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Abstract

:

As renewable energy penetration in power systems grows, adequate energy policies are needed to support the system’s operations with flexible resources and to adopt more sustainable energies. A peak-biased incentive for energy storage systems (ESS) using the Korean renewable portfolio standard could make power system operations more difficult. For the first time in the research, this study evaluates the effect of imposing a renewable energy certificate incentive in off-peak periods on mitigating wind power fluctuations. We design a coordinated model of a wind farm with an ESS to model the behavior of wind farm operators. Optimization problems are formulated as mixed integer linear programming problems to test the implementation of revenue models under Korean policy. These models are designed to consider additional incentives for discharging the ESS during off-peak periods. The effects of imposing the incentives on wind power fluctuations are evaluated using the magnitude of the renewable energy certificate (REC) multiplier.
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1. Introduction


As global energy policies try to reduce the use of conventional fuel-based generators, the rate of renewable energy penetration has increased. Following global trends, South Korea has adopted a renewable portfolio standard (RPS) to promote the utilization of sustainable energies. In 2012, renewable promotion policies, such as feed-in tariffs (FITs), subsidized renewable energy owners, regardless of the actual power generation. The shift from FITs to the RPS was due to a financial shortage. In order to solve this problem, the RPS was designed to impose renewable energy generation obligations on large suppliers instead of offering unconditional energy subsidies [1]. Within this policy, renewable energy owners can retrieve their investment by obtaining a renewable energy certificate (REC) credit for the actual generation and selling it in the REC market.



Among many South Korean regions, Jeju Island has been aggressively adopting renewable energy as a way of achieving carbon-free power generation by 2030. With these efforts, renewable energy in Jeju exceeded 48.7% of the total energy generation in the winter of 2018 [2]. Although the increasing renewable energy supply is eco-friendly, the high fraction of energy produced by intermittent renewable energy sources, such as wind and solar, affects the power system’s stability and reliability [3,4]. The increase in renewable energy use can cause a reduction in the power system’s inertia that is necessary for reliable operation. This reduced inertia can easily result in large frequency fluctuations. Jeju, where electricity has been mostly supplied by high-voltage direct current (HVDC) connected to the mainland, is especially vulnerable to the variability in energy supply caused by wind power [5,6].



Wind farm operators should follow a grid code, defined by regulators, to connect their wind farm to the power grid safely. The grid code includes requirements for additional controller installation to control the voltage at the connected node and support the grid with a contingency energy reserve [7]. Among the terms of the code, power variation at the point of common coupling (PCC) due to wind power fluctuations is a major concern of wind farm operators and power system operators. European countries have set power gradient limits in their grid codes as the contribution from renewable energy generation increases [8]. Furthermore, though renewables are considered to be the cheapest energy sources, excess renewable energy generation has to be curtailed for operational stability [9]. The ramping that occurs at the PCC should also be considered since the reserve and ramping components are secured to prevent power shortages [10]. Although there are no requirements stipulated in the grid code for wind power fluctuations in Korea, it is expected to recommend that the power variation at the PCC in a 5 min period does not exceed 5% of wind farm capacity.



Among the methods to mitigate power fluctuations, utilizing an energy storage system (ESS) is considered to be a key solution for the power system operation of large wind farms. [11]. An ESS can handle the power variability with flexible charging and discharging. In many studies, performance analyses were conducted under intermittent power systems with various ESS types, including flywheels, superconductors, and fuel cells. Among energy storage sources, the battery-based ESS (BESS) demonstrated a better performance [12]; its advanced technology and large market share were favorable for large offshore wind farms [13].



With these advantages, the operation and the planning methods for an ESS have been introduced to improve wind farm operations. The coordinated control method for ESS integration with wind turbines was proposed to reduce wind power fluctuations and to extend ESS lifespan [14]. An adaptive supervisory control scheme was designed for wind turbine-integrated systems and ESSs to improve power qualities [15]. Besides designing a control scheme, optimal ESS scheduling strategies have been proposed to improve contract fulfillment and to minimize the curtailment of renewable energy production under uncertain circumstances [16,17]. For efficient wind farm operation, it is important to determine the ESS’s size and utilize it efficiently. Methodologies for choosing an adequate storage size have been proposed to handle ramping events and mitigate scheduling errors caused by intermittent power generation [18]. Determining an installation site for an ESS is a major consideration in planning the coordinated system under the stochastic nature of power generation and load [19,20]. Furthermore, an optimal management policy was designed to maximize benefits and select an optimal storage size [21]. In short, the proper operation and planning strategies of an ESS can help wind farm operators and power system operators minimize their operational costs under an intermittent power supply.



