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Abstract: Energy Storage Systems (ESSs) have recently been highlighted because of their 

many benefits such as load-shifting, frequency regulation, price arbitrage, renewables, and 

so on. Among those benefits, we aim at evaluating their economic value in frequency 

regulation application. However, unlike previous literature focusing on profits obtained from 

participating in the ancillary service market, our approach concentrates on the cost reduction 

from the perspective of a utility firm that has an obligation to pay energy fees to a power 

exchange. More specifically, we focus on the payments between the power exchange market 

and the utility firm as a major source of economic benefits. The evaluation is done by cost- 

benefit analysis (CBA) with a dataset of the Korean market while considering operational 

constraint costs as well as scheduled energy payments, and a simulation algorithm for the 

evaluation is provided. Our results show the potential for huge profits to be made by cost 

reduction. We believe that this research can provide a guideline for a utility firm considering 

investing in ESSs for frequency regulation application as a source of cost reduction. 
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1. Introduction 

In a traditional generation setting, electricity, in its technical characteristics, cannot be stored, which 

means that if there is demand, the demand should be fulfilled right away. This implies that a power 

system should always secure sufficient generation capacity to meet the highest demand at peak times, 

even though demand stays lower for most of the time. In fact, such inefficiency is becoming more 

problematic as peak time demands keep soaring faster than average demands. 

In this respect, Energy Storage Systems (ESS) have been paid great attention because they are 

believed to enhance power system efficiency due to their capability of discharging, storing, and charging 

electricity within a very short time interval. In fact, a variety of applications of ESS have been proposed, 

including peak-time shifting, load balancing, provision of ancillary services, and quality enhancement. 

However, despite their remarkable pace of technological advancement, adoption of ESS is still in the 

early stage, particularly for grid utility-related applications. 

Despite the hype propagated by ESS industries, it is also true that there has been hesitation or 

resistance to adopting and investing in ESS. Arguably, one of the strongest obstacles to the diffusion of 

ESS is the absence of scientific economic validation that can be referred to or consulted by investors and 

policy makers [1]. Of course, some studies, such as [1–5], have discussed the economic value of ESS in 

the general scope, but they are still insufficient to attract investors and policy makers in particular 

application areas. For example, while most researchers studied the economic values of ESS obtained 

from arbitrage trade of energy, only a few articles investigated the economic value in terms of  

frequency regulation. 

In addition to the frequency regulation application, a more important and specific question is who 

invests in and owns the ESS. In general, investors would participate in an ancillary service market to 

make profits by reserving capacity for regulation. However, in contrast to the general case, what happens 

if a utility firm that is in a position to pay regulation service fees to a power exchange market invests in 

ESS and utilizes it for regulation? Therefore, in this paper, we consider the case in which a utility firm 

invests in and operates ESS for frequency regulation. 

This paper proposes an economic valuation method for a battery-based energy storage system used 

for frequency regulation purposes, from a utility firm’s perspective. Also, unlike typical economic 

analyses relying on highly approximated monthly or yearly benefits, our simulation and corresponding 

algorithm to implement it is based on more precise estimation of hourly changes in electricity generation 

and on more complicated operation constraints. The method we present also considers important 

characteristics specific to the Korean electricity market and makes the analysis from the perspectives of 

both the wholesaler and generators. By providing detailed analysis of economic outcomes from both 

sides, the proposed method helps investors make an informed decision as well as provides meaningful 

implications for policy makers. 
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The structure of this paper is as follows: In Section 2, we investigate the literature regarding ESS 

investment and discuss backgrounds of frequency regulation, especially in the Korean electricity market. 

Then, we suggest a framework and an algorithm for ESS investment evaluation in frequency regulation 

application from a utility firm’s perspective in Section 3. Based on the proposed framework, simulation 

and analysis are executed to analyze the effect of a utility adopting ESS in Section 4. Section 5 summarizes 

the major results, and provides implications for policy maker and utility firm investors. 

2. Literature Review and Background 

2.1. Energy Storage System (ESS) for Frequency Regulation (FR) 

Energy Storage Systems (ESS) can charge and discharge electricity in a very short time. Since their 

benefits are known to be broad and include load-shift, reliability, and stabilization of the power grid, the 

utilization of ESS has garnered attention from practitioners and policy makers in the related fields. For 

example, Sandia Lab [6] provides a description and service-specific technical details for 18 services and 

applications associated with the use of electricity storage for electric-utility-related applications. The 18 

services are categorized as follows: (1) Bulk energy service including energy time-shift and energy 

supply capacity; (2) Ancillary Services like regulation, spinning reserves, black start, and voltage support; 

(3) Transmission infrastructure like upgrade deferral; (4) Distribution infrastructure like distribution 

upgrade deferral and voltage support; and (5) Customer energy management services like power quality, 

reliability, and demand charge management. 

