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Abstract

:

It has been four years since the introduction of the Demand Response (DR) market in Korea. Although the DR market has been steadily increasing resource capacity and payments for demand resources, it cannot efficiently utilize DR resources under the current domestic policy system. In addition, research on the level at which the demand resource capacity registered in the DR market contributes to the reduction of peak demand is scarce. In this article, an algorithm that calculates the annual peak demand reduction contribution is developed considering the operational characteristics of DR resources in order to utilize the demand resources at a meaningful level. Also the peak demand reduction contribution is simulated for the next 15 years based on the historical electricity demand pattern in Korea and analyze the sensitivity of policy variables that affect the contribution of peak reduction. Finally, the critical policy constraint that affects the contribution of DR resources is identified and a method is proposed to improve the peak reduction contribution of DR resources. Related departments that operate the demand market can use this research as a reference for market operations.
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1. Introduction


Demand Response (DR) resources are recognized globally as eco-friendly resources that increase the operational efficiency of an electrical power system by reducing peak demand and power generation costs [1,2]. A DR market is a system in which electricity users sell power to the electricity market in a way that reduces power usage, e.g., when the market price of electricity is high, or the power system is in crisis [3]. Demand Response resources have great potential in meeting the increasing demand for electricity. Various studies have verified the significance and effectiveness of DR resources and with increasing global attention, the implementation of DR resources is diversifying [4,5,6,7,8,9,10].



According to the report of the Korea Energy Economics Institute, the results of analysis of the DR market operation performance show that although the performance has been increasing since the opening of the market, it is necessary to improve the system in order to activate the market [4]. DR can be combined with Unit Commitment (UC) to benefit for both Generating Companies (GENCOs) and customers [5], and the framework was analyzed for integrating DR into long-term resource planning [6]. In addition, DR methods have been studied in connection with other distributed resources such as PHEV, wind power, etc. [7] or other various studies such as economics can be combined with DR to study incentives and penalties based on [8] or consumer behavior [9,10].



Utilizing DR resources can have various purposes [1]; this paper focuses on the ability of DR resources to reduce or alleviate peak demand. Peak demand management is crucial in maintaining capacity reserves and reasonable energy prices. In particular, countries that experience demand patterns with high load rates, such as developed countries, can expect remarkable performance regarding peak shaving [11,12].



The DR market was introduced in 2014 in Korea. It has since continued to grow, with 43 DR service providers (DRSPs) registered in the Korea Power Exchange (KPX) and 2273 customers participating in the DR market. The DR resources steadily increased from 1520 megawatt hour (MW) in 2014, to 4151 MW in June 2018, equivalent to four nuclear power plants. Cumulative electricity reduction is about 899 gigawatt hour (GWh), with annual average power savings of 274.8 GWh, and the total settlement by the KPX is about $ 455.47 million (USD) by utilizing DR resources (As of April 2018) [13].



Despite steadily increasing in resource capacity and payments for demand resources [13], the DR market cannot efficiently utilize DR resources under the current domestic policy. In addition, few studies analyze the level at which the demand resource capacity in the DR market contributes to the reduction of peak demand. Thus, there are several limitations in establishing an efficient, long-term resource plan and operating the market using DR resources [6,14]. Simply, it can be assumed that all the DR resource capacity in the DR market contributes to the reduction of peak demand. However, DR resources have various operational constraints that are distinct from conventional power generation resources, and in extreme cases, they may not contribute to peak demand reduction at all.



There are various studies related to DR resources; some provide overviews of existing DR programs and their benefits, costs [1,15,16,17,18], and challenges [19,20,21,22]. O’Connell discusses several challenges to overcome before DR resources can offer a valuable contribution to the power system. While DR resources can bring many benefits, the author notes that the most important problem is the lack of experience with and understanding of the nature of DR resources [19]. Nolan presents some key barriers to deployment, challenges in the evaluation of demand response, and provides some recommendations on evaluation methodologies [21]. Satchwell explains the increasing involvement of DR resources in resource planning and analyzes the current framework for integrating long-term resource planning, presenting various approaches [6]. Kim explains that DR programs often fail to achieve their goals and reach their potential, reviews the key structural and behavioral barriers, and proposes solutions for DR programs [23]. In Florida, Stoll analyzes the impact on grid operations of various load types that provide demand response to quantify the potential impact of demand response [24].



Kwag proposes optimal combined scheduling with DR by minimizing the system operation cost and develops the marginal cost function of the demand resource [25]. Zhou develops a general framework that models and analyzes the operational flexibility parameters and constraints of DR and Energy Storage System (EES) to evaluate if they can adequately contribute to supply [26]. Li proposed distributed algorithms for a utility company and consumers to optimize their benefits and maximize social welfare [2]. Keane develops models of DR on the Irish power system and demonstrates that DR can contribute to overall system adequacy and displace conventional generation [27]. However, many studies lack a general evaluation of the effectiveness of DR resources. In particular, few studies analyze the system effects, including the characteristics of DR resources and policy.