Korea has encouraged ESS installation on wind farms through the provision of subsidies. According to the revenue agreements for wind power generation and ESS discharging power, revenue is dependent on peak and off-peak periods [22]. The power provided by the PCC is sold at a system marginal price (SMP), and the wind power generation transmitted to the PCC can earn an REC credit at all periods. However, during peak periods, wind farm operators can obtain additional REC credits for power discharged from their ESS. With this incentive policy, wind farm operators might recoup their ESS installation investment. In reality, however, peak-biased incentives affect power system operations since wind farm operators discharge their ESS power only during peak periods when additional revenue can be earned [23]. Although the power output of wind farms can fluctuate at all times, the lack of incentive for utilizing the ESS during off-peak periods may increase power variability as wind energy penetration increases. Hence, considering peak-biased incentive policies, ESSs cannot adequately support the power system at all periods.



While power system operators agree that utilizing energy storage resources is important for stable system operation, no study has focused on the effect of peak-biased incentives on wind power fluctuations. To address this, we evaluated the interaction between imposing an REC multiplier for discharging power during off-peak periods and the number of power shortages under Korea’s renewable energy policy. This study addresses the following aspects:

	
A coordinated model of a wind farm with an ESS is constructed to model actual behaviors of wind farm operators;



	
A revenue optimization problem is modeled as a mixed integer linear programming (MILP) problem based on the settlement rules of wind power generation;



	
An objective function is modified to consider additional revenue obtained by discharging in off-peak periods; and



	
The effect of imposing an additional incentive in off-peak periods is analyzed according to the REC multiplier magnitude.








The rest of this paper is organized as follows: Section 2 describes an optimization model of a wind farm with an ESS. The modified optimization model to induce discharge in off-peak periods is introduced in Section 3. The effects of an REC multiplier in off-peak periods on mitigating wind power fluctuations are analyzed through a case study in Section 4. We conclude in Section 5.




2. An Optimization Model for Wind Farms with an ESS


2.1. Coordinated Model of Wind Farms with an ESS


This study examined a coordinated model of an onshore wind farm with an ESS. The farm was connected to an electricity grid via the PCC as shown in Figure 1.



Power generated from wind turbines can flow in two directions. One way is toward the ESS, where the power is used to charge the storage system. The rest of power is transmitted to the grid via the PCC. In other words, the power charge of the ESS comes only from wind power generation.



This model allows the wind farm operator to transmit and sell the generated electricity via the PCC to the main grid. The revenue from selling the electricity to the gird is comprised of two parts: first, is the income from wind power generation, excluding the power for battery-charging; and second, is the income from the ESS discharge.



This model assumes that the operator is not responsible for mitigating the resource variability since there are no penalties or incentives dependent on fluctuating wind power generation under the current policy.




2.2. Objective Function


Revenue and expense models were defined for describing the behaviors of the wind farm operator. The revenue models were composed of revenues in off-peak periods, Rtopk, and peak periods, Rtpk. In the expense model, CtESS, could vary with the total amount of charged and discharged power. Hence, the objective function is given by:


Maximize ∑t⊂Off peakRtopk+∑t⊂peakRtpk−∑∀tCtESS   ∀t,



(1)




and, considering revenues in off-peak and peak periods and expense


Rtopk=PtPCC×smpt+(Ptwind−Ptch)×RECt  ∀t,



(2)






Rtpk=PtPCC×smpt+(Ptwind−Ptch)×RECt+α×Ptdch×RECt  ∀t,



(3)






CtESS=(Ptch+Ptdch)×ωVO&M  ∀t,



(4)




where the power at the PCC, PtPCC, is described as


PtPCC=Ptwind−Ptch+Ptdch  ∀t.



(5)







The power at the PCC and the net power of the wind farm are paid out at the SMP and the REC price, respectively, regardless of the time period, as shown by the first and second variables of the right side of the Equations (2) and (3). The ESS discharged power during the peak period is paid out at the REC price by multiplying the REC multiplier, α, as depicted by the third variable from the right side of Equation (3). The variable costs of operating the ESS is composed of variable operation and maintenance costs and the total amount of charging and discharging as shown in Equation (5).