Among the various applications of ESS, the regulation market (also referred to as frequency 

regulation or, in parts of the EU, called regulating power) has earned attention due to its potential for 

economic benefits and readiness in terms of market situation and technical issues. Regulation is used to 

reconcile momentary differences caused by fluctuations in generation and loads. This imbalance 

between generation and loads increases or decreases the frequency of electricity, which leads to 

degradation of power quality. The primary purpose of regulation is to maintain the grid frequency at a 

certain level (60 Hz). 

This is accomplished by using a real-time communication signal directly controlled by the grid operator. 

The regulation control signal can call for either a positive or negative correction, often referred to in the 

industry as “regulation up” and “regulation down”, respectively. If loads exceed generation, frequency 

and voltage drop and the grid operator relays a signal to generators requesting regulation up. Conversely, 

when there is a momentary excess of electric supply capacity, the grid operator requests regulation down 

and asks generators to reduce generation. 

Regulation is typically provided by generating units that are online and ready to increase or decrease 

power as needed. Regulation is contracted capacity on an hourly basis and dispatched on intervals 

between four seconds and one minute. Neither regulation up nor regulation down is dispatched for a long 

duration. An important consideration for this application is that most thermal or base load generation 

used for regulation service is not especially well-suited or designed to provide regulation; they are not 

designed for operation at partial loads or to produce variable outputs, which means that they are usually 

most efficient when power plants operate at a specific and constant (power) output level. Similarly,  
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air emissions and plant wear and tear are usually lowest (per kWh of output) when thermal generation 

operates at a full load and with constant output [6]. 

Therefore, storage may be an attractive alternative to most generation-based load following for at 

least three reasons: (1) in general, storage has superior part-load efficiency; (2) efficient storage can be 

used to provide up to twice its rated capacity (for regulation); and (3) storage output can be varied rapidly 

(e.g., output can change from none to full or from full to none within seconds rather than minutes). 

2.2. Frequency Regulation in Korea 

In Korea, frequency regulation is directed by KEPCO (Korea Electric Power COrporation) and KPX 

(Korea Power eXchange) in two forms, an Automatic Generation Control signal (AGC) and a Governor 

Free signal (GF). KPX and KEPCO ask generators to respond within five minutes, when the frequency 

is outside of the range of 0.2 Hz change. The typical amount of contracted regulation service in Korea 

is less than about 1,500 MW. For the past five years, governor free regulation (GFR) and automatic 

generation control (AGC) have been, on average, 800–1000 MW and 400 MW, respectively, as shown 

in Figure 1. 

 

Figure 1. The capacity of frequency regulation. 

In Korea, the economic validity of employing ESS for FR cannot be discussed without considering 

the roles that KEPCO plays in the Korean electricity market. KEPCO is a monopsony wholesale buyer 

and is in charge of transportation and distribution. KEPCO buys electricity in the market operated by 

KPX and transports/distributes electricity to customers. KEPCO is also in charge of operating ancillary 

services including FR. Therefore, it determines the total FR capacity and performs allocation to 

generators. Specifically, it secures the capacity for frequency regulation by reserving a part of the bid 

amount offered from generators, and generators are dispatched real time for FR based on their reserved 

capacity. Since KEPCO is a monopsony buyer, it has the responsibility of paying generators for their 

participation in ancillary services. As of now, KEPCO itself is not allowed to participate in FR service 

markets or power generation. In fact, since the service fee for ancillary services is being regulated,  
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there can be no ancillary service market in the current market situation. Given this market situation, the 

benefits from ESS employed for frequency regulation service can only be defined in terms of KEPCO’s 

financial benefits. More specifically, it can be expected that KEPCO can reduce energy payments made 

to generators, incurred as a result of managing FR-related operations. 

2.3. Frequency Regulation and Constraint Cost 

One important issue regarding regulation is that in the course of its operation a substantial amount  

of constraint costs are incurred by the grid operator. Constraint cost is the most important concept in 

comprehending the economic validity of applying ESS for FR service. Constraint costs arise to the  

extent that there are differences between the market schedule of generation and the actual dispatch by 

the grid operator. 