In this study, an algorithm that can calculate the annual peak demand reduction contribution is developed considering the operational characteristics of DR resources, so that the demand resources can be utilized at a meaningful level. Also the peak demand reduction contribution is simulated for the next 15 years based on the historical electricity demand pattern in Korea. In addition, the sensitivity of policy variables that affect peak reduction is analyzed and a method is proposed to improve the peak reduction contribution of DR resources.




2. Mathematical Problem Formulation


The algorithm in this study finds the DR Dispatch Commitment Quantity (DCQ) for each DR resource that minimizes the annual peak load after DR events. This enables us to optimally reduce the annual peak demand and obtain a solution that effectively allocates and manages DR resources. The objective function of the optimization problem minimizes the annual peak load after a DR dispatch, and it is calculated by considering the operational constraints of DR resources in the Korean electricity market. To solve it efficiently, the problem has been formulated through Mixed Integer Linear Programming (MILP).



2.1. Objective Function


The objective function minimizes the annual peak load after a DR event. The annual peak load after the DR event is the largest value of the demand and is calculated by subtracting the DR DCQ from the electricity demand for each time period. Demand response DCQ is the amount of reduced electricity usage directed by the DR dispatching instruction. During the DR event, the DR DCQ of each DR resource is calculated as the sum of the individual DR reductions. If an optimal solution is found by verifying unavailable DR resources that are in violation of DR operational constraints and adjusting the timing of DR dispatching, or allocating DR resources appropriately, the annual peak reduction effect can be maximized.



The equation is expressed as follows.


    min   D R  (  i , t  )     [  m a x  {  d e m a n d  ( t )  − D R  ( t )   }   ]   



(1)






  D R  ( t )  =   ∑   i ∈ I   D R  (  i , t  )   



(2)




where   d e m a n d  ( t )    is electricity demand and   D R  ( t )    denotes DR Dispatch Commitment Quantity (DCQ) at time t.   D R  ( t )    is calculated as the sum of the   D R  (  i , t  )    which is the DR DCQ of the i-th resource at time t where  I  is a set of DR resources.




2.2. Operational Constraints


To estimate more accurate peak reduction effects of DR, it is necessary to comply with the operating constraints of the DR market. This study considers the following four constraints.



First, the time allowed for annual DR dispatch for each DR resource is limited to 60 h. Second, the DR dispatch can occur between 09:00 and 20:00 on weekdays and does not occur at 13:00. Third, DR resources participating in a DR event must maintain a reduction for at least one hour after the start of demand reduction and can maintain the reduction until a maximum of four hours. Finally, the number of requests for a DR event in a day for each DR resource is limited to two.



2.2.1. Maximum Dispatch Duration (per Year)


The total participation time for reduction during the electricity trading period (typically one year) is less than   Y _ M A X   hours per year.


  Y C o u n t  ( i )  =   ∑   t = 1  T   [  D R  (  i , t  )  × o n o f f  (  i , t  )   ]   



(3)




where   Y C o u n t  ( i )    is the annual cumulative participation time of the i-th resource in the DR event and it is calculated by   o n o f f  (  i , t  )    which denotes a DR event participation state indicator for i-th DR resource at time t (1 denotes participation and 0 denotes non-participation).   Y _ M A X   is the maximum time available that a resource can participate in the DR event for one year and   Y C o u n t  ( i )    is limited as:


  0 ≤ Y C o u n t  ( i )  ≤ Y _ M A X  



(4)








2.2.2. Dispatchable Time


A DR event occurs between 09:00 and 20:00 and excludes 13:00. The remaining time is called non-dispatchable, and demand is assumed as zero at that time.


  D R  (   t  o f f    )  = 0  



(5)






   t  o f f   ∈  T  o f f    



(6)




where    t  o f f     is non-dispatchable time and    T  o f f     is the set of non-dispatchable time such as 1, 2, …, 9, 13, 21, …, 23, 24.




2.2.3. Sustained Response Period (per Event)


DR resources participating in a DR event must sustain a reduction for at least   D _ M I N   hours after the start of demand reduction and can maintain the reduction for a maximum of   D _ M A X   hours. When the DR event is dispatched and the DR resource starts to reduce demand, it can be determined whether reduction should continue in the next time period, depending on the preceding reduction time and duration.



According to market regulations, the duration of the DR event must satisfy the minimum Sustained Response Period (SRP) and the maximum holding SRP. Under the current market regulations in Korea, the duration of a DR event is at least 1 h, and the maximum holding time is 4 h.


   [  D u r  (  i , t − 1  )  − D _ M I N  ]  ×  [  o n o f f  (  i , t − 1  )  − o n o f f  (  i , t  )   ]  ≥ 0  



(7)






  D u r  (  i , t  )  =  [  D u r  (  i , t − 1  )  + 1  ]  × o n o f f  (  i , t  )   



(8)






  D _ M I N ≤ D u r  (  i , t  )  ≤ D _ M A X  



(9)




where   D u r  (  i , t  )    denotes the duration of i-th DR resource at time t during a DR event.   D u r  (  i , t  )    is determined between   D _ M I N   and   D _ M A X  , which denotes the minimum SRP and the maximum SRP, respectively.