Using this optimization problem, wind farm operators can maximize revenue by controlling the amount of ESS charged and discharged power.




2.3. Operational Constraints of an ESS


The ESS can charge and discharge power within its state of charge (SOC) limit. Hence, the SOC of the ESS, SOCt, is limited by the minimum and maximum SOC levels:


SOCmin≤SOCt≤SOCmax  ∀t.



(6)







The charging-discharging operations determine the SOC and the initial SOC is assumed to be half of the storage capacity:


SOCt={CapESS/2+Ptch×ηESS,eff−Ptdch/ηESS,eff,if  t=1SOCt−1+Ptch×ηESS,eff−Ptdch/ηESS,eff,otherwise.



(7)







The ESS can only operate in charging-discharging mode at a single time-step as follows:


δtch+δtdch≤1  ∀t.



(8)







The amount of discharging or charging power is limited by the capacity and the ESS charging-discharging efficiency. These characteristics are given by


0≤Ptch≤ηch×δtch×CapESS/5  ∀t  and



(9)






0≤Ptdch≤ηdch×δtdch×CapESS/5  ∀t.



(10)







The capacity multiplications and the ESS charging-discharging efficiency are divided by 5 since we assume that the ESS can be fully discharged or charged in 25 min [24].



The charging power can only be supplied from the wind farm when the following conditions are met:


0≤Ptch≤PtWind  ∀t.



(11)








2.4. Variability Criteria for Wind Power Generation


The variability is defined as the power deviation at the PCC in a 5-min time step. The grid code model for the variability is described as follows:


−σvar×CapWind≤Ptwind−Pt−1PCC−Ptch+Ptdch−PtExcess+PtShort≤σvar×CapWind t=2,3,⋯,tmax,



(12)




where σvar is the wind farm capacity ratio of the variation criteria, and PtExcess and PtShort are the surplus variables for the upward and downward power, respectively, that exceed the variation criteria. The power at the PCC at time step t is defined by its representation in Equation (12) since the amount of ESS charging-discharging at time step t can change the power deviation of the adjacent time step. The surplus variables should have a non-zero value only if the power deviation at the two adjacent time steps exceeds the variability criteria in the opposite sides of the equation. Additional constraints for these surplus variables are required since Equation (12) is insufficient to determine the surplus. These constraints are described as follows:


PtExcess=δtExcess(Ptwind−Pt−1PCC−Ptch−σvar×CapWind)t=2,3,⋯,tmax and



(13)






PtShort=δtShort(Ptwind−Pt−1PCC+Ptdch+σvar×CapWind)t=2,3,⋯,tmax,



(14)




where δtExcess and δtShort are binary variables representing the state of exceeding the upper and lower variation criteria, respectively, in time-step t. These variables are below 1 at a single time step, as follows:


δtExcess+δtShort≤1 t=2,3,⋯,tmax.



(15)







The surplus variables in Equations (13) and (14) mitigate the deviation between the wind farm generation at time step t and the power at the PCC at time-step t−1, along with the charging/discharging power at time-step t. In short, the surplus variables are assumed to be control variables to mitigate the variability in wind power generation.



The process of determining the value of the surplus variables is described in Figure 2, where the power deviation and the upper and lower criteria are observed.



The surplus variables can be determined by the upper and lower criteria. If the power deviation (the solid line) is within the criteria (the dotted line), these variables must be zero since the deviation does not exceed the criteria. In this case, the variables in Equations (13) and (14) are zero since both variables in Equation (15) are zero. However, if the deviation is outside of the criteria, the surplus variables should be the amount of power exceeding the criteria. In this case, the excess power is equal to variables PtExcess or PtShort in Equation (13) or (14), since the binary variable, δtExcess or δtShort, is 1.



In this optimization problem, Equations (13) and (14) reflect the above process and are depicted as nonlinear constraints. Therefore, MILP constraint linearization is required, as described in Appendix A.





