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Abstract: Energy storage systems (ESSs) are the key elements to improve the operation of power 

systems. On the other hand, these elements challenge the power system planners. The difficulties 

arise as a result of the ESSs' economic and technological features. The cycle life of ESSs is a critical 

aspect that influences the choices made during expansion planning processes. In this manuscript, 

we have focused on a new model for the expansion planning of ESSs considering the impacts of 

technical properties, such as the cycle life and depth of discharge. For this purpose, the proposed 

model consists of the hourly operation planning of ESSs in the sample days of year. A new indicator 

is proposed to determine the daily charging/discharging cycles of ESSs. Numerical results show the 

ability of the proposed model to determine the optimal technology and capacity of ESSs. 
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1. Introduction 

       Energy storage systems (ESSs) play a significant role in distributed power sys-

tems and utility power systems [1,2]. But, the high investment cost is one of the main chal-

lenges of ESSs. As a result, expanding ESSs while taking their technical and economic as-

pects into account is a primary research area for power system experts [3]. 

      In recent years, significant research was conducted on the expansion planning of 

the ESSs [4,5]. The main difference among these studies is how to model ESSs expansion 

planning problem and how to formulate the problem. In the objective function is consid-

ered to minimize the hourly social cost and maximize the penetration of wind power re-

sources [6]. The minimizing of total system costs is considered in as the objective function 

[7]. But, in this manuscript, the possibility of price arbitrage and profitability resulting 

from the voltage and frequency control is applied in the model. 

      Along with the optimal expansion planning of ESSs, the wind production capac-

ity was optimized. In the proposed model, ESS was used to reduce the need to invest in 

transmission systems to increase the penetration of wind generation resources [8]. 

       A multi-objective optimization problem, which minimizes wind energy curtail-

ment and total social cost and maximizes profit from the price arbitrage, is proposed in 

the ESS expansion problem [9]. 

      A new model for expansion planning of distributed ESSs is presented in [10]. In-

stead of using a centralized storage system, several distributed storage systems are used 

in the proposed method. In the model presented in this manuscript, a three-level planning 

method is used to determine the location and capacity of the ESS. In the first stage, the 

optimal location of ESS and its power capacity is separately determined for each day of 

year. The second stage determines ESS's power and energy capacity at the sites selected 

in the previous phase. The third phase determines how to employ ESS to alleviate trans-

mission line congestion based on the location and capacity of ESS indicated in the preced-

ing stages. Kargarian et al. divided the ESS expansion planning problem into two different 

time horizons, hourly and inter-hourly [11]. In the inter-hour time horizon, the algorithm 

determines the optimal energy capacity of the ESS to provide the adequate ramping capa-

bility. At hourly intervals, the optimal power capacity of ESS is determined to have suffi-

cient production capacity to supply the load.  
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       A new model for the coordinated expansion planning of transmission systems 

and ESSs, taking into account transmission switching, is proposed in [12]. 

      A three-level model for the simultaneous optimization of the transmission lines 

and ESSs are presented [13]. In this model, the optimal location and capacity of the ESS 

are determined. The centralized development of the transmission lines was carried out. 

The suggested model's high level optimizes the return on investment for investors. The 

model's intermediate level optimizes the major choices associated with ESS expansion 

planning. The low-level simulation models market settlement. 

       In the coordinated investment planning of transmission lines and ESSs is pre-

sented from the perspective of a central planner. The proposed model aims to achieve the 

effective and coordinated development of transmission lines and ESSs to minimize the 

cost of investment with significant penetration of renewable energy sources [14]. 

      A bi-level model is presented for expansion planning of the electrical energy re-

sources considering the ESSs [15]. The ESSs are modeled in the upper level, and Social 

welfare is considered in the lower level. 

In a two-stage robust optimization-based model is proposed for the expansion plan-

ning of active distribution systems coupled with urban transportation networks consider-

ing ESSs. The uncertainty of renewable energy, load, and traffic demand in the proposed 

model are jointly considered [16]. 

     A new stochastic model is proposed to study the expansion planning problem of 

ESSs in micro grids, which contain renewable resources and responsive loads. The opti-

mization problem is prepared as two-stage stochastic programming [17].  