2.2.4. Available Number of Dispatches (per Day)


Demand reduction requests for DR resources are limited to   F _ M A X   times a day. Variables on(t) and off(t) is added that indicate the participation state of the DR resource and, based on these variables, it verifies whether the proposed DR dispatch satisfies the participation constraint for the day.


  o n  (  i , t  )  − o f f  (  i , t  )  = o n o f f  (  i , t  )  − o n o f f  (  i , t − 1  )   



(10)






  o n  (  i , t  )  + o f f  (  i , t  )  ≤ 1  



(11)






  F r e q  (  i , d  )  =   ∑   t ∈  T  o n     o n  (  i , t  )  ,   d ∈ D  



(12)






  F r e q  (  i , d  )  ≤ F _ M A X  



(13)




where   o n  (  i , t  )    is equal to 1 if the i-th DR resource changed from non-participation to participation at time t and 0 otherwise. On the contrary,   o f f  (  i , t  )    is equal to 1 if the i-th DR resource changed from participation to non-participation at time t and 0 otherwise.   F r e q  (  i , d  )    in Equation (12) denotes the number of times the i-th DR resource has participated in a DR event on day d.   F r e q  (  i , d  )    is limited by   F _ M A X   which denotes the maximum available number of DR dispatches in a day.






3. Case Study of the Korean DR Market


In this section, the simulation is conducted to estimate the peak reduction contribution of DR resources and considered DR market operating constraints in order to derive a more accurate reduction effect in the Korean electricity market. In addition, sensitivity analysis is conducted for each constraint to find factors inhibiting the reduction effects of the current DR market system and improvement ways are suggested.



One important factor determining annual peak demand is the electricity demand pattern for that year. Summing up real-time electricity use reveals a demand pattern, which has a certain shape or characteristic, in a specific time period (e.g., day, month, year, and so on). These patterns of electricity demand differ every year, as they are subject to various environmental impacts. The patterns of electric power demand on weekdays and weekends are different, and there is significant difference in electricity use between daytime and nighttime.



Since the annual peak is determined at the time of highest demand in the year, it is necessary to manage DR resources appropriately, according to DR market regulations, to reduce annual peak demand effectively. However, owing to operational restrictions on DR resources in the Korean DR market, it is important to understand the electricity load pattern to maximize the peak reduction effect, while complying with regulations.



Consequently, Korea has exhibited widely varying patterns of electricity demand in 2014–2016, which is substantiated by the peak reduction simulation results. To improve the reliability of the simulation, the patterns are analyzed for the past three years, perform the simulation for each year, and discuss the results below.



3.1. Simulation Overview


The estimated annual peak reduction contribution was obtained in the General Algebraic Modeling System (GAMS) environment and solved by CPLEX, which can solve MILP effectively [28]. The formulation was applied to simulate the Korean electricity market, and the basic data set for the simulation was from the real power system.



3.1.1. Input Data and Assumptions


The data set used in this paper is from the Korea Electric Power Corporation (KEPCO), and the data produced for the simulation are based on the 8th Basic Plan for Long-term Electricity Supply and Demand (BPE) from Korea Power Exchange (KPX) [29]. The BPE is published biennially, and the 8th BPE from the end of 2017, addresses the 2017–2031 period.



1. Electricity load



In the simulation, the future electricity demand patterns for 15 years (2017–2031) are forecasted based on the power generator performance data (demand before DR event) for each hour from 2014 to 2016. As prediction is beyond the main research purpose of this study, the future electricity demand assumed in a simple method without using complex formulas or regression analysis. The method of predicting future electricity demand patterns is based on the 8th BPE demand side management plan, and electricity load patterns are forecasted to meet the annual peak demand and power consumption. More specifically, after setting the peak demand of the forecast year to be equal to the annual peak demand of the 8th BPE, the electricity demand adjusted for the remaining time zones according to the year pattern of the three simulations (2014 to 2016). At this time, the electricity demand is proportionally increased, and the sum of all annual electricity demand per year is set equal to the forecasted power consumption of the 8th BPE before demand management. The annual peak demand and power consumption forecasted by the 8th BPE are shown in Table 1 below.



2. Demand Response Resources



The total registered capacity of DR resources is based on a total of 4352 MW (62 units), including 467 MW of new DR resources registered in May 2017, and the total registered capacity of DR resources for the next 15 years is assumed.



Considering that DR resource registration capacity is increasing and future DR resource recruitment will be extended to small-scale customers such as commercial buildings, DR resource registration capacity for the next 15 years is set to gradually increase, corresponding to 5% of the expected peak demand (MW) for each year. Table 2 below shows the DR resource registered capacity per year.