3. A Modified Optimization Model to Induce the Discharge of an ESS in Off-Peak Periods


3.1. Modified Objective Function


The off-peak period revenue could be modified in order to induce the charging and discharging operations by the wind farm operator. Hence, the modified objective function is defined as:


Maximize ∑t⊂Off peakRtnew_opk+∑t⊂peakRtpk−∑∀tCtESS  ∀t,



(16)




and considering modified revenue


Rtnew_opk=PtPCC×smpt+(Ptwind−Ptch)×RECt+αopk×Ptdch×RECt  ∀t,



(17)




where αopk is the REC multiplier for discharging power in off-peak periods. The additional revenue generated is reflected in the third variable on the right side of the Equation (17). The peak period revenue and the expense of the ESS operation are the same as in Equations (3) and (4).



Conditions for determining αopk are necessary to define the modified revenue and validate the profit for the operator.




3.2. Conditions for Determining REC Multiplier for Discharging Power in Off-Peak Periods


The REC multiplier for the discharging power in off-peak periods must be at least more than a specified value to initiate discharging. Therefore, it is important to consider the conditions for determining this multiplier as follows:

	
Condition 1: The REC multiplier value is more than 1; and



	
Condition 2: The REC multiplier value is more than the product reciprocal of the parameters related to ESS operations.








Condition 1 is the most common for determining the REC multiplier. As shown in Figure 1, wind farm operators can utilize their power resource generation in two ways. First, the generation transmitted to the electricity grid via the PCC can be paid out at a one-REC credit in the off-peak period, based on the settlement rules. In contrast, power generation for the ESS results in no profit for the operators. Charging loss occurs in ESS operations since the charging efficiency, which is less than 100%, governs the amount of charging power. In this case, the operators would sell their power generation to the main grid, rather than charge the battery, in order to increase revenue. Therefore, the REC multiplier value should be greater than 1 to be fully recognized as a whole power generation, regardless of charging loss.



Condition 2 is a supplemental condition for determining the REC multiplier, along with Condition 1. As shown in Equations (7), (9), and (10), the turnaround and discharging efficiency, as well as the charging efficiency, would result in a charging and discharging loss since these efficiencies are also less than 100%. First, the power loss would occur during the charging operation, with an efficiency of ηch. The second loss is incurred by the inner operations of the ESS, modeled with the turnaround efficiency of ηESS,  eff. Discharging loss occurs when the ESS discharges its power, with an efficiency of ηdch. Although the power from the ESS and wind turbines both have the same effect of supplying electricity to the grid, the discharging power of the ESS is from partial wind power production with losses. The REC multiplier for the discharging power should be higher than that for the wind power to compensate for power losses. Hence, the minimum value for the REC multiplier in off-peak periods would be the reciprocal of the charging, turnaround, and discharging efficiencies.





4. Case Study and Discussion


The effectiveness of the proposed revenue model was evaluated by comparing the total discharge power and the total power exceeding the variation criteria with the conventional revenue model.



4.1. Simulation Setup


4.1.1. Parameters of a Wind Farm and an ESS


Operational data related to the coordinated model were required to simulate the coordinated wind farm model with an ESS as shown in Figure 1. The key parameters for the coordinated model operation are listed in Table 1.



The wind farm in Jeju Island is a 10,790 kW Haengwon offshore farm [25]. The ESS in the wind farm was assumed to be installed with an optimized capacity of 2450 kWh [26]. The operation conditions for the ESS, regarding the minimum and maximum charge level, turnaround, and charging and discharging efficiency were assumed to be 90%. In addition, the variable O&M cost of ESS was adjusted to a five-minute time step unit [27]. The REC multiplier for the discharging power in peak periods followed the current RPS policy [22].




4.1.2. Wind Farm Generation Profiles


One-minute time step data for yearly wind power generation profiles were obtained from the Korea Power Exchange (KPX). The time step of these profiles was changed from one-minute to five-minute in order to match the optimization model time step. Additionally, characteristic days in these profiles were selected to decrease the computational burden. The selection procedure was as follows:

	
The yearly data were sorted by month;



	
Power exceeding the upper and lower variation criteria for daily wind power generation in the monthly profiles was calculated;



	
The day with the highest number of occurrences beyond the variation criteria was chosen as a typical day in the monthly profile; and



	
The above procedures were repeated for all months.








The selected dates, the number of violations of the variation criteria, the seasons, and months are listed in Table 2. The season was required to determine the REC multiplier during peak periods. In addition, the peak period for the REC multiplier is listed in the table.



