of ESS ECDP in stages, as shown Table 1 after ESS ECDP
initiation. Cases 4 and 5 reflect a temporarily raised discount rate for base charge discount. In Cases 4
and 5, a discount rate of 300% is initially applied, and then a discount rate of 100% is applied after the
end of the 300% discount period.

Table 6. Controlled Cases for ESS’s Economic Feasibility Analysis.

Discounts Case I Case II Case III Case IV Case V

Base charge discount - - 100% 300%, 100% 300%, 100%
Period of base charge discount (years) - - 10 3, 7 4, 6

Usage charge discount for the ESS charge - 10% 10% 50% 50%
Period of usage charge discount (years) - 3 3 3 4

In this study, the impact of the improved profitability of behind-the-meter ESS through the ESS
ECDP on the dissemination of demand side ESSs in Korea is analyzed. Subsidies that have been
provided to behind-the-meter ESSs should be considered so as to analyze the correlation of economic
feasibility with the dissemination of ESS in real cases. In order to consider the cash discount rate in
the case study, the discount rate is assumed to be 3%. In this work, the capital cost of ESS is fixed
at $625,000.

In order to assess only the effect of the ESS ECDP, controlled cases without other considerations,
such as cost degradation and governmental subsidy, were analyzed. Economic feasibility evaluation is
conducted in terms of payback period, benefit-cost ratio, internal rate of return (IRR), and net present
value (NPV). The results are carried out in Table 7. Cases 1, 2, and 3 did not achieve payback during
the lifetime of the ESS. Thus, in these cases, the ESS project is not profitable. In Cases 4 and 5, ECDP’s
incentives ensure that the ESS project is economically viable.

Table 7. Results of economic feasibility analysis in controlled cases.

Results Case I Case II Case III Case IV Case V

Payback years - - - 6.85 5.73
B/C ratio 0.483 0.489 0.861 1.03 1.08
IRR (%) −14.2 −14.1 −3.6 1.21 3.28

NPV
(thousand US dollars) −389 −385 −105 24.6 63.5
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4.4. Economic Feasibility of ESS in Real Cases

Regarding the real cases, subsidies and price decrease are considered. The value of subsidies for
behind-the-meter ESS is given as 80% of the total cost of ESS installation since 2012, and it is decreased
by year. The real cases in this work including subsidies are summarized in Table 8. Further, details in
the price decrease of ESS in the domestic market in Korea are shown as Figure 5. In this work, the actual
effect of the market environment and public policy including the ESS ECDP on economic feasibility are
evaluated. The results are shown in Tables 9 and 10. Table 9 represents the results of analysis of ESS
economic feasibility in private markets excluding government subsidies for ESS private investment
and ESS economics comparison. Table 10, on the other hand, shows the economic feasibility evaluation
results of ESS considering government subsidies.
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Figure 5. (a) Total cost of behind-the-meter ESS installation. (b) Cost of power conditioning system
(PCS) and battery storage of ESS.

According to Table 9, which is the result of the ESS economic feasibility evaluation in the private
market excluding government subsidies, ESS is worth the investment only in Cases 4 and 5 that
were implemented the ESS ECDP with a 300% base charge discount and 50% usage charge discount.
Until then, a behind-the-meter ESS is not profitable.

In Table 10, even though ECDP was introduced in Case 2, the economic feasibility of Case 2 is
lower than that of Case 1. This is because the government subsidy rate for behind-the-meter ESS
decreased from 70% to 50% in Case 2. It can be concluded that the economic feasibility of the ESS
project is more dependent on subsidies than institutional incentives before the incentive programs are
fully implemented. In Case 3, compared to Case 2, the subsidy rate was maintained, and the effect of
improving the economic efficiency was significantly increased by introducing the base charge discount.