Constraint costs are related with the following two types of generators that appear during the 

operation of frequency regulation. First, there are constrained-off generators that were scheduled to run 

by the market (that is, considered in determining the system market price) but which did not run in the 

actual dispatch or ran at a decreased level (constrained off/down). Second, there are constrained-on 

generators that were not scheduled to run or ran at a low level in the market, but which ran at a higher 

level in reality (constrained on/up). This situation happens because regulation is contracted and paid for 

during scheduling, but in actual operation the contracted amount was not called on to provide electricity. 

In this case, in order to balance supply and demand, a generator that is constrained off/down will 

always result in other generators being constrained on/up and vice versa. That is, the generators that are 

constrained off/down have to pay back a constraint payment (negative) and the corresponding units that 

are constrained on/up receive a constraint payment (positive). As the price of the constrained on/up unit 

is generally greater than the constrained off/down unit, there is always a net cost associated with constraints. 

ESS reduces the constrained off/down capacity by replacing them. This in turns reduces the capacity of 

the corresponding constrained on/up generation, which results in a cost savings for the grid operators. 

2.4. Economic Valuation Literature for Energy Storage System 

Energy Storage Systems (ESS) are applicable in a variety of areas, as described in [6]. Among those, 

we focus on frequency regulation in this paper, particularly from the utility’s perspective. Unlike other 

studies, this paper considers the viewpoint of a utility that has to pay constraint costs (constrained on/off) 

to a power exchange market as compensation for controlling frequency regulation. Moreover,  

our simulation and proposed algorithm reflects on a situation in which an introduction of ESS would 

change the operation and schedule of existing generators and accordingly lead to changing the payments 

for constraint costs as well as payments for scheduled energy. 

Among the literature discussing the economic values of ESS, Alt et al. [7] presented a method for 

determining the benefits of dynamic operating cost for energy storage systems from the utility company 

perspective using DYNASTORE. This research showed that the operating benefits for load frequency 

control are fewer than for spinning reserve and load leveling. However, in this paper they drew a 

conclusion regarding the benefits of ESS only by comparing the production costs of energy generated 

by unit generators and ESS. Oudalov et al. [4] and Mercier et al. [8] suggested an optimal way of 

dimensioning ESS and evaluated the profitability over 20 years. They maximized the net present value 
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of profits for frequency control reserve and excess energy sale. The main objectives of optimization for 

a potential ESS owner are participating in an ancillary service market and making profits from providing 

the service. Moreover, further studies such as Walawalkar et al. [5] and Bradbury et al. [1] focused on 

the benefits by participating in arbitrage price and regulation depending on energy prices and market 

clearing prices. Economic valuation of an energy storage system in an ancillary service market has also 

been studied using real data from Chile and Israel, questioning the optimal size of an energy storage 

system [9,10]. However, these studies focus on either the profits earned from participating in an ancillary 

service market or the benefits incurred through the difference in production costs between an ESS and a 

generator. On the other hand, our paper concentrates on the payment change, such as scheduled energy 

payments and constraint cost payments, in accordance with the change of operations schedule after ESSs 

are utilized. 

Moreover, studies regarding utility side management for ESS can be found [11]. However, most 

papers concern different application area such as load-leveling application, vehicle-to-grid application, 

optimal site, or the optimal size of an ESS. Jung et al. [12] and Lo and Anderson [13] proposed an 

algorithm of economic dispatch for load-leveling and finding an optimal ESS capacity from the  

utility’s perspective. Even though some papers have discussed the impact of vehicle-to-grid application on 

a utility [14,15], frequency regulation from a utility perspective is not much studied, whereas  

Ouldaov et al. [16] discussed the frequency regulation issue from the utility’s perspective and derived 

benefits that were calculated simply through control prices and supplied power. The compensation for 

regulation could be made either by the market or through mandatory obligation, which has to be paid by 

a utility. However, in this paper, the fact that the operation schedule and payment paid by a utility can 

be changed by an ESS is not reflected in the model. 

Therefore, in this study we consider the economic value of ESS in frequency regulation from the 

perspective of utility that is in a position to make payments for constraint cost as well as for scheduled 

energy, and also propose an algorithm to estimate the economic benefits using Korean market data. 

3. Methodology 

3.1. Valuation Principles 

In this paper, we assume that the whole economic value of ESS can be translated into decreased 

energy payments by a monopsony buyer in the wholesale electricity market. The wholesale electricity 

market in Korea is a monopsony market in which a single buyer is responsible for buying the total 

electricity produced and ancillary services are also totally controlled by the monopsony buyer. Given this 

market institution, it can be reasonably assumed that ESS deployment for FR will result in reduction in 

a buyer’s energy payment because ESS can reduce the amount of constrained-on generation that is 

usually dispatched to generators with high variable cost. 