3.1.2. Simulation Design


This simulation calculates the annual peak contribution effect based on the 15-year future demand pattern estimated in Section 3.1.1 and compliance with current market rules. This result is considered a reference case for analyzing the sensitivity of each constraint. Sensitivity analysis for each constraint is conducted by setting four policy constraints that affect the peak reduction effect as variables and adjusting the condition range incrementally. Each result is compared with the reference case and the difference is quantitatively analyzed.



The sensitivity analysis is carried out in two stages. The initial stage measures and compares the results of the simulations by changing the conditions of each variable (by strengthening or mitigating one step). It is implemented as a one-step strengthening adjustment and a one-step relaxing adjustment for each policy variable. Although the adjustment method for each variable is slightly different, basically each level adjustment is determined in integer units.



The “Maximum Dispatch Duration” variable is set at 30 and 70 h to examine a level at which a meaningful change was observed. The “Dispatchable Time” variable is set to shift the entire time zone without changing the total time available. The time zone is 08:00 to 19:00 and 10:00 to 21:00 for each.



Since the condition of each variable is not a parallel relation, it is difficult to compare directly. For example, “Maximum Dispatch Duration” is a constraint that determines the total amount of time that a DR resource may participate in DR events annually. Therefore, the condition must be adjusted in units of time such as 60 and 50 h. On the other hand, since the “Dispatchable Time” constraint is a condition that adjusts the time slot to perform the task, it is necessary to adjust the time zone, such as from 9:00 to 20:00, in which the DR event can occur.



Therefore, in this paper, a more detailed sensitivity analysis was performed considering the characteristics of each constraint. All possible conditions for the policy variable are assigned a range of integer values. Simulation results in which meaningful changes are detected in all cases are selected and included.



The condition cases for each policy variable were classified as follows Table 3.



For simplicity, abbreviations of the policy constraints in Table 3 are used.





3.2. Simulation Results


An analysis of power demand patterns for the past three years (2014–2016) shows that each yearly pattern has significantly different characteristics, and simulation results suggest that the determinants affecting the annual peaks are different. In this section, annual peak demand in each year is examined in detail based on the reference case to estimate the annual peak reduction effect and to identify the determining factors.



In 2016, the demand for electricity for 7 h on August 12 was within the highest 60th for the year. In general, it is possible that the DR resource participates in the DR event two times for four hours a day, up to 8 h, but this is virtually impossible because DR resources could not participate at 13:00. Therefore, due to the lack of participation in some time periods on August 12, the annual peak demand will be determined from among the seven hours, which is the 17th time zone demand with the lowest power demand in that day. Demand at that time can be determined as the annual power peak if there is no higher demand than the 17th for a situation that violates constraints.



In 2015, the time slot with the 76th highest annual power demand was 08:00–09:00, which is outside DR dispatchable time. Therefore, if there is no higher demand than this after the DR event in the same year, the DR demand is not determined by the DR event and this could be the annual peak demand since the DR resource was not utilized at that time.



There was high demand for electricity in 2014 between 08:00 and 09:00 (which is outside of DR dispatchable time), mainly due to morning demand. The 29th highest annual electricity demand occurred between 08:00 and 09:00, and demand reduction cannot be requested in this period despite the high demand because the DR event does not work; therefore, it can be determined as the annual peak demand.



Because the peak determining factors are different according to the demand pattern for each year, there are slight differences in the results. The peak reduction contribution reduces demand by 3.65–4.8% of the annual peak demand. The simulation results for the three years are summarized in Table 4, which is the reference case for the sensitivity analysis.



Based on these simulation results, the initial sensitivity of each constraint is analyzed by simulation, and a different setting range is applied to each constraint condition according to its characteristics. The results are shown in Table 5 and Table 6. Sensitivity simulations for relaxed constraints were set by adjusting the condition of each constraint and assuming that the DR resource would more readily participate in DR events. In contrast, the sensitivity simulation results for strengthened constraints were designed to hinder the participation of DR resources in DR events by adjusting the time period or the limiting participation time of each constraint.



The average contribution, shown in Table 5 and Table 6 below, refers to the peak reduction effect from DR events on average from 2017 to 2031. It shows how much peak demand is reduced compared to before the DR event. Increased contribution implies an increased peak reduction contribution by alleviating the condition of each constraint, and increased reduction indicates how much the overall peak demand reduction has increased as the contribution increases. On the contrary, decreased contribution and decreased reduction mean a decreased peak reduction contribution and rate of peak reduction when the constraints are strengthened.



In Table 5 and Table 6, peak determinants are an indicator of which factors determine the annual peak in the simulation in terms of hours, time, duration, and frequency. Max is the case where the annual peak is reduced by maximizing the utilization of DR resources. On the other hand, Exh. is the case where all resources are exhausted due to a lack of DR resources, but the peak reduction effect is not as great as expected.