As shown in Table 2, the number of violations of the variation criteria in winter tended to be greater than in other seasons. It was expected that the wind in winter on Jeju Island was stronger than the winds in other seasons. As expected, the variation in wind power generation at each five-minute time step in winter tended to be greater than that in other seasons, as shown in Figure 3.



Figure 3 shows the variation profiles in rows from left to right in monthly order. The red dotted lines represent the variation criteria value. The gap between the yellow dotted lines signifies the peak period. Unlike other seasons, the wind power generation variation was unstable in winter from January to March and from November to December. The variation profiles in other seasons were mostly within the criteria. There were no noticeable trends in the variation profiles except in terms of seasons.




4.1.3. SMP and REC Price


The historical data for the yearly SMP and REC price was obtained for a one-hour time step [28,29]. Although the historical price differed both hourly and monthly, the average monthly price was calculated to reduce the variable price effect on the simulation, as shown in Table 3.





4.2. Case Study


4.2.1. Case Setup


The proposed MILP optimization problems were implemented in GAMS 25.1.2 and solved using GUROBI 8.0. The dual simplex algorithm terminated after reaching a 1% duality gap. This case study was conducted to compare the discharging power, the amount of excess power, and the total net revenue for the wind farm operator to determine whether to consider the REC multiplier in off-peak periods. When considering the REC multiplier, its values were listed by size, as shown in Table 4.



Case 1 is the reference case describing the current state of the wind farm operation without imposing the REC multiplier. Case 2 was the first control case where the REC multiplier was 1 for validating condition 1 as described in Section 3.2. The REC multiplier in case 2-1 was calculated by rounding up the reciprocal of charging, discharging, and turnaround efficiencies to two decimal places based on condition 2 as described in Section 3.2. Cases 2-2 and 2-3 were additional control cases for comparing the results with the increasing REC multiplier.




4.2.2. Case Results


From the power system operator’s perspective, power shortages might be a major concern in operations since the shortage has to be supplemented by operating additional power resources. However, surplus power can be easily handled by curtailing wind power generation. Thus, the operator would pay attention to discharging patterns when power shortages occur. Therefore, this study focused on representing the results, including when the power exceeded the lower variation criteria and the discharging power.



The average discharging power in off-peak and peak periods was estimated to evaluate the effect of applying the REC multiplier, as depicted in Table 5.



ESS operations under current policies could be modeled by case 1. As shown in Table 5, the ESS did not discharge in off-peak periods, while it discharged in peak periods. As expected, results of cases 1 and 2 are same. The results of the discharging power are first observed in case 2-1. In addition, the average discharging power during the peak period in case 2-1 was slightly higher than that in cases 1 and 2. This discharging power was presumed to increase due to altered ESS operations in the off-peak period. The average discharging power in the off-peak period in case 2-2 was higher than in case 2-1 due to an increased REC multiplier. However, the average discharging power in the peak period in case 2-2 was lower than that in case 2-1. These results are presumed to be due to the increase in discharging power during the off-peak period. Case 2-3 exhibited different trends. The average discharging power during the off-peak period in case 2-3 was slightly lower than that in Case 2-2. This result was compared with the increasing trend that existed in the discharging power during the off-peak period in cases 2-1 and 2-2. The average discharging power in the peak period in case 2-3 was lower than in the other cases.



The amount of power that exceeded the lower variation criteria is presented in Table 6. The effect of the REC multiplier on the power shortage is examined based on these case results.



In the off-peak period, ESS operations rarely affected the average power shortage in cases 1 and 2. The results of case 2-1, when the ESS begins discharging power, showed that the shortage was significantly reduced during the winter months. Furthermore, these monthly results demonstrated unique increments. Although there was a slight lack of consistency in the results, the total average power shortages decreased by almost 39% for cases 1 and 2. Similarly, in cases 2-2 and 2-3, the average value of power exceeding the lower variation criteria decreased, and the total average power for cases 1 and 2 reduced by almost 47% and 51%, respectively. The trends in power exceeding the variation criteria in the peak period are similar to those in the other period. Although the amount of discharging power seemed greater during the peak period, as shown in Table 5, the average power shortage in cases 1 and 2 were relatively larger in the peak period than those in the off-peak period. The shortages had a high value during the summer months since the peak period was longer than in other seasons. Contrary to the case trend of a decreasing discharging power during the peak period, the average value of power shortages decreased. In short, although the REC multiplier in the peak period was unchanged, the number of power shortages tended to decrease. These results imply that changes in the off-peak period would result in changes in the peak period by discharging power when the wind power fluctuations are significant.