Specifically, the estimation of the economic value of ESS is conducted by measuring how much 

energy payments would change after an ESS is deployed. To this end we employ historical data for a 

benchmark scenario, which will serve as a reference for comparison. The historical data is a good 

representation of a current practice in which no ESS capacity is employed and the whole FR capacity  

is taken on by generators consuming fossil fuel. Therefore, our focus of economic valuation is on 
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estimating how a current practice would change due to the deployment of ESS capacity and how much 

energy payments would be reduced due to such changes in practice. 

The following variables are used to define energy payment. The notation for each variable is provided 

in parentheses. The variables represent the key outcomes of production scheduling, which affects the 

amount of energy payment by the wholesaler. All variables have an hourly record since the schedule is 

generated every hour. 

• Variable Cost (vc)—Variable cost is the cost of generating electricity incurred by a generator. 

Variable cost of a generator is mostly dependent on the price of fuel it consumes. In Korea, 

variable costs cannot be determined by generators but need to be evaluated by a central committee, 

the Generation Cost Evaluation Committee (GCEC). The committee finally determines variable 

costs based on the evaluation of various elements such as energy prices, fixed costs, efficiency, 

and/or the generator’s other technical features. 

• System Marginal Price (smp)—smp is a market price of electricity determined after a dispatch 

schedule is established. As the name indicates, smp defines the system-wide cost incurred to 

produce a unit of electricity additional to the amount of electricity that has been generated so far. 

smp is very important in that it determines the wholesale price, which affects the energy payment 

given to generators involved in the production schedule. 

• Price-Setting Scheduled Energy (Q_pse)—Q_pse is the scheduled amount of generation by each 

generator. It is determined based on offers by generators in the day-ahead electricity market.  

It should to be noted that Q_pse determines smp but is not equal to the actual amount of 

generation due to reserved capacity. 

• Constrained-off capacity (Q_coff = Q_gfr + Q_act)—Q_coff represents constrained-off capacity 

reserved for FR service. Q_coff is allocated to each generator by reserving a part of the Q_pse it 

offered. Q_coff is the sum of Q_gfr and Q_act, which represent the two types of regulation 

operation: governor free and automatic generation control. If Q_coff is fully dispatched in  

real time, the actual generation of each generator becomes Q_pse-Q_coff. 

• Constrained-on capacity (Q_con)—Q_con is the amount of constrained-on generation requested 

for making up the loss of scheduled supply due to Q_coff. Generators with available capacity are 

dispatched in real time. It is worth noting that Q_con here considers constrained-on generation 

only for compensating the loss due to FR service, meaning that it does not account for any other 

constrained-on generations that might occur in real-time situations such as forecast errors or 

failures in distribution/transmission. 

Notice that, among the variables introduced, the only variables affected by the introduction of ESS 

capacity are Q_coff and Q_con. For vc, we can assume that it remains fixed because vc is mostly 

associated with generation efficiency and fuel costs, both of which are not related with ESS. Q_pse can 

also be assumed to remain fixed because ESS only provides capacity for FR service and is not involved 

in providing electricity supply to meet energy demand. Since Q_pse remains unchanged, the amount of 

scheduled supply also remains unchanged, which in turn does not change smp. Consequently, the 

availability of ESS capacity only changes Q_coff and Q_con and the payment savings are solely 

determined by how these two variables would change. 
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3.2. Payment Equations 

Now we define payment equations by using the variables introduced so far. Among the various 

payment items made by the wholesaler, we consider the following three items that are most affected by 

the deployment of ESS capacity: Scheduled Energy Payment (P_sep), constrained-off payment (P_coff), 

and constrained-on payment (P_con). P_sep is the most basic payment item given to generators for 

electricity generation. Since it is payment for actual generation, the reserved capacity for FR service is not 

considered. Thus, P_sep is calculated as follows (subscripts i and t represent the individual generator 

and time (in hours), respectively): 

P_sep(i, t) = [Q_pse(i,t) − Q_coff(i,t)] × mp(i,t) (1)

Notice that mp (abbreviation of marginal price), instead of smp, is employed as a unit price for 

payment settlement; mp is an adjusted marginal price defined for individual generators. This adjustment 

is intended to reflect variations in variable costs among generators, preventing low cost generators 

(nuclear or coal) from earning relatively excessive profits compared with other generators. 

