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Abstract – In this paper, we estimate the economic benefits of Energy Storage Systems (ESSs) for 
peak load shaving in an urban railway substation using the annual cost. The annual investment cost of 
ESSs is estimated using Net Present Value (NPV) and compared with the cost reduction of electricity 
by the ESS. The optimal capacities of the battery and Power Converting System (PCS) are determined 
for peak load shaving. The optimal capacity of the ESS and the peak load shaving is determined to 
maximize the profit by the ESS. The proposed method was applied to real load data in an urban 
railway substation, and the results show that electric power costs can be reduced. Other aspects of the 
ESS, such as the lifetime and unit price of the battery, are also investigated economically. 
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1. Introduction 
 
In electric power systems, an electric energy storage 

system (ESS) is used widely for various purposes. To 
enable renewable energy sources (RESs), such as solar and 
wind power, ESSs are applied to power systems for various 
purposes. ESSs reduce the uncertainty in the operation of 
RESs [1] and make it possible to accommodate high 
penetration levels of RESs [2]. The authors in [3] proposed 
a method to determine the optimal ESS operation to 
increase the value of wind-power generation.  

ESSs also improve the system reliability of microgrids. 
ESSs provide power to island systems during planned or 
unplanned network outages [4]. Microgrids can be expanded 
efficiently by load management and mitigating power 
quality issues [5]. Research studies were performed to find 
the optimal size of an ESS for isolated microgrid operation 
in [6, 7].  

At the same time, the cost-efficient operation of the 
distribution systems has become a greater concern as smart 
grids have been developed and deployed. ESS is one of the 
promising technologies to improve the reliability and 
efficiency of distribution systems. ESSs can be applied to 
distribution substations to achieve benefits such as upgrade 
deferral and arbitrage benefit maximization [8, 9]. The 
authors in [10] predicted the peak load based on the record 
of load and reduced the peak load by the stored energy 
during the predicted peak-load period. ESSs can also be 
used to flatten the electrical load by charging and 
discharging [11]. The operation schedule of ESSs was 
determined based on the recorded load data for load 
leveling, frequency regulation, arbitrage, peak load shaving, 

and integration of renewable power generation in [12]. 
ESSs were applied to the residential distribution feeder 
to reduce the peak load in [13]. The authors in [14] 
proposed a method to determine the optimal size of an 
ESS to maximize economic benefits by reducing the 
electricity price while minimizing investment costs. They 
also proposed a strategy to minimize energy costs using 
dynamic programming. The authors in [15] proposed a 
comprehensive planning framework to find the optimal 
siting and sizing of ESSs in distribution networks to 
maximize benefits. Furthermore, they adopted a probabilistic 
approach to determine the optimal operation of ESSs at 
each load state.  

This paper proposes an economic evaluation method 
for an ESS in an urban railway substation for peak load 
shaving. The electrical load of an urban railway has 
different characteristics from a normal electrical load. The 
peak load periods are the rush hours in the morning and 
evening, which are different from those of the normal 
electric load. In addition, the change of electrical loads in 
urban railway substations is more periodic than normal 
loads because of the punctuality of subway trains. These 
characteristics enable the reduction of electricity costs by 
shaving the peak load using an ESS. On the other hand, an 
ESS is associated with installation and maintenance costs. 
Consequently, the net profit of an ESS is determined by its 
economic benefit and investment cost. 

In this paper, we calculate the reduction of the electricity 
cost and the annual investment cost using the net present 
value (NPV) method and find the maximum profit of the 
ESS. The optimal capacities of the battery and power 
converting system (PCS) are determined by the algorithm 
introduced in [16] based on the load data of the substation, 
which considers the characteristics of the battery and PCS, 
such as installation cost, maintenance cost, lifetime, and 
round-trip efficiency, and finds the capacities of the battery 
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and PCS to maximize the annual profit. The proposed 
algorithm is validated with the real load data of a 
substation in an urban railway. In addition, the effects of 
the various aspects of the battery in the ESS are analyzed 
to evaluate the ESS economically. 

 
 

2. Capacity Determination of ESS for Peak Load 
Shaving 

 
It is important to properly determine the capacities of the 

battery and PCS for peak load shaving with the ESS. The 
optimal capacity of the ESS is closely related with the 
daily load curve and the target peak load. In this paper, we 
use the capacity determination method introduced in [16] 
as follows. 