     In a mixed-integer conic programming model (MICP) and a hybrid solution ap-

proach based on classical and heuristic optimization techniques, namely mat heuristics to 

handle long-term distribution systems expansion planning problems is presented for siz-

ing and allocation of dispatch able/renewable distributed generation (DG) and energy 

storage devices [18]. A bi-level formulation for the generation and transmission coordina-

tion problem considering the ESS expansion planning is presented in [19].  

      A new stochastic framework to deal with the expansion planning of large distri-

bution networks in a smart grid context with high penetration of distributed renewable 

energy sources and ESSs considering the seasonal impact is proposed in [20]. 

In a reliability-constrained optimal ESS sizing for a micro grid is proposed [21]. The 

model presented for ESS expansion planning is based on cost minimization in the islanded 

operating mode of micro grid and profit maximization when it is operated in the grid-

connected mode [22]. 

      In pollutant emission costs are considered in the objective function of ESS expan-

sion planning model [23]. 

     Joint optimization of hybrid ESS and generation capacity with renewable energy 

resources is carried out in [24]. Optimal sizing and control strategy of the isolated grid 

with wind power and ESS considering the compensation costs of the curtailed wind power 

and load shedding is presented [25]. The proposed ESS sizing method is based on the 

discrete Fourier transform [26]. 

     A simultaneous capacity optimization method for distributed generators (DGs) 

and ESSs considering the energy serving and annual losses costs is presented proposes a 

novel model for planning ESS expansions based on the dynamic investment strategy 

[27,28]. Presents a frequency-based strategy for expanding ESSs in the power system using 

the Fourier transform [29]. A new model for Optimal ESS expansion planning and load 

shedding to improve distribution system reliability is proposed [30]. 

     This manuscript presents a new model for expansion planning of the ESSs. The 

proposed model is formulated as a probabilistic optimization problem from the perspec-

tive of system operator. The main novelty of proposed model compared to above re-

viewed articles is modeling the cycling properties of the ESSs in the expansion planning 

problem. The depth of discharge effect on the cycle life of the ESSs is formulated. In a 

number of articles, only the life cycle cost was examined, and exact modeling of cycle life 

in the expansion planning of the ESSs has not been addressed. Cycle life is defined as the 

maximum number of ESS charge and discharge cycles during the ESS life span.  
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Indeed, the novelties of presented model are as follows: 

 -Proposing a new indicator to determine the daily charging/discharging cycles of the 

ESSs. 

 -Modeling the cycle life in the expansion planning formulation.  

-Considering the depth of discharge of ESSs in the expansion planning model.       

      This research is organized as follows. Section 2 introduces the proposed model 

for the ESS expansion planning. This section presents the formulation of the proposed 

model. The simulation results are described in section 3. Finally, section 4 provides the 

concluding remarks. 

 

2. Model Description 

2.1. ESS expansion planning 

        In this study, it is supposed that ESS expansion planning is carried out from the 

system planner's point of view. To model the limitations of charging/discharging cycles 

of ESSs within ESS expansion planning problem, the operation problem is solved. The 

proposed operation problem deals with the participation of production units and ESSs in 

the day-ahead market. In the presented model, in addition to determining the optimal 

capacity of the ESSs, the optimal technology of the ESSs will also be determined. 

      The general structure of the proposed model is shown in Fig. 1. In this model, the 

operation planning for the hours of the annual sample days is carried out inside the ex-

pansion planning problem. System operation during this target year is therefore modeled 

using representative days, each of which is given a weight proportional to the probability 

of occurrence of a similar day. At first, the historical data of wind power plants are used 

to generate the probabilistic scenarios of wind power generation. After generating proba-

bilistic scenarios, the scenarios are reduced and considered inputs in ESS expansion plan-

ning problem. The technical and economic properties of power plants and ESSs are the 

other inputs of the ESS expansion planning problem. 

      In the following, at first, the general formulation of problem without considering 

the limitations of charging/discharging cycles is presented. Then, the necessary relation-

ships for modeling the cycle life of the ESSs are presented. 