Another important payment item regarding FR service is constrained payment, either constrained-off 

payment or constrained-on payment. Constrained-off payment can be considered as reimbursement of 

the opportunity cost of providing FR services; it is made to FR service providers to compensate for their 

lost profits due to the capacity provided for FR service. P_coff is calculated as follows: 

P_coff(i,t) = Q_coff(i,t) × [mp(i,t) − vc(i,t)] (2)

On the other hand, constrained-on payment is incurred because of make-up generation for the capacity 

not dispatched due to reservation for FR generation. Constrained-on generation is usually dispatched to 

high-cost generators, because most low-cost generators’ capacity was already brought into the 

production schedule. In theory, the total amount of constrained-on generation should be equal to the total 

reserved capacity; that is, ΣQ_coff should be equal to ΣQ_con unless reserve capacity is limited. 

However, in practice, there are situations in which additional generation is not possible because of 

insufficient reserve capacity, due to high peak demand. Constrained-on payment (P_con) is calculated 

as follows: 

P_con(i,t) = Q_con(i,t) × max[smp, vc(i,t)] (3)

Notice that the unit price for P_con should be larger than smp and vc. Because constrained-on 

generation is dispatched to generators whose capacity (a part or the whole) was not brought into the 

production schedule, they could have higher variable cost than smp. Therefore, if constrained-on generation 

should be dispatched to such generators, the unit price should be their variable costs instead of smp. 

3.3. Q_coff and Q_con 

As we have examined in the previous section, estimating the changes in Q_coff and Q_con for each 

generator is a crucial part of the economic valuation of ESS for FR. We use Q_coff’ and Q_con’ to denote 

the altered Q_coff and Q_con after a certain amount of ESS capacity is deployed. In order to calculate Q_coff’ 

and Q_con’, we need a rule to determine which generators become free of constrained-off/on generation 

when the total FR capacity charged on existing generators is reduced due to the ESS capacity deployed. 
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The Q_coff’ or Q_con’ of a certain generator could remain unchanged or become smaller depending 

on whether it is chosen for replacement by ESS capacity or not. The energy payment will also differ 

depending on the manner in which we select generators. That is, a selection rule plays a crucial role in 

estimating payment reduction. 

Let us begin with a rule for determination of Q_coff’. If we reduce the Q_coff of a certain generator, 

its P_sep would increase but its P_coff would decrease. It is clear that P_coff reduces when Q_coff is 

reduced. The reason why P_sep increases is that if Q_coff is reduced the reduced amount will be 

converted into generation, which increases Q_pse and P_sep. 

As a result, the following facts are obvious. If we reduce the Q_coff of high-cost generators first, we 

can expect that the decrease in P_coff would not be significant (because vc and mp are close), but the 

increase in P_sep would be significant due to their high mp. On the other hand, if we first reduce the Q_coff 

of low-cost generators, then the expected increase in P_sep would be much smaller but the decrease in 

P_coff must be larger compared with the case of high-cost generators. In consequence, generators with 

a larger gap between mp and vc and a smaller mp should be considered first in order to maximize payment 

reduction. That is, it is more advantageous if reduction in Q_coff starts from low-cost generators.  

Figure 2 describes the procedure in which Q_coff' is estimated. 

For a better understanding of the procedure in Figure 2, consider the following simple example. 

 

Figure 2. Calculating Q_coff’. 
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Let us assume that in this imaginary scenario smp is 128 $/MWh and the ESS capacity for governor 

free operation is 500 MW. Table 1 lists Q_coff values and average variable costs for each generator type 

at time t. According to the procedure, Q_coff values are reduced starting from the low-cost generators 

as follows. At first, the coal generators’ Q_coff is 213.8 MW; this is smaller than 500 MW, the 

unallocated ESS capacity. Hence the Q_coff’ for Generator 2 now becomes 0 and the unallocated ESS 

capacity becomes 286.2 MW, which is the reduction from 500 to 213.8. Likewise, the Q_coff for Generator 

3 is 13.5 MW, which is lower than the current unallocated ESS capacity of 286.2 MW. Hence Q_coff’ 

becomes 0 for Generator 3 and the remaining unallocated ESS capacity becomes 272.7 MW, which 

represents a reduction from 286.2 to 13.5. In the case of Generator 4, Q_coff is 492.2 MW, which is larger 

than the currently remaining ESS capacity (272.7 MW). Therefore, the whole remaining capacity is used 

to reduce Q_coff for Generator 4, and thus its Q_coff’ becomes 219.5 MW (= 492.2 − 272.7). 

Table 1. Example of calculating Q_coff and Q_coff’. 