Firstly, the optimal capacity of the battery for the ESS 
with the target peak load ESS

peakP  is calculated based on daily 
load curves in the urban railway substation. Fig. 1 shows 
an example of a daily load curve used to calculate the 
battery capacity made from hourly measured data. To 
reduce the peak load by Pshaving, which means to shift loads 
above base load ESS

peakP  to under that value, the required 
storage capacity of the battery is Wbattery, which is 
calculated from (1) - (2).  
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ε : round-trip efficiency of ESS 
Wbattery : capacity of battery [kWh]  
Pload,i  : amount of load at time i [kW] 

ESS
peakP   : target peak load with ESS [kW]  

Pshaving,i : amount of load shaving at time i [kW]  
Ppeak : peak load shaving by ESS [kW] 
 
The required capacity of the PCS can be determined 

according to the battery capacity, Wbattery, of the ESS. If the 
peak load over the time period, such as 15 minutes, is 
measured from the accumulated power consumption, as 

shown in Fig. 2, the required capacity of the PCS is the 
largest. In this case, in just 15 minutes, the battery discharges 
all of the energy that is considered to be discharged during 
one hour when the battery’s capacity is determined.  

The required capacity of the PCS, PPCS, for nmea minute 
measurements is described in (3).  
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where 

 
PCSP  : capacity of PCS [kW]  
mean  : time period for peak load measuring [min.]  
MAX

shavingP  : maximum amount of load shaving [kW]  
ΔPpeak : peak load shaving by ESS [kW] 
 
 

3. Economic Evaluation Method for ESS  
 

3.1 Annual investment cost of ESS equipment  
 
The investment cost in the ESS is the sum of installation 

and maintenance costs. In this paper, to evaluate the 
economic effects of ESSs, the investment cost is 
annualized with the assumption that the ESS equipment 
is installed repeatedly after its expected service life. The 
NPV of the installation and maintenance is compared with 
that of the annualized investment cost for the entire usage 
period.  

Eqs. (4) and (5) represent the NPV of the installation and 

Fig. 1. Daily load curve of urban railway substation and 
required capacity of battery 

 

 
Fig. 2. Case of largest capacity of PCS of ESS when 

measuring period is 15 minutes 
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maintenance costs of the ESS, respectively. The relation 
between the total investment cost and the annual invest-
ment cost of the ESS is shown in Eq. (6). Thus, the annual 
investment cost of ESS equipment can be represented by 
the installation cost and maintenance cost by (7).  
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where 

 
r : discount rate, (

r
R

+
=

1
1

)  

N : expected service life of device  
total
instC  : total installation cost  
total
mntnC  : total maintenance cost  

Cinst : installation cost of device  
Cmntn : annual maintenance cost of device  
Cann : annualized cost of device  
ΔPpeak : peak load shaving by ESS [kW] 
 

3.2 Cost reduction by ESS  
 
The electricity fee generally consists of the base fee and 

the usage fee. In Korea, the base fee is related with the 
peak load, and the usage fee is proportional to the amount 
of energy used. Table 1 shows a case of the electricity price 

based on that of the Korea Electric Power Corporation 
(KEPCO).  

The reduction of the electricity cost by the ESS also 
consists of the reductions of the base fee and usage fee. 
When the ESS with the battery of capacity Wbattery is 
applied, the amount of peak load is ESS

peakP  in (1), so that 
the base fee without the ESS ( baseF ) and that with the ESS 
( ESS

baseF ) are as shown in (8) – (9).  
 

 peakbasebase PF ⋅= ρ  (8)  

 ESS
peakbase

ESS
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where 

 
baseF  : monthly base fee without ESS [$]  
ESS

baseF  : monthly base fee with ESS [$] 

baseρ  : unit price for base price [$/kWh] 

peakP  : annual peak load without ESS [kW]  
ESS
peakP  : annual peak load with ESS [kW] (target amount 

of peak load with ESS) 
 
On a day when the peak load is not high, the installed 

ESS can be used to reduce the electricity consumption 
during the expensive hours in the day; on the other hand, 
the round-trip efficiency of the ESS should be considered 
in calculating the benefits of the ESS. Considering these 
aspects, the remaining storage capacity of the battery after 
peak shaving can be used to reduce the usage fee when the 
peak load during a day is lower than the target peak load, 
which is formulated as shown in (10) – (12).  
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where  
 

Wusage : capacity of battery used to reduce usage price in 
a day  

Wpeak : capacity of battery used to reduce peak load in a 
day  

M : number of days in a month  
Fusage : monthly usage fee without ESS [$] 