 

 

 

 

 

 

 

 

 

 

  

 

 

 
 

Figure 1. Block diagram of the proposed model. 
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are considered the objective function of optimization problem. The objective function of 

the proposed model is as follows:  
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(1) 

 

       The first and second terms refer to the traditional power plants' yearly operating 

and maintenance costs, respectively. The third term is used to predict the yearly running 

costs of wind generating installations. The fourth and fifth terms, respectively, define the 

yearly leakage cost and maintenance cost of wind power facilities. The sixth term is the 

annual cost of investing in ESSs. The annual operating cost and maintenance cost of ESSs 

are calculated in the seventh and eighth terms, respectively. The proposed formulation 

makes it possible to simultaneously determine the optimal technology and capacity of the 

ESSs. In fact, terms six, seven and eight terms can be calculated for different ESS technol-

ogies to determine the optimal technology. The ninth term determines the rewards paid 

to the flexible loads. The annual operating cost of the conventional power plants is deter-

mined using the following equation. 
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(2) 

     The annual operating cost consists of the cost of power supply and the cost of 

turning on and off the power plants. 

     The annual operating cost and spillage cost of the wind power plants are deter-

mined using (3) and (4), respectively.  
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        The investment cost and operation cost of ESSs are calculated in (5) and (6), re-

spectively.  
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) 
       The constraints of problem are presented below [31-32]. Minimum and maxi-

mum production of conventional power plants:  
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      Ramping up capability of conventional power plants:  
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     Ramping down capability of conventional power plants: 
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     Startup cost of the conventional power plants: 
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    Shut down cost of conventional power plants: 
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(11) 

    Minimum up time of conventional power plants: 
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    Minimum down time of conventional power plants: 
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    Dispatched production of wind power plants: 
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    Spillage of the wind power plants: 
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    State of charge of ESSs: 
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    Power limitation of ESSs: 
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    Power constraint for installation of ESS technologies: 
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    Equality of supply and demand in energy market: 
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    Constraint of the flexible loads: 

    cut var
sdt sdt

0 Load Load t , d , s
 

 
(23) 

   10 min spinning reserve constraint of system: 
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    Reserve constraint of system: 
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Capability of the conventional power plants for spinning reserve provision: 
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2.2. Modeling the cycle life of the ESS: 

      One of the ESSs' technical features is their restricted number of charging/discharg-

ing cycles.   

     In fact, in addition to having a lifetime limit in terms of years, the ESS also has a 

limit on the number of charge and discharge cycles. This means that during the operation 

period of the ESS, even if the ESS is charged and discharged as much as the cycle life 

before the end of the useful life, it must be replaced.  

      In this manuscript, a new index is proposed to evaluate the cycle life of the ESS. 

In the proposed method to determine this index, the number of charge and discharge cy-

cles is calculated for different operating scenarios every day. For this purpose, to represent 

the constraints of charging/discharging cycles, the cycle life of ESSs is estimated using the 

following equation: 
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(32) 

 
      According to the above relationship to determine the cycle life, the total energy 

charged and discharged in each scenario is calculated during the day. With a good ap-

proximation, the number of charge and discharge cycles can be determined by dividing 

the obtained energy by 2 times the energy storage capacity. 

The cycle life of ESS is restricted using the following equation. 
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nsd n

d

N N n , s

 

(33) 

         
       Based on the above relationship, the number of charge and discharge cycles on 

the days of operation of the ESS in each year should not exceed the allowed charge and 

discharge capacity per year. 

      Another important parameter affecting the performance of the ESSs is the depth 

of discharge, which has not usually been considered in the expansion planning studies of 

the ESSs. But studies show that the depth of discharge has a significant effect on the num-

ber of allowed cycles of the ESSs. So not taking this into account takes the expansion plan-

ning outputs away from what actually happens in operation. For this purpose, in this ar-

ticle, the effect of the depth of discharge on the lifetime of the ESS is modeled, and to 

model this phenomenon in the planning problem, constraints have been added to the pro-

posed formulation. 

      By examining the technical characteristics of the ESSs, it can be seen that the depth 

of discharge of the ESSs is inversely related to the cycle life. 