Generator Index 
Variable Cost 

($/MWh) 

Q_ESS = 0 (Benchmark) Q_ESS = 500 MW ∆Q_gfr 
(MW) Q_gfr (MW) Q_gfr’ (MW) 

1 3.5 0 0 0 
2 35.0 213.8 0 −213.8 
3 48.0 13.5 0 −13.5 
4 100.0 492.2 219.5 −272.7 
5 126.6 9.9 9.9 0 
6 162.3 132.0 132.0 0 

Total −500 

Meanwhile, estimating Q_con’ is a little more complicated. It is aforementioned that in our scenario 

we confined Q_con to represent make-up generation corresponding to the reserved capacity for FR. 

However, in practice we cannot quantify Q_con in this way because FR is not the only reason that 

constrained-on generation is required. This means that there is no Q_con in the benchmark (i.e., historical 

data), so before we estimate Q_con’ we first need to estimate Q_con for each generator. 

The estimation of Q_con is basically similar to the procedure for estimating Q_coff except that each 

generator’s remaining capacity (This is the capacity they bid but was not finally brought into the 

generation schedule. This remaining capacity is the upper limit of Q_con for each generator.) is needed 

to determine the dispatch amount. The way to estimate Q_con is described in Figure 3. The available 

capacity of generators can be calculated by subtracting Q_pse from the capacity they offered in the  

day-ahead market. The procedure starts with ΣQ_coff, the total reserved capacity for FR, and assigns 

Q_con to generators in an ascending order of variable costs. Undoubtedly, it is more advantageous for 

low-cost generators to be dispatched first in this case. 

Table 2 shows an example of allocating Q_con based on the procedure. Let us assume that smp is  

128 $/MWh and ΣQ_cof is 500 MW. Generators are listed in an ascending order of variable costs. Since 

smp is 128 $/MWh, we start the procedure from Generator 3 with the lowest variable cost above smp. 

From Generator 3 to Generator 6, the whole remaining capacity is dispatched, and for Generator 7  

48 MW is dispatched, which adds up to 500 MW of ΣQ_con. 
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Figure 3. Calculating Q_con(i)’. 

Table 2. Example of calculating Q_con and Q_con’. 

Generator 

Index 

Capacity 

(MW) 

Q_bid 

(MW) 

Variable 

Cost (A) 

($/MWh) 

Q_ESS = 0 (Benchmark) Q_ESS = 500 MW 

Q_con (B) 

(MW) 

P_con (B × A) 

($) 

Q_con’ (C) 

(MW) 

P_con’ (C × B) 

($) 

23 523.00 458.36 90.44 458.36 41,452.85 458.36 41,452.85 

24 267.00 234.00 92.50 234.00 21,645.64 205.99 19,054.81 

25 267.00 234.00 92.56 234.00 21,658.21   

26 267.00 234.00 93.58 234.00 21,897.04   

27 543.00 475.89 95.86 3.99 382.32   

28 708.00 620.50 96.14     

29 377.00 330.41 97.14     

Total 1,164.36 107,036.06 664.36 60,507.66 

As mentioned before, Q_con and Q_con’ must be determined through the same procedure  

described above. The only difference is that calculation of Q_con and Q_con’ begins with ΣQ_coff  

and ΣQ_coff’, respectively. 
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3.4. Benefit Equation 

So far we have defined three payment items and estimated Q_coff’ and Q_con’. Now we estimate 

how each payment item changes as ESS provides capacity for FR service. By using the payment equations, 

we can now derive a benefit equation. A benefit equation represents the estimated payment reduction 

after ESS capacity is introduced. Given that vc, Q_pse, and smp remain fixed, the amount of reduced 

payment for each generator can be defined as follows based on Equations (1)–(3): 

∆P_SEP + ∆P_COFF + ∆P_CON  

= −∆Q_coff × mp + ∆Q_coff × (mp − vc) + ∆Q_con × max(smp, vc)  

= ×∆Q_coff × vc + Q_con × max(smp, vc) 

(4)

Notice that the equation represents payment reduction so profit occurs when the value of the equation 

becomes negative. The equation clearly shows that the amount of payment reduction depends on smp, 

variable costs, and the ∆Q_coff and ∆Q_con of each generator. Since low-cost generators are mostly 

constrained-off, their ∆Q_coff is negative but the ∆Q_con is almost zero. In contrast, high-cost 

generators are mostly constrained-on so ∆Q_coff becomes nearly zero and ∆Q_con becomes negative. 