The total monthly net revenue is presented in Table 7. Although the total net revenue results did not show a direct effect on mitigating the variation in wind power generation, the results suggest the effects of the additional incentive on the total net revenue.



In Section 3.2, the results of Cases 1 and 2 are the same since the REC multiplier of 1 in off-peak periods could not induce discharging power. The revenue in case 2-1 increased slightly (0.01–1.02%). The REC multiplier applied in case 2-2 increased the revenue for cases 1 and 2 by 1.6–5.8%, and by 1.6–5.1% for case 2-1. Although the REC multiplier in case 2-2 was double that in case 2-1, a drastic revenue increase was not observed as the amount of the discharging power was assumed to be limited by the discharging rate. In case 2-3, the revenue was higher by 2.4–9.4% for cases 1, 2, and 2-1, and by 0.8–4.5% for case 2-2.





4.3. Discussions


The proposed revenue model for wind farms could reflect the current RPS policy in Korea as shown in results of case 1. From the other results, applying the REC multiplier in off-peak periods could be considered as a factor in reducing power shortages. This incentive would have a positive effect on mitigating wind power fluctuations. It might be also act as an economic strategy for power system operators since the additional revenue did not increase significantly, even when the magnitude of the REC multiplier was increased more than three-fold. Hence, the proposed incentive mechanism is a win-win proposition for wind farm and power system operators.



Further studies are required to analyze the operations and control strategies of ESSs since the proposed model was mainly designed for simulating revenue generation. The above results would be greatly influenced by the operation conditions of the ESS including SOC and charging and discharging rates. Although wind farm operators had the chance to gain more revenue as the REC multiplier increased, the additional revenue was limited since the amount of charging/discharging power was limited by these conditions. This limitation was considered as a factor in slight revenue increase despite a significant increase in the REC multiplier. Moreover, the proposed model could not show the optimal REC multiplier for both wind farm operators and power system operators. Therefore, future studies need to be designed to construct an optimization problem that reflects the detailed operations of the ESS and determines the optimal REC multiplier to control the power fluctuations.





5. Conclusions


This study evaluated the effect of an REC incentive on ESS operations to mitigate the variation in wind farm power generation on Jeju Island. We designed a coordinated model of the wind farm with an ESS to model the actual behaviors of a wind farm operator. From this model, an optimization problem was developed to maximize revenue for the operator. The objective function reflected the revenue from the SMP and the REC. The REC revenue function accounted for the discharging power, which paid out only in peak periods. Hence, the REC multiplier for discharging power in off-peak periods was applied to the modified REC revenue function. The conditions for determining the REC multiplier for the discharging power in off-peak periods were defined as they had not been previously accounted for. The problem constraints included the operational constraints of the ESS and the variability criteria for wind power generation. The linearization process was applied to the constraints of the variability criteria to be modeled as an MILP problem. Typical days in the one-year generation profiles were selected by using the variation criteria in order to ease the computational burden. Through the case studies, the modified revenue model induced ESS discharging in off-peak periods and reduced the average value of the power shortages without significant cost increases. We expect that applying the REC multiplier in off-peak periods would help wind farm and power system operators under intermittent renewable generation.
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Nomenclature




	
Indices and Sets




	
t

	
5-min time step in T.




	
T

	
Set of time steps.




	
Off peak⊂T

	
Subset of off-peak period.




	
Peak⊂T

	
Subset of peak period.




	
Parameters




	
smpt

	
System marginal price at time, t, (Won/kW-5 min).




	
RECt

	
Price of renewable energy certificate at time, t (Won/kW-5 min).




	
PtWind

	
Wind farm power generation at time, t (kW-5 min).




	
CapWind

	
Capacity of the wind farm (kW).




	
σVar

	
Variation criteria of the point of common coupling (PCC).




	
CapESS

	
Capacity of the energy storage system (kWh).




	
ωVO&M

	
Variable O&M cost of energy storage system (Won/kW-5 min).




	
SOCmin/SOCmax

	
Minimum/maximum state of charge level of the energy storage system (kWh).




	
ηESS,eff

	
Turnaround efficiency of the energy storage system.