In the proposed model in this manuscript, to model the effect of depth of discharge 

on the cycle life, the curve of the maximum number of cycle life is modeled as the piece-

wise linear approximation according to Figure 2. The approximation is formulated as fol-

lows.  
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Figure 2. Piecewise linear approximation of cycle life curve of the ESSs. 
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Depth of discharge is restricted as follows. 

y 1 y yDOD DOD DOD−    (35) 

 
      If depth of discharge is considered as a variable, then (18) will be nonlinear. To 

linearize this relationship, the product of two variables, . s
nDoD E , is defined as a new 

variable using the following equation: 

.=s s
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     Thus (18), will be as follows: 

, , ,−      s s s
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    And the following constraints are added to the formulation.  

   s s s
n n nDE DE DE

 
(38) 

 n n nDoD DoD DoD
 

(39) 

 

3. Results  

To illustrate the capability of the proposed model, the structure presented in Figure 

3, is considered the case study. The system consists of three conventional power plants 

with properties displayed in Table 1. A wind power plant introduced in Table 2 is assumed 

in the case study. Two ESSs with properties presented in Table 3 are evaluated for allocat-

ing in the system.  

In the proposed model, the sample daily demands of the year are considered the rep-

resentative of each season. Demands are divided into two categories: fixed and flexible.  

The seasonal sample fixed demands are shown in Figure 4. The daily flexible demands are 

depicted in Figure 5.    

In the presented method, the stochastic nature of wind power plant production is 

modeled by the scenario based simulation. For this purpose, the ARIMA model of the 

wind power plant production is determined. Then, 10000 scenarios are generated using 

the Monte Carlo simulation. The 10000 scenarios are then reduced to 10 scenarios using 

the fast forward scenario reduction technique [33]. The MATLAB software is employed to 

determine the ARIMA model degrees and coefficients, and scenario generation and re-

duction. The interruption cost for flexible demand is considered 100 $/MW, and the 

threshold of spinning and non-spinning reserves are defined 100 and 200 MW, respec-

tively.  
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Figure 3. Structure of case study. 

 

Table 1. Conventional power plants properties. 

 

 

MSR 

MC 

($/MWh) 

RU 

)MW/h ( 

RD 

(MW/h) 

P  

)MW) 

P  

(MW) 

Number of 

power plant 

5 20 200 200 400 50 1 

4 30 60 60 300 40 2 

4 35 80 80 200 20 3 

 
K 

($) 

J 

($) 

ACO$M 

($/MW/Year) 

Ton 

(h) 

Toff 

(h) 

150 100 20000 6 6 

100 50 9000 4 4 

50 30 8000 2 2 

 
 

Table 2. Wind power plant properties. 

MC 

($/MWh) 

SP 

($/MWh) 
ACO$M 

($/MW/Year) Properties 

3 10 25000 Quantity 

 

Table 3. ESSs properties. 

Investment cost 
Efficiency 

 (%) 

Life time 

(years) 
Cycle life 

ACO$M 

($/MW/Year) 

Num-

ber of 

ESS 

Power cost 

($/kW) 

Energy cost 

($/kWh) 

200 250 95 20 10000 5000 1 

75 150 90 15 10000 4000 2 
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Conventio

nal power 

plant 

Wind 

power 

plant 
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ESS 2 
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Figure 4. Daily fixed demand. 

 

Figure 5. Daily flexible demand. 

 

    The following four simulations were performed to investigate the impacts of the 

ESS specifications on the expansion planning results. 

*Simulation 1: 

 Depth of discharge is considered fixed and equal to 0.9.  

The ESSs presented in Table 3 are considered in the studies. 

*Simulation 2: 

Depth of discharge is considered fixed and equal to 0.9. 

The efficiency of the second ESS in Table 3 is considered equal to % 80. 

*Simulation 3: 

Depth of discharge is considered fixed and equal to 1. 

The efficiency of the second ESS in Table 3 is considered equal to % 80. 

*Simulation 4: 

Curve presented in Figure 6 is considered to model the relation between cycle life 

and depth of discharge. 

The ESSs presented in Table 3 are considered in the studies. 
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Figure 6. Cycle life curve. 

 

    Simulation 1: The results of the ESSs expansion planning for simulation 1 are pre-

sented in Table 4. In this case, only the second ESS is proposed for development due to the 

lower cost. The simulation results show that in this case, the demand interruption and the 

spillage of wind output will be zero. The number of charging/discharging cycles accord-

ing to the equation defined in Equation (32) will be equal to 1.225. If the ESS is operated 

in all days of the year, annual cycles are about 447 cycles. Thus, during the life of this ESS 

(15 years), the number of required cycles will be about 6700 cycles. Therefore, there will 

be no challenge regarding the limitation of the charging/discharging cycles. On the other 

hand, using an ESS with the same specifications as the second ESS, but with fewer charg-

ing/discharging cycles, will be a good option in terms of the lower possible investment 

cost.    