Therefore, the equation shows that while there is an increase in payment for low-cost generators, 

payment to most high-cost generators decreases. Given that the aggregated quantities of ∆Q_coff and 

∆Q_con are the same, (Of course, there are situations that this does not hold. For example, unexpected 

demand surges or high SMP (i.e., insufficient capacity for constrained-on dispatch) sometimes prevent 

Q_con from matching Q_coff. ) the decrease in payments to high-cost generators dominates the increase 

in payments to low-cost generators. This implies that the difference in variable costs among generators 

is a key factor in determining the size of benefits. 

4. Results 

4.1. Estimated Benefits 

We implemented a simulation tool that incorporates the equations and procedures we developed by 

using Microsoft Excel and Visual Basic macro. The simulator has input for ESS capacity and benchmark 

data of Q_pse, Q_coff, smp, and so forth. With these input data, the simulator performs calculations for 

Q_coff’, Q_con, and Q_con’ following the aforementioned procedure and then generates hourly 

estimates of payment reduction based on the payment equations. Figure 4 shows a portion of the results 

produced by the simulator. 

Because benchmark data is real historical data, it can be used to test the validity of the payment 

equations built into the simulator. This can be done by comparing the actual payment records and the 

results obtained by the simulator. Figure 5 presents the yearly records of each payment item from 2008 

to 2012 with the estimated payment items calculated from Equations (1)–(3). In the case of P_sep, both 

payment amounts turned out to be very close, indicating that the estimation on payment savings due to 

the changes in Q_coff (note that P_sep depends on Q_coff) can also be considered reliable as long as 

those changes are realistic. For constrained payments, the actual payment records turned out to be higher 

than the estimated results, which is natural since we exclude constrained generation due to other reasons 

than FR service. However, the ratio of the estimated constraint payments due to FR turns out to be about 
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40% of the real total constrained payments, and that ratio is fairly consistent throughout the period. In 

reality, it was reported that the amount of constrained generation and the FR capacity did remain constant 

and their ratio was about 40%. This suggests that our estimation of P_coff and P_con is likely to 

accurately reflect the actual payments. 

 

Figure 4. Simulation outputs (unit: $). 

 

Figure 5. Comparison of simulation results with real data. 

Now we consider the introduction of ESS capacity and estimate the amount of payment savings 

generated by using the simulator. We first assume an ESS with 500MW capacity was employed in 2008 

and used for the next five years. Figure 6 presents the estimated payment savings obtained from this 

assumption. As expected, despite the increase of P_sep, the total payment turned out to be reduced thanks 

to more significant declines in P_coff and P_con payments. Specifically, it was estimated that the energy 

payment savings in 2008 were about $386.7 million and went up to about $499.4 million in 2012. This 

figure amounts to about 11.7% of the total real energy payments by KEPCO in 2012. According to a 

2012 report by KPX, the total energy payment (including capacity payment and ancillary service fees) 

amounts to about $42.5 billion. In other words, it is expected that KEPCO can cut about 12% of its 

annual operating costs through ESS investment. 

An interesting question worth asking here is where these savings come from. Since the wholesaler is 

a monopsony buyer in the Korean electricity market, the wholesaler’s payment savings only come from 

declined revenues of generators. Since our simulator records estimated payment for each generator,  

we can compare the amount of revenue declines depending on the generator type. As shown in Figure 7,  
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it turns out that whereas coal generators earn more revenue due to the increase in P_sep, liquefied natural 

gas (LNG) and oil generators lose significant revenue due to the marked decline in constrained-on 

generation. In other words, most of a wholesaler’s benefits come from the revenue decline of high-priced 

generators like LNG or oil generators. This finding suggests that ESS provides base-unit generators like 

coal generators with an opportunity to make more revenue. In addition, the reduction of constrained-off 

generation enables them to utilize their full capacity, which also gives them a chance to save costs by 

enhancing generation efficiency. Consequently, the results show that ESS increases the utilization of the 

base-unit generators and decreases the reliance on generators consuming a high-cost energy source like 

LNG or oil. 

 

Figure 6. Estimated payment reduction (ESS capacity = 500 MW). 

 

Figure 7. Estimated revenue change by fuel type. 

Another important point is that the estimated benefit is highly dependent on smp. Since smp is mostly 

affected by the high-priced generators, we can say that the estimated benefit also relies on the variable 

costs of the high-priced generators. Figure 8 plots the monthly estimated payment savings with variable 
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costs and smp. The figure clearly shows that the estimated payment savings are highly correlated with 

the energy price of LNG generators, which are responsible for determining smp in most cases. This 

suggests that the economic value of ESS gets larger as energy prices go up. 

 

Figure 8. Estimated payment reduction and variable costs. 