As a result of the simulation, if the constraint condition of each policy variable is marginally relaxed, no significant change compared to the existing reference case is observed. Nevertheless, when the conditions of variables such as “Time” and “Duration” are relaxed, power peaks can be maximally reduced by utilizing all the DR resources in some electricity demand patterns.



For example, in 2014, since there was high electricity demand at a time when a DR event could not occur, high demand was determined as an annual peak demand without using DR resources. In such a case, the peak reduction effect can be greatly improved even if only a slight adjustment of the time period in which the DR resource is available is possible. Simulation results show that the overall peak reduction effect has increased by about 1.36 percentage points, from 3.65% to 5%. This number may seem small, but is actually an increase of more than 37% compared to the reference case demand reduction capacity. The capacity is about 1174 MWh or more, which is equivalent to the capacity of one nuclear power plant.



On the contrary, if the constraint condition of the policy variable is strengthened, the peak reduction effect is significantly reduced in most results for all variables. In particular, findings are that the effect is greatly reduced by adjusting the range of conditions for the “Time” variable, and the peak reduction effect appeared to be low in some cases.



For example, in the case of the electricity demand pattern in 2015, because the demand is concentrated in a specific period, even if the period for initiating the DR event is shifted by one hour, the condition becomes very severe and the peak reduction effect is greatly reduced. Simulation results show that the overall peak reduction effect is only 0.48%, down 3.95 percentage points from 4.45%, which is about 89% less than the reference case demand reduction capacity. When converted to capacity, it is equivalent to about 3429 MWh, or the capacity of three nuclear power plants.



Figure 1 graphically shows the average contribution when each constraint is strengthened or relaxed.



After that, adjustment ranges are set for each operational constraint and repeat the simulation by incrementing the level until meaningful results are observed. The detailed sensitivity analysis results for each constraint are presented next.




3.3. Impact Analysis


As mentioned in the previous section, the policy constraints that determine the annual peak demand are defined as four variables, and each policy variable has a different extent of influence on the annual peak demand decisions. Therefore, in this section, adjustment ranges are set according to the characteristics of each policy variable and simulate for every case where a significant change is observed. In addition, simulation results are analyzed, critical variables that exert the greatest influence on peak reduction are identified, and ways to increase this effect are sought.



3.3.1. Maximum Dispatch Duration (Hours)


Under current regulations, the time allotted to each DR resource for taking part in DR events is limited to 60 h per year. To quantify the change in the annual peak reduction effect caused by adjusting the policy variables, simulate is conducted for the effects of different limits by changing the limit from 20 to 90 h in units of 10 h.



Simulation results show that reducing or increasing the maximum time for participating in DR events does not affect peak reduction; other variables are more significant determinants. However, reducing the annual duration time more severely lessens the peak reduction effect. At this time, all available DR resources are used in peak reduction, but the peak reduction effect is only slightly reduced compared to the reference case. The simulation results of the sensitivity analysis varying the maximum dispatch duration are summarized in Table 7. Also, the result of the average contribution and the variation of contribution and reduction are graphically shown in Figure 2.




3.3.2. Dispatchable Time (Time)


In the initial sensitivity analysis, only the available time period for participation is altered, without changing the total time available for DR events. In this sensitivity analysis, both the changeable time slot and the entire available time range are widened and narrowed.



According to the simulation results, the rate of change is larger than the other three policy variables in most cases. As expected, when the time period of the DR event is changed to include more time periods and the time period is moved to around the reference case time, the peak reduction effect is increased. In some cases, the annual peak demand could be reduced by a maximum amount.



However, when the width of the DR event time zone is reduced and the time slot is also partially excluded, the peak reduction effect is significantly reduced through almost the entire demand pattern. Even if the width is extremely small, there may be no peak reduction effect at all. The simulation results for the sensitivity analysis varying dispatchable time are summarized in Table 8. Figure 3 graphically shows the result of the average contribution and the variation of contribution and reduction.




3.3.3. Sustained Response Period (Duration)


Once the DR event starts, the maximum duration to sustain demand reduction is set to 2, 3, 5, and 6 h (recall the reference case of 4 h). According to the results of the simulation, increasing the duration of demand reduction does not greatly improve the peak reduction effect. However, reducing the participation time of the duration constraint significantly reduced the peak reduction effect in all cases, and the factors determining the annual peak demand in all cases was the duration and the frequency constraint.



For example, in the case of the electricity demand pattern in 2016, if the duration of demand reduction for each DR resource is a maximum of 2 h, overall peak reduction effect has decreased by about 2.21 percentage points from 4.80% to 2.59%. This is a decrease of more than 46% from the reference case demand reduction capacity. The equivalent capacity is about 1916 MWh or more, or two nuclear power plants. The simulation results for the sensitivity analysis varying the sustained response period are summarized in Table 9. Also, the result of the average contribution and the variation of contribution and reduction are graphically shown in Figure 4.




3.3.4. Available Number of Dispatches (Frequency)


Currently, each DR resource can participate in an event up to twice a day. The sensitivity simulation is conducted for each of two possible cases.