In Case 4 and 5 of real case studies, the profitability of a behind-the-meter ESS drastically increased
regardless of whether government subsidies were given or not. Therefore, it can be inferred that private
capital investment in behind-the-meter ESS would have been influenced. In other words, it is analyzed
in Section 4.5 whether improved economic feasibility leads to the diffusion of demand-side ESSs.

Table 8. Real Cases for ESS’s Economic Feasibility Analysis.

Parameters Case I Case II Case III Case IV Case V

Base charge discount - - 100% 300%, 100% 300%, 100%
Period of base charge discount (years) - 10 3, 7 4, 6
Usage charge discount for ESS charge - 10% 10% 50% 50%

Period of usage charge discount (years) - 3 3 3 4
Governmental subsidy for ESS

(only for subsidy program) 70% 50% 50% 30% 30%

Cost of ESS with 0.25 MW, 1 MWh
(thousand US dollars) 786.6 629.5 622.3 558.9 558.9
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Table 9. Results of Real Cases in Private Market: Without Subsidies.

Results Case I Case II Case III Case IV Case V

Payback years - - - 5.72 4.63
B/C ratio 0.38 0.49 0.86 1.15 1.21
IRR (%) −18.4 −14.2 −3.50 5.76 8.29

NPV
(thousand US dollars) −584 −390 −102 104 143

Table 10. Results of Real Cases in Government-Driven Market: With Subsidies.

Results Case I Case II Case III Case IV Case V

Payback years 7.52 - 4.99 3.01 3.00
B/C ratio 1.28 0.971 1.73 1.65 1.73
IRR (%) 5.75 −0.65 16.4 25.7 30.3

NPV
(thousand US dollars) 79.2 −11.0 273 306 345

4.5. Corealations between Economic Feasibility and Dissemination of a Behid-the-Meter ESS

Figure 6 shows the capacity of domestic ESS installation on demand side according to the investor
by year. The light blue bar in Figure 6, which is marked as “Subsidy,” means the capacity of ESS
installed by governmental subsidy program. Except for “Subsidy,” no others are given government
subsidies. The green bar labeled “Public Sector” refers to the ESS installed by the public organizations
in line with the government’s demand-side ESS diffusion policy. “Manufacturer’s Demonstration,”
which is orange bar, represents a leading investment by ESS makers to take advantage of future market
share. The dark red one labeled “Private Investment” is the amount of ESS installed for consumer’s
economic profit, such as electricity bill management, and a government subsidy is not given here.
Finally, the correlation coefficient of IRR and ESS investment is shown in Table 11.
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Figure 6. Korea’s annual domestic ESS market size by source of investment in (a) MW, and (b) MWh.

Table 11. Correlations between IRR and ESS Investment.

Correlation Coefficient
(with IRR)

Total Private Only

kW kWh kW kWh

0.8093 0.7513 0.7431 0.7113
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5. Discussion

Based on the actual case of installing 250 kW and 1000 kWh ESS at the contract power of a
2500 kW complex center, we examined whether the ESS ECDP, the incentive policy for the expansion
of the demand side ESS, acted as intended by the Korean government. As shown in Table 7, an ESS’s
economic feasibility is improved as the discount rate is raised and the discount period is extended.
According to the results of case studies shown in Table 9, without government subsidies, incentives of a
300% base rate discount and 50% charge rate discount should be given for positive profitability. On the
other hand, Case 1 of Table 10, which receives 70% of government subsidies, is profitable because it can
save a considerable amount of investment cost without the incentive. However, this is not constrained
by the limited government budget, and therefore cannot lead to continued ESS market expansion.

Considering that it usually takes less than a year of 1 MWh-sized behind-the-meter ESS installation
processes, the improved profitability of behind-the-meter ESS due to the ESS ECDP enhancement
is immediately connected to the demand side ESS dissemination of the following year. As shown
in Figure 6, the amount of ESS installation on the demand side has increased noticeably from 2017,
where in Case 4, the incentive of the ESS ECDP was strengthened and the behind-the-meter ESS had
positive profitability. The extension of the ESS ECDP in May 2017 further improved the economic
efficiency of behind-the-meter ESSs, as in Case 5, resulting in the explosion of demand-side ESSs
in 2018.