4.2. Estimated Benefit–Cost Ratio (BCR) 

Based on these outcomes, we tried to evaluate the economic value of ESS investment from the 

perspective of a wholesaler in the monopsony wholesale market. To this end, we consider an investment 

scenario as shown in Table 3. For the first five years of the period, we considered the same data for 

simulation as the benchmark and during the next five years we assumed that the average data of the 

previous five years would repeat every year. 

Given this scenario, we calculated its benefit–cost ratio (BCR) by estimating the net present values 

of payment savings and the ESS costs (NPVBenefit and NPVCost) as follows: 

ܴܥܤ ൌ
ே௉௏ಳ೐೙೐೑೔೟
ே௉௏಴೚ೞ೟

ൌ ∑ ஻௘௡௘௙௜௧೔
ሺଵା௥ሻ೔

௡
௜ୀ଴ ∑ ஼௢௦௧೔

ሺଵା௥ሻ೔
௡
௜ୀ଴ൗ , (5)

where Benefiti is the benefit for the year i, Costi is the cost for the year i, and r is a discount rate. 

As for the costs of operating ESS, we referred to [17], which presents the installation costs and 

operational expenses of various commercial ESSs available in the market. In this handbook, various 

storage system costs and technical performances are provided based on surveys from multiple vendors. 

Among many different types of batteries such as lead-acid, sodium-nickel-chloride and CAES, we used 

the data on Li-ion batteries for frequency regulation support, and then calculated the annual costs. 

Specifically, according to their performance data, we assumed that the efficiency of ESS is 80%. Also, 

to estimate the operating expenses of the Li-ion battery, we utilized the information on the fixed 

operations and maintenance costs as well as the variable costs given in the literature [17]. Finally,  

we obtained the annual costs, as given in Table 3. 
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Based on our estimation, an investment in ESS of 500 MW provides a BCR of 2.56. Given that we 

did not take into account other benefits worth considering, such as energy import, CO2 reduction, 

generation efficiency, and so forth, the results suggest that the investment in ESS for FR deserves our 

fullest consideration. 

Table 3. Benefit–cost ratio of ESS investment (discount rate: 6.5%/year, 500 MW ESS,  

unit: $M). 

Year 2008 2009 2010 2011 2012 2013 2014 2015 2016 2017 NPV 

Benefit 349.6 233.4 282.3 292.5 465.6 465.6 465.6 465.6 465.6 465.6 2747.4 

Cost 721.9 62.9 62.9 62.9 62.9 62.9 62.9 62.9 62.9 62.9 1071.2 

BCR  2.56 

5. Conclusions 

Although it is well known that ESS has attractive technological features for regulation application, its 

economic value is relatively little known. In addition, current practice, in which thermal/base-load generators 

are mostly in charge of regulation service, is economically inefficient due to high constraint costs and 

under-utilization of low-cost generators. Thus, in this paper, we consider the frequency regulation 

application of ESS from a utility’s perspective and investigate the economic value by providing a new 

simulation algorithm. Unlike the existing literature, our valuation logic includes the fact that the schedule 

of base-load generators would be changed when a utility operates an ESS, not to mention the change in 

constraint costs. Our results clearly show that an ESS provides an economically viable solution  

to this problem. Our method estimates that with a 500 MW ESS capacity about 11.7% of  

energy payments can be saved each year. This savings can in turn lead to a lower retail electricity rate. 

The savings in energy payment implies that a power system can be much less dependent on  

high-cost/pollution-causing generators. 

Although we did not consider the social benefits of ESS application, a lesser dependence on  

high-cost generators can result in less reliance on fossil fuels, which are mostly imported from overseas. 

This means that ESS is also beneficial in terms of government finance. This point can be further explored 

by including other social benefits that we did not consider in this paper: CO2 emissions reduction,  

facility upgrade deferral, or other economic impacts. 

This paper also presents a challenge for policy change. According to our analysis results, deployment 

of ESS could raise a conflict of interest between generators and the wholesaler. In addition, most generators 

do not have a motive to invest in ESS due to the low rate of service fees. Sophisticated government 

policy measures are necessary to deal with such a subtle relationship of gain and loss among stakeholders. 

As suggested by the results, if the wholesaler appropriates the excessive benefits from its market 

position, the benefit must be shared among other shareholders in some ways. For instance, the 

government can subsidize the investment of ESS and part of the benefits can be transferred to create a 

lower retail rate or to increase power capacity. As of 2014, the economic validity of ESS investment is 

under evaluation by KEPCO and the Korean government and it is expected that there will be some policy 

propositions regarding an energy policy including the diffusion of ESS. 
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