Simulation results show that increasing the number of events that a DR resource can participate in during a day has little effect on the peak reduction effect. On the other hand, limiting the possibility of event participation to once a day significantly reduces the peak reduction effect compared to the reference case. The results for sensitivity analysis varying the number of dispatches per day are summarized in Table 10. Figure 5 below graphically shows the result of the average contribution and the variation of contribution and reduction.






4. Discussion


As DR resources are attracting attention worldwide, the utilization methods of DR resources are diversifying and increasing in variety. This paper focus on the contribution of DR resources to the peak reduction effect and analyze methods to strengthen the effect. It has been four years since the introduction of the Demand Response (DR) market in Korea. The first DR resources installed in 2014 steadily increased from 1520 MW, and as of June 2018, 4151 MW of DR resources have been registered, equivalent to four nuclear power plants [13]. Even though this large and beneficial pool of DR resources have powerful potential, DR resources cannot be efficiently utilized under the current domestic policy system [19].



As mentioned in the section describing the simulations performed above, four policy variables that affect the annual peak reduction contribution using DR resources are analyzed. Simulation results estimating the peak reduction contribution based on the current DR market system suggest that DR resources cannot be used at any time as needed, and even if a DR resource is fully utilized, it may not be reflected in the peak reduction contribution. The reason is policy constraints. Therefore, the peak reduction contribution can be improved by slightly revising the DR market policy constraints.



However, since the effectiveness of revising each policy variable has not been verified, the simulation is conducted to increase the peak reduction effect with a sensitivity analysis of each policy variable. Results of the sensitivity analyses indicate that the influence of the four policy variables on the peak reduction contribution by the condition adjustment is very different. In particular, the policy variable that has the most critical impact is the “Dispatchable Time” constraint. If there is a very high demand at a certain time but a DR event cannot be initiated due to current policies, it is a very influential constraint because there is no way to utilize DR resources.



The simulation results confirm that the peak reduction contribution is significantly improved if the DR event is allowed to shift the time period by just one hour, and the contribution of the peak reduction effect is expected to equal the total capacity of registered DR resources. In the meantime, the effects of the other policy variables are not significantly improved upon relaxing the constraint, but the effect is significantly reduced upon the strengthening the constraint.



In this way, even a minor change in a policy constraint can have a great effect. However, it is important to analyze and reflect which constraint can be adjusted effectively and how. A simple benchmarking or trial system change without research can harm participating customers and not improve the effectiveness. Therefore, to implement the appropriate policy system, research should be conducted in many directions. The policy should also take actual customers and market situations into consideration.




5. Conclusions


In this article, a new methodology is proposed to estimate the annual peak reduction contribution of DR resources considering various operating constraints of DR resources and characteristics of the power market. Also the peak demand reduction effect is simulated for the domestic power system in Korea from 2017 to 2031 and the sensitivity of the peak reduction effect to major policy variables is analyzed. Simulation results show that under the current DR market system, there are some cases in which DR resources cannot be effectively utilized due to policy constraints. In particular, the policy variable that has the most critical impact on the demand reduction contribution is the “Dispatchable Time” constraint. Thus, a marginal change in this constraint can improve the DR resource contribution. In some cases, annual peak demand could be reduced by the maximum amount of registered DR resource capacity.



Therefore, it is necessary to estimate the peak demand reduction contribution considering the characteristics of DR resources more accurately and to design a policy system for effectively utilizing DR resources in order to efficiently operate the electric power market and establish a long-term resource plan. Although demand forecast is not addressed in this article, because the power demand pattern also has a great influence on the peak reduction effect, it is also necessary to analyze and predict the changing demand patterns and operate the DR resources flexibly. To utilize the potential of DR resources to the maximum extent and to make meaningful institutional improvements in the nation, future research should be actively conducted from various perspectives.
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Figure 1. Average contribution in initial sensitivity simulation: (a) With strengthened constraints; (b) With relaxed constraints. 
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Figure 2. Sensitivity simulation results of maximum dispatch duration constraint: (a) Average contribution; (b) Variation of contribution and reduction. 
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Figure 3. Sensitivity simulation results of dispatchable Time constraint: (a) Average contribution; (b) Variation of contribution and reduction. 
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Figure 4. Sensitivity simulation results of sustained response period constraint: (a) Average contribution; (b) Variation of contribution and reduction. 
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Figure 5. Sensitivity simulation results of the number of available dispatches constraint: (a) Average contribution; (b) Variation of contribution and reduction. 
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Table 1. Target Demand Outlook DR by the 8th BPE.
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	Year
	2018
	2019
	2020
	2021
	2022
	2023
	2024



	Peak demand (MW)
	88,907
	91,262
	93,594
	95,991
	98,148
	100,251
	102,325



	Power consumption (GWh)
	523,505
	537,973
	552,291
	566,714
	579,611
	592,145
	604,066