	
ηch/ηdch

	
Charging/discharging efficiency of the energy storage system




	
α

	
Renewable energy certificate multiplier




	
αopk

	
Renewable energy certificate multiplier in the off-peak period




	
Z

	
Positive infinity




	
Variables




	
Rtopk

	
Revenue in the off-peak period at time, t.




	
Rtpk

	
Revenue in the peak period at time, t.




	
CtESS

	
Operational cost of the energy storage system at time, t.




	
PtPCC

	
Power of the point of common coupling (PCC) at time, t.




	
Ptch/Ptdch

	
Charging/discharging power of the energy storage system at time, t.




	
SOCt

	
State of charge of the energy storage system at time, t.




	
PtExcess/PtShort

	
Surplus variable for the power exceeding the upper/lower variation criteria of the point of common coupling (PCC) at time, t.




	
Binary Variables




	
δtch/δtdch

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




	
δtExcess/δtShort

	
Status of exceeding the upper/lower variation criteria of the point of common coupling (PCC) at time, t.









Appendix A. The Linearization Process of Nonlinear Constraints for Determining the Surplus Variable for Power Exceeding Upper–Lower PCC Variation Criteria


Equations (13) and (14) show the nonlinear constraints that determine the amount of power exceeding the upper and/or lower variation criteria. The right-side variables of these equations can be expressed as follows:


{PtExcess≥Ptwind−Pt−1PCC−Ptch−σvar×CapWind−(1−δtExcess)⋅ZPtExcess≤Ptwind−Pt−1PCC−Ptch−σvar×CapWind+(1−δtExcess)⋅Z t=2,3,⋯,tmax,



(A1)






{PtExcess≥−δtExcess⋅ZPtExcess≤δtExcess⋅Z t=2,3,⋯,tmax,



(A2)






{PtShort≥Ptwind−Pt−1PCC+Ptdch+σvar×CapWind−(1−δtShort)⋅ZPtShort≤Ptwind−Pt−1PCC+Ptdch+σvar×CapWind+(1−δtShort)⋅Z t=2,3,⋯,tmax,



(A3)






{−PtShort≥−δtShort⋅Z−PtShort≤δtShort⋅Z t=2,3,⋯,tmax.



(A4)







For the linearization process, either δtExcess or δtShort is equal to 0 if the power deviation at the PCC, expressed by (Ptwind−Pt−1PCC−Ptch) or (Ptwind−Pt−1PCC+Ptdch), does not exceed the variation criteria, expressed by (σvar·CapWind). Then, the variable for the excessive power (PtExcess or PtShort) is 0, as shown in Equations (A2) and (A4). Otherwise, either δtExcess or δtShort is equal to 1. The power variable has a non-zero value as shown in Equations (A1) and (A3).
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Figure 1. A coordinated model of a wind farm with an energy storage system (ESS). 
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Figure 2. Determination of the surplus variable for power exceeding the upper and lower variation criteria. 
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Figure 3. Profiles of wind power generation variation at each 5-min time step for each month based on one-year historical data at the Haengwon wind farm. 
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Table 1. Key parameters of a wind farm and ESS operation.
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	Parameter
	Value





	Wind Farm Capacity [kW]
	10,790



	ESS Capacity [kWh]
	2450



	SOCmin/SOCmax [%]
	20/80



	Turnaround efficiency [%]
	90



	Charging/Discharging efficiency [%]
	90/90



	Variable O&M cost of ESS [Won/kW-5 min]
	0.0275



	REC multiplier for discharging power in the peak period
	4.5
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Table 2. The number of violations of the variation criteria and peak period for the renewable energy certificate (REC) multiplier.
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Season

	
Month

	
Date

	
Number of Violating Variation Criteria

	
Peak Period for REC Multiplier






	
Winter

	
1

	
01.20

	
34

	
18:00~21:00




	
Winter

	
2

	
02.10

	
26




	
Winter

	
3

	
03.08

	
18




	
Spring

	
4

	
04.17

	
15

	
19:00~22:00




	
Spring

	
5

	
05.09

	
10




	
Spring

	
6

	
06.06

	
10




	
Summer

	
7

	
07.02

	
6

	
13:00~15:00,

19:00~21:00




	
Summer

	
8

	
08.20

	
10




	
Summer

	
9

	
09.07

	
9




	
Autumn

	
10

	
10.01

	
18

	
18:00~21:00




	
Winter

	
11

	
11.24

	
17

	
1