ESS
usageF  : monthly usage fee with ESS [$] 

ε : round-trip efficiency of ESS 

 
Table 1. Electricity price of KEPCO  

Usage Price (cents/kWh) Base Price 
(cents/kW) Time Summer 

(6~8th) 
Spring·Fall 

(3~5, 9~10th) 
Winter 

(11~2nd)
Light 5.61 5.61 6.31 

Middle 10.90 7.86 19.02 0.832 
Heavy 19.11 10.93 16.67 

 
Time Summer 

(6~8th) 
Spring·Fall 

(3~5, 9~10th) 
Winter 

(11~2nd) 
Light 23:00~09:00 23:00~09:00 23:00~09:00 

Middle 
09:00~10:00 
12:00~13:00 
17:00~23:00 

09:00~10:00 
12:00~13:00 
17:00~23:00 

09:00~10:00 
12:00~17:00 
20:00~22:00 

Heavy 10:00~12:00 
13:00~17:00 

10:00~12:00 
13:00~17:00 

10:00~12:00 
17:00~20:00 
22:00~23:00 
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iρ  : unit price for time i  [$/kWh]  
MAX
usageρ  : maximum unit price in a day [$/kWh]  
MIN
usageρ  : minimum unit price in a day [$/kWh] 

 
Therefore, the annual cost reduction of electricity by the 

ESS, Rann, can be calculated as shown in (13).  
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where  

 
Rann : annual cost reduction of electricity by ESS 
ΔPpeak : peak load shaving by ESS [kW] 
k : months (1, …, 12)  
 

3.3 Determination of optimal capacities  
 
The optimal capacities of the battery and PCS of the ESS 

can be determined by comparing the annual investment 
costs and benefits of the ESS, which are introduced in 
sections 3.2 and 3.3.  

After determining the deviation of the peak load, ΔPpeak, 
the capacities of the battery and PCS, denoted respectively 
by Wbattery and PPCS, are determined by (1) and (3), which is 
followed by determining the capacity, Wusage, used to 
reduce the usage price by (10). The installation and 
maintenance cost of the ESS in (7) has a relation with 
Wbattery and PPCS, which are determined by ΔPpeak, so that 
the annual investment cost, Cann , in (7) is formulated as a 
function of ΔPpeak, as shown in (14). The annual cost 
reduction of electricity by the ESS, Rann, is also formulated 
as a function of the ΔPpeak, as shown in (15), by the same 
process used with the Cann.  

 
 )( peak

annann PCC Δ=  (14) 

 )( peak
annann PRR Δ=  (15) 

 
Eq. (16) calculates the optimal amount of peak load 

shaving to maximize the profit by the ESS.  
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Then, the optimal capacities of the battery and PCS are 

determined by (1) and (3), respectively. 
 

4. Case Study  
 

4.1. Load data of urban railway system  
 
Analysis of the loads in the urban railway substation is 

important to evaluate the ESS economically for peak load 
shaving. For this purpose, we analyzed the actual load data 
of an urban railway substation in Korea during the year 
2013 [16]. Figures 3 depicts the daily load curves of the 
urban railway substation on weekdays and weekends, 
respectively; the loads on weekdays are the averages in 
each month, and those on weekends are the averages in 
each season (spring: 3~5th, summer: 6~8th, fall: 9~10th, and 
winter: 11~2nd). It was assumed that the interest rate was 
3% in the simulations.  

From Fig. 3, we can see that the peak load period is 
located at around 9 a.m. and 8 p.m. during rush hour, 
whereas the peak load period is located at around noon in 
the whole power system. This difference between the urban 
railway and the whole power system can be utilized in the 
economic operation of the ESS.  

 
4.2. Economic evaluation of ESS  

 
The optimal capacities of the battery and PCS in the ESS 

were calculated with the load data in section 4.1 and the 
electricity fees of Table 1. The other conditions for the ESS 
in the case study are presented in Table 2. The constrained 
number of charge/discharge cycles of ESS is assumed one 
in simulations.  

To find the optimal capacity, the amount of peak load 
shaving ΔPpeak in (16) that maximizes the annual profit was 
firstly calculated. Fig. 4 shows the annual profit according 
to the variation of the peak shaving. With peak load 

Table 2. Conditions for ESS in case study   

 Unit price Lifetime Maintenance 
Cost 

Round-trip 
Efficiency 

Battery 100 $/kWh 7 years 6 $/kWh 95 % 
PCS 80 $/kW 15 years 4 $/kW - 

 

Fig. 3 Daily load curve of urban railway substation 
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shaving of 185 kW, the annual profit is maximized and 
the electricity cost is reduced by $3,528 per year. Table 3 
shows the electricity costs with and without the ESS with 
the optimal peak load shaving.  