	Year
	2025
	2026
	2027
	2028
	2029
	2030
	2031



	Peak demand (MW)
	104,369
	106,342
	108,241
	110,023
	111,759
	113,407
	114,922



	Power consumption (GWh)
	615,788
	627,064
	637,866
	647,946
	657,725
	666,955
	675,367
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Table 2. DR resource registration capacity per year (assumption).
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	Year
	2018
	2019
	2020
	2021
	2022
	2023
	2024



	Registered Capacity (MW)
	4445
	4563
	4680
	4800
	4907
	5013
	5116



	Number of DR resources
	62
	63
	63
	64
	65
	70
	75



	Year
	2025
	2026
	2027
	2028
	2029
	2030
	2031



	Registered Capacity (MW)
	5218
	5317
	5412
	5501
	5588
	5670
	5746



	Number of DR resources
	80
	85
	90
	95
	100
	105
	110
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Table 3. The condition cases of each policy variable for sensitivity analysis.
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Policy Variable

	
Reference

	
Condition Cases

	
Abbreviation






	
Maximum Dispatch Duration

	
60H

	
20H

	
30H

	
40H

	
50H

	
70H

	
80H

	
Hours




	
Dispatchable Time

	
09:00–20:00

	
08:00–21:00

	
07:00–22:00

	
10:00–19:00

	
11:00–18:00

	
Time




	
Sustained Response Period

	
1 to 4/event

	
1 to 2

	
1 to 3

	
1 to 5

	
1 to 6

	
Duration




	
Available Number of Dispatch

	
2/day

	
1/day

	
3/day

	
Frequency











[image: Table] 





Table 4. Summary of reference case simulation results (2014–2016 LDC).
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Year

	
Capacity (MW)

	
Peak Demand (MW)

	
2016 LDC

	
2015 LDC

	
2014 LDC




	
Reduction (MW)

	
Contribution (%)

	
Reduction (MW)

	
Contribution (%)

	
Reduction (MW)

	
Contribution (%)






	
2017

	
4352

	
86,546

	
4177

	
4.83%

	
3848

	
4.45%

	
3155

	
3.65%




	
2018

	
4445

	
88,907

	
4270

	
4.80%

	
3953

	
4.45%

	
3241

	
3.65%




	
2019

	
4563

	
91,262

	
4384

	
4.80%

	
4058

	
4.45%

	
3327

	
3.65%




	
2020

	
4680

	
93,594

	
4497

	
4.80%

	
4161

	
4.45%

	
3412

	
3.65%




	
2021

	
4800

	
95,991

	
4612

	
4.80%

	
4268

	
4.45%

	
3499

	
3.65%




	
2022

	
4907

	
98,148

	
4714

	
4.80%

	
4364

	
4.45%

	
3578

	
3.65%




	
2023

	
5013

	
100,251

	
4816

	
4.80%

	
4457

	
4.45%

	
3655

	
3.65%




	
2024

	
5116

	
102,325

	
4909

	
4.80%

	
4549

	
4.45%

	
3730

	
3.65%




	
2025

	
5218

	
104,369

	
5006

	
4.80%

	
4640

	
4.45%

	
3805

	
3.65%




	
2026

	
5317

	
106,342

	
5109

	
4.80%

	
4728

	
4.45%

	
3877

	
3.65%




	
2027

	
5412

	
108,241

	
5199

	
4.80%

	
4812

	
4.45%

	
3946

	
3.65%




	
2028

	
5501

	
110,023

	
5277

	
4.80%

	
4892

	
4.45%

	
4011

	
3.65%




	
2029

	
5588

	
111,759

	
5359

	
4.79%

	
4969

	
4.45%

	
4074

	
3.65%




	
2030

	
5670

	
113,407

	
5441

	
4.80%

	
5042

	
4.45%

	
4134

	
3.65%




	
2031

	
5746

	
114,922

	
5517

	
4.80%

	
5109

	
4.45%

	
4189

	
3.65%
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Table 5. Summary of initial sensitivity simulation results with relaxed constraints.
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Policy Variable

	
Hours

	
Time

	
Duration

	
Frequency






	
LDC pattern

	
‘16

	
‘15

	
‘14

	
‘16

	
‘15

	
‘14

	
‘16

	
‘15

	
‘14

	
‘16

	
‘15

	
‘14




	
Average Contribution (%)

	
4.80

	
4.45

	
3.65

	
4.80

	
5.00

	
5.00

	
5.00

	
4.45

	
3.65

	
4.80

	
4.45

	
3.65




	
Increased Contribution (%)

	
0.00

	
0.00

	
0.00

	
0.00

	
0.56

	
1.36

	
0.20

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00




	
Increased Reduction (%)

	
0.00

	
0.00

	
0.00

	
0.00

	
12.50

	
37.21

	
4.15

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00




	
Peak Determinants

	
D/F

	
T

	
T

	
D/F

	
Max

	
Max

	
Max

	
T

	
T

	
D/F

	
T

	
T
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Table 6. Summary of initial sensitivity simulation results with strengthened constraints.
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Policy Variable