We can see in Figure 6 that the private sector investment contributed more to the growth of the
Korean domestic demand side ESS market than any other sectors. We can also infer from this study
that it is effective to build a market structure that can secure return on investment in order to form the
demand side ESS market as a private led market.

As a result, the ESS ECDP for improving the economic feasibility of behind-the-meter ESSs in
order to diffuse the ESS on the demand side in Korea has directly attracted investment in demand-side
ESSs. The ESS ECDP initiated in 2015 to promote private sector investment in the behind-the-meter
ESS has resulted in the growth of Korea’s demand-side ESS market, which was only $27 billion in 2015,
to $825 billion in 2018. In addition, after the advanced ESS ECDP initiation in 2017, which provides an
IRR of at least 5% as in Case 4 of Table 9, the private sector ESS investment, which had not existed
before 2015, had risen to $105 billion in 2017 and $783 billion in 2018. These were about 54% and
95% of the total market, respectively. These results suggest that it is possible to promote the private
investment on the domestic demand side ESS with public policy on behind-the-meter ESS.

6. Conclusions

This paper shows that public policy to support the profitability of behind-the-meter ESS in Korea
drives increased installation in demand-side ESSs. In order to clarify this, we first described the
ESS ECDP, the representative public policy to enhance the profitability of behind-the-meter ESSs in
Korea. In addition, we defined the cost–benefit structure of demand side ESS and formulated the cost
minimization problem for electricity bill reduction. Finally, we clarified how ESS ESCP affects the
profitability of a behind-the-meter ESS and how the improvement of profitability of a behind-the-meter
ESS influences increased investment in behind-the-meter ESSs. Since the Korean government has
continued subsidies and incentives to support the profitability of behind-the-meter ESSs, investment
in demand-side ESSs has increased in Korea. In particular, the investment has led by the private sector
and amounted to $783 billion, about 95% of the total domestic demand side ESS market for the seven
months from January to July 2018.

The results of this paper can be used as reference for policymaking in countries considering
ESS diffusion through institutional effort to expand renewable energy supply. When the countries
intending to promote the spread of ESS diffusion through public policy determined the level of
incentive degree in view of the targeted amount of ESS installation, the results represented in this
paper can be referenced.
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Previous studies aiming to maximize the economic efficiency of ESS resources on the demand side
have mainly focused on the optimization of the charging–discharging schedule of ESSs in combination
with other distributed resources such as photovoltaic generation and electric vehicles. However,
this paper quantitatively evaluates the impact of policy decision-making on the economic performance
of a behind-the-meter ESS, thereby broadening the approach to the study of the demand-side ESSs.
Furthermore, studies on the effects of public policy promoting ESS applications on the supply side,
such as renewable portfolio standards (RPS), can be considered in further study.
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Nomenclature

Pl
d,t Load power on day d at time t in kW

Pd
d,t Discharging power of ESS on day d at time t in kW

Pc
d,t Charging power of ESS on day d at time t in kW

E Storage capacity of the ESS in KWh
πb Base charge savings through peak load reduction in US dollars
πu Usage charge savings through load shifting in US dollars
πb

d Base charge discount amount in US dollars
µb Unit rate for base charge of electricity bill in US dollars per kW
µp Unit rate for electricity usage at peak load time period in US dollars per kWh
µm Unit rate for electricity usage at medium load time period in US dollars per kWh
µl Unit rate for electricity usage at light load time period in US dollars per kWh
D Days of the month
Dw Weekdays of the month
Y Life years of the ESS
Tp Peak load time period
Tm Medium load time period
Tl Light load time period
Tmax The time of peak load occurrence
ω Weight of discount rate
δb Base charge discount rate
δu Usage charge discount rate for ESS charging
ε Depth of discharge of battery storage of the ESS
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