 

 

Table 4. ESS expansion planning results is simulation 1. 

The proposed number of the 

ESS 
Energy capacity (MWh) 

Power capacity 

(MW) 

2 100 70 

 
    Simulation 2: In this case, the efficiency of the second ESS is considered to be 80%. 

The output of the proposed model is shown in Table 5. As can be seen, in this case, ESS 

expansion for both ESSs is recommended. Because the first ESS is more efficient despite 

the higher investment cost. The simulations reveal that in this situation, the first and sec-

ond ESSs have the same number of charging/discharging cycles (1.1 and 0.9, respectively). 

Thus, for the first and second ESSs, the total number of charging/discharging cycles 

needed is 8030 and 4927 cycles, respectively. 

 

 

Table 5. ESS expansion planning results is simulation 2. 

The proposed number of the 

ESS 
Energy capacity (MWh) 

Power capacity 

(MW) 

1 155 54 

2 22 15 

 
Simulation 3: In this case, all assumptions are considered similar to the second simu-

lation, but the depth of discharge is assumed to be 1. It means that the full capacity of the 

ESSs is used. Table 6 presents the simulation results in this case. As can be seen in this 

case, the capacities of ESSs are reduced. In this case, the numbers of cycles required per 

day for the first and second ESSs will be equal to 1.24 and 1.04, respectively. Therefore, 
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the numbers of cycles required during the life of the first and second ESSs are equal to 

9052 and 5694 cycles, respectively. 

 

 

Table 6. ESS expansion planning results is simulation 3. 

The proposed number of the 

ESS 
Energy capacity (MWh) 

Power capacity 

(MW) 

1 141 55 

2 17 14 

 
     Simulation 4: In this case, the goal is to determine the optimal depth of discharge 

of the ESSs based on the equations of section 2.2. The curve presented in Figure 6, is con-

sidered as the discharge depth/number of cycles curve for ESSs. The simulation results 

show that in this case the proposed depth of discharge is equal to 100%. This is because in 

this case, even with a discharge depth of 100%, the required number of charging/discharg-

ing cycles will be less than the limit of charging/discharging cycles. This indicates the cor-

rect operation of the proposed model. 

     If the relation Nmax= -5000*DOD+10000 is considered for modeling the discharge 

depth/number of cycles curve, the proposed depth of discharge will be %62.3. Because 

with 100% discharge depth, the maximum charging/discharging cycles will be 5000, 

which does not meet the required number of cycles during the ESS life. 

    By comparing the first and second simulations, it can be concluded that the change 

in ESS's efficiency has a significant effect on the composition of the developed ESSs. Com-

paring the second and third simulations shows that with a 10% increase in depth of dis-

charge, the energy capacity of the first and second ESSs decreased by 10 and 22%, respec-

tively. On the other hand, the required power capacity is slightly reduced. The results of 

the fourth simulation also show that optimal optimization of discharge depth can lead to 

more optimal decisions for ESSs development. 

4. Conclusion 

       In this research, a model is presented for expansion planning of ESSs considering 

the cycle life. This model determines the optimal technology and capacity of the ESSs. 

Simulations were performed for different modes, and ESS expansion planning results are 

presented. In these studies, the impact of changing the efficiency of ESSs and the depth of 

discharges was studied. In each case, the number of daily charging/discharging cycles and 

the minimum number of charging/discharging cycles required during the life of ESSs are 

determined. Studies were performed for two modes of the constant discharge depth and 

linear modeling of the discharge depth.  

      The simulation results show that a reduction in the ESS efficiency reduces the en-

ergy capacity of the ESS. Efficiency significantly affects the number of daily charging/dis-

charging cycles. The degree of impact also depends on the specifications of other ESSs. 

The results show that a 10% increase in the ESS depth of the discharge reduces the ESS 

energy capacity required by about 20%. Furthermore, the number of daily charging/dis-

charge cycles increases by about 14%, which indicates an increase in ESS participation in 

energy supply. 

 
Data Availability Statement: All data generated or analyzed during this study are 

included in this article. 
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