	
Hours

	
Time

	
Duration

	
Frequency






	
LDC pattern

	
‘16

	
‘15

	
‘14

	
‘16

	
‘15

	
‘14

	
‘16

	
‘15

	
‘14

	
‘16

	
‘15

	
‘14




	
Average Contribution (%)

	
4.74

	
4.45

	
3.65

	
3.64

	
0.48

	
0.54

	
3.12

	
3.89

	
3.35

	
3.79

	
3.89

	
3.35




	
Decreased Contribution (%)

	
0.06

	
0.00

	
0.00

	
1.16

	
3.96

	
3.11

	
1.68

	
0.56

	
0.30

	
1.02

	
0.56

	
0.30




	
Decreased Reduction (%)

	
1.33

	
0.00

	
0.00

	
24.11

	
89.12

	
85.25

	
34.94

	
12.54

	
8.20

	
21.17

	
12.54

	
8.20




	
Peak Determinants

	
Exh.

	
T

	
T

	
T

	
T

	
T

	
D/F

	
D/F

	
D/F

	
D/F

	
D/F

	
D/F
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Table 7. Summary of sensitivity simulation results with maximum dispatch duration.
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Variable Condition

	
20 h

	
30 h

	
40/50/70/80/90 h






	
LDC Pattern

	
‘16

	
‘15

	
‘14

	
‘16

	
‘15

	
‘14

	
‘16

	
‘15

	
‘14




	
Average Contribution (%)

	
4.05

	
4.45

	
3.65

	
4.74

	
4.45

	
3.65

	
4.80

	
4.45

	
3.65




	
Contribution Variation (%)

	
−0.75

	
0.00

	
0.00

	
−0.06

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00




	
Reduction Variation (%)

	
−15.59

	
0.00

	
0.00

	
−1.33

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00




	
Peak Determinants

	
Exh.

	
T

	
T

	
Exh

	
T

	
T

	
D/F

	
T

	
T
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Table 8. Summary of sensitivity simulation results with dispatchable Time.
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Variable Condition

	
08–21

	
07–22

	
10–19

	
11–18






	
LDC pattern

	
‘16

	
‘15

	
‘14

	
‘16

	
‘15

	
‘14

	
‘16

	
‘15

	
‘14

	
‘16

	
‘15

	
‘14




	
Average Contribution (%)

	
4.80

	
5.00

	
5.00

	
4.80

	
5.00

	
5.00

	
3.64

	
0.48

	
0.54

	
2.16

	
0.00

	
0.00




	
Contribution Variation (%)

	
0.00

	
0.56

	
1.36

	
0.00

	
0.56

	
1.36

	
−1.16

	
−3.96

	
−3.11

	
−2.64

	
−4.45

	
−3.65




	
Reduction Variation (%)

	
0.00

	
12.50

	
37.21

	
0.00

	
12.50

	
37.21

	
−24.11

	
−89.12

	
−85.25

	
−54.99

	
−100

	
−100




	
Peak Determinants

	
D/F

	
Max

	
Max

	
D/F

	
Max

	
Max

	
T

	
T

	
T

	
T

	
T

	
T
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Table 9. Summary of sensitivity simulation results with sustained response period.
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Variable Condition

	
1–2

	
1–3

	
1–5/1–6






	
LDC pattern

	
‘16

	
‘15

	
‘14

	
‘16

	
‘15

	
‘14

	
‘16

	
‘15

	
‘14




	
Average Contribution (%)

	
2.59

	
3.05

	
2.63

	
3.12

	
3.89

	
3.35

	
5.00

	
4.45

	
3.65




	
Contribution Variation (%)

	
−2.21

	
−1.40

	
−1.01

	
−1.68

	
−0.56

	
−0.30

	
0.20

	
0.00

	
0.00




	
Reduction Variation (%)

	
−46.10

	
−31.39

	
−27.77

	
−34.94

	
−12.54

	
−8.20

	
4.00

	
0.00

	
0.00




	
Peak Determinants

	
D/F

	
D/F

	
D/F

	
D/F

	
D/F

	
D/F

	
D/F

	
T

	
T
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Table 10. Summary of sensitivity simulation results with the allowed number of dispatches per day.
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Variable Condition

	
1/day

	
3/day






	
LDC pattern

	
‘16

	
‘15

	
‘14

	
‘16

	
‘15

	
‘14




	
Average Contribution (%)

	
3.79

	
3.89

	
3.35

	
4.80

	
4.45

	
3.65




	
Contribution Variation (%)

	
−1.02

	
−0.56

	
−0.30

	
0.00

	
0.00

	
0.00




	
Reduction Variation (%)

	
−21.17

	
−12.54

	
−8.20

	
0.00

	
0.00

	
0.00




	
Peak Determinants

	
D/F

	
D/F

	
D/F

	
D/F

	
T

	
T
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