With the optimal peak load shaving, the capacities of 
the battery and PCS were determined by (1) and (3), 
respectively. Table 4 shows the optimal capacities of the 
battery and PCS.   

The ESS reduces the electricity cost mainly by peak load 
shaving, which is achieved by the charge and discharge 
of the battery. Therefore, the efficiency analysis and the 
economic evaluation of the battery are important in the 
economic evaluation of the ESS.  

Firstly, the battery’s efficiency of the peak load shaving 
is investigated. Fig. 5 shows the possible amount of peak 
load shaving according to the storage capacity of the 

battery in the ESS. The change per kWh of peak load with 
50 kWh battery storage is 1.00 kW/kWh, whereas it is 0.20 
kW/kWh with a 500-kWh battery. This indicates that the 
larger the storage capacity of the battery becomes, the 
lower the efficiency of reducing peak load is.  

Fig. 6 presents the annual profit of the ESS according to 
the change of the lifetime of the battery in the ESS. The 
annual profit becomes larger as the lifetime of the battery 
becomes longer, while the change amount of the annual 
profit becomes smaller. When the lifetime of the battery is 
8.5 years, the increase of the profit is 10% of the annual 
profit as the lifetime of the battery increases by one year. 
Consequently, a lifetime of more than nine years is 
reasonable for a battery from an economic viewpoint.  

Table 3. Annual electricity costs with and without ESS 
with optimal peak shaving amount 

 Base Fee Usage Fee Total 
w/ ESS $ 133,754 $ 606,507 $ 740,261 
w/o ESS $ 115,283 $ 606,304 $ 721,587 

 
Table 4. Optimal capacities of battery and PCS of ESS  

Battery 320 kWh 
PCS 640 kW 

 
 

 
Fig. 4. Annual profit by ESS according to peak load 

shaving 
 

 
Fig. 5. Possible amount of peak load shaving according to 

storage capacity of battery 

Fig. 6. Annual profits of ESS according to lifetime of battery
 

Fig. 7. Annual profit according to unit cost of battery 
 

 
Fig. 8. Optimal capacity of battery and peak load decrease 

in accordance with unit cost of battery 
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On the other hand, the effect of the price of the battery 
is investigated. Fig. 7 shows the annual profit, and Fig. 8 
shows the optimal capacity of the battery and the peak load 
decrease according to the unit cost of the battery.  

The annual profit increases by $50 when the unit cost 
of the battery is lowered by $1 for a unit cost less than 
130 $/kWh, whereas it increases by $10 for a unit cost 
higher than that value. The optimal amount of peak load 
determined by (16) becomes lower as the unit price of the 
battery becomes higher. The optimal peak load decrease is 
60 kW for a unit cost of more than 130 $/kWh and 185 kW 
for the other condition.  

 
 

5. Conclusions  
 
An ESS can be used to reduce the electricity costs in a 

distribution system by peak load shaving. We proposed an 
evaluation method for an ESS in an urban railway 
substation for peak load shaving. The electrical load of the 
urban railway has a different peak load period from the 
whole power system, and it is more periodic than the 
normal load. These characteristics can be used to reduce 
the electricity costs by the ESS.  

In the proposed algorithm, the peak load shaving amount 
determines the reduction of the electricity cost. The 
capacities of the battery and PCS are consequently 
calculated by the peak load shaving amount, followed by 
the investment cost of the ESS. The annual investment cost 
is calculated by the NPV. The optimal capacity of the ESS 
and the peak load shaving is determined to maximize the 
profit, which is the difference between the annual cost 
reduction of electricity and the annual investment cost of 
the ESS. 

The ESS was evaluated economically using the proposed 
algorithm based on the real data of an urban railway 
substation. The optimal capacity of the ESS and the 
profit from it were calculated, and other aspects were 
also investigated. The battery’s efficiency of the peak 
load shaving became lower as the storage capacity of the 
battery became larger. In the simulations, an ESS lifetime 
of more than nine years was found to be economically 
reasonable, and the optimal capacity of the battery changed 
when the unit price of the battery was 130 $/kWh. The 
proposed evaluation method can also be applied to general 
distribution substations for the economic evaluation of 
ESSs. 
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