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Abstract

:

The concept of a virtual energy storage system (VESS) is based on the sharing of a large energy storage system by multiple units; however, the capacity allocation for each unit limits the operation performance of the VESS. This study proposes an operation strategy of a dynamic VESS for smart energy communities. The proposed VESS operation strategy considers the usage-limited constraint rather than the capacity allocation constraint and it guarantees the usage of VESS resources of each participant for an operation period. Therefore, the degrees of freedom for VESS operation can be increased at each operation time. The dynamic VESS operation problem is formulated as a mixed-integer linear problem that could be solved optimally by applying gradient methods and dual decomposition. The dataset of a VESS in Korea is used for simulation. The simulation results demonstrate that, when the proposed operation strategy is used, the cost efficiency achieved is more than twice that achieved when the existing VESS operation strategy is used. Furthermore, the proposed strategy accurately reflects the characteristics of the participants; thus, more units can participate in the VESS operation service. The proposed VESS operation can improve the system performance of the utility grid and increase the net benefit of the participants.
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1. Introduction


As the distributed power generation is growing, owing to the advent of renewable energy generation, power system operation is becoming challenging because the frequency variation and duration of disruptions that indicate power system reliability are increasing [1]. An energy storage system (ESS) is an essential system to ensure the continuity of power or energy to the customers [2]. ESSs are used in different ways, from utility-scale applications, including black start [3], voltage regulation [4], frequency regulation [5], grid fluctuation suppression [6], and spinning reserve [7], to demand-scale applications, including demand flexibility management [8] and energy bill reduction [9]. To meet the net zero emissions objective of the International Energy Agency (IEA) by 2050, the share of energy system flexibility from ESS is expected to increase from 0.2% in 2020 to 6% in 2030 [10]. However, the high cost of ESS acts as a barrier to its usage, although the cost is reducing today due to technological developments [11].



Recently, virtual ESSs (VESSs) have been introduced, and their concept is to allow logical sharing of a physical ESS by multiple participants [12]. A VESS is an energy sharing method that is being considered in energy systems. Another representative energy sharing method is the peer-to-peer (P2P) energy transaction [13], which involves trading excess energy produced between peers to improve benefits. However, similar to the cloud data storage services [14], a VESS is a shared pool of energy storage resources that provides storage services to small participants [15]. Installation of a VESS, which offers more capacity than individual ESS installations, achieves economies of scale. It allows participants to use the ESS service at a lower price compared with that of installing and using an individual ESS.



In a study, a business model was presented based on the shared ESS considering the business cases in 2016 and 2025 [16]. The results indicate that ESS sharing leads to additional profits. VESS structures have been proposed considering different scenarios, such as heat storage capability of a building [17], flexible demand and flywheel ESS [18], residential demand with air conditioners [19], and electric vehicles combined with air conditioning load [20].



In particular, the main topic in the area of VESS research is the energy management of the VESS by applying methodologies such as optimization [21,22] and game theory [23,24,25]. Zhao et al. [21] proposed a pricing-based virtual storage sharing scheme formulating a two-stage optimization problem for the interaction between the aggregator and participants. They highlighted total cost reduction for the participants by using VESS. Zhong et al. [22] developed a real-time energy management system for an energy storage sharing system to minimize the time average system cost. Their method was based on the current system states, without having to predict the future uncertain system states. Zaidi et al. [23] proposed a combinatorial auction mechanism to obtain the desired ESS capacity using a VESS. To determine the solution of the auction, an algorithm that combines a genetic algorithm with particle swarm optimization was used. Tushar et al. [24] designed a modified auction-based mechanism to determine the cost of usage and allocation of VESS capacity, and they applied a non-cooperative Stackelberg game between the participants and auctioneer to determine the solution. Chakraborty et al. [25] formulated an ESS sharing problem as a cooperative game having two cases, (a) cost minimization with already procured storage elements and (b) expected cost minimization for joint storage investment. They showed that ESS sharing in a cooperative manner is an effective way to amortize storage costs and increase the system’s utilization. All these studies show that VESS is an effective way to lower the cost barrier of ESS usage, and participants can achieve profits by way of savings on electricity bills. Research on VESS is summarized in Table 1.



Most contemporary studies have only focused on profits by the economies of scale using a VESS. However, the usage of a VESS does not always generate benefits for community participants [26]. Therefore, it is necessary to increase the additional gain when using VESSs. In addition to the economics of scale, another benefit of the VESS is that it allows energy sharing based on logical operation. The logical operation means that the logical charging and discharging operations of the participants cancel each other. Using logical-operation-based energy sharing, ESS with a larger capacity can be serviced [21,27]. From the participants’ point of view, energy sharing according to logical operation can increase the degrees of freedom of operation, as they can achieve additional benefits by dynamic VESS operation.



This study proposes a dynamic VESS operation strategy for smart energy communities (SECs). SECs are local energy communities [28,29] which have their own energy service providers (SPs) or energy management systems (EMSs) and can operate the VESS based on SPs or EMSs. To utilize the VESS, the proposed strategy considers the benefit of increasing the number of participants and operation capacity compared with an individual ESS operation to achieve economic benefit.



The main contributions of this study are summarized as follows:




	
Dynamic VESS operation strategy: In this study, a dynamic VESS operation strategy is proposed considering the usage-limited constraint. The existing VESS allocates the VESS capacity to each participant and operates as an individual ESS [21,27]. When the logical charging and discharging operations of the participants occur simultaneously, the operations of VESS cancel each other. However, at the existing capacity-constraint-based VESS operation, the state of allocated VESS for each participant is logically recorded as used, as in the individual ESS operation. In this case, participants receive cost benefit only without the operation benefit by the multi-participant diversity. To achieve the operational benefit, the proposed strategy considers the usage-limited constraint instead of the allocated capacity constraint of the existing VESS allocations. The usage-limited constraint satisfies the requirement of guaranteeing the usage of the VESS resource of each participant during an operation period. Therefore, the proposed strategy can improve the degrees of freedom of the operation at each decision time.



	
Experimental result and discussion using real data set: The performance of the proposed strategy is verified using the real data set measured in Korea. The experimental results show that when applying the proposed dynamic VESS operation strategy, participants can achieve greater benefit than the existing VESS operation strategy and have a cost benefit of more than double when compared with that of using the existing VESS operation. Using the results, we carefully discuss how the proposed VESS operation strategy achieves these additional benefits with varying the VESS service price and electricity tariff. Moreover, the future research directions of the VESS for SECs are also suggested.








The rest of this paper is organized as follows: In Section 2, the VESS for the SEC model is described, and in Section 3, the design method of the proposed VESS operation strategy is discussed. In Section 4, measurement studies applied to the proposed strategy are presented. In Section 5, lessons and future research directions are discussed. Finally, the conclusions of the study are presented in Section 6.




2. Virtual Energy Storage Systems for Smart Energy Communities


Three prime components of the VESS for SECs are depicted in Figure 1. A VESS can be configured by either a smart energy service provider (SESP) or a third-party VESS service provider. In this study, it is considered that the VESS is configured by the SESP and thus it is operated in a non-profit manner, where the implementation cost is recovered through the service cost. The SEC consists of community members who are both residential or commercial units, and the SESP, which is the demand aggregator for the community members. The SESP manages the energy transactions between the members and energy producers, such as between the VESS and utility grid. Considering the service price of the VESS, the community members participate in the VESS service. The SESP logically decides individual ESS operation actions for each participant according to the objective and constraints of the VESS operation. The determined actions are combined into one action at each operation time and are used to operate the VESS. From the viewpoint of the SESP, a VESS is a physical ESS. However, it is logically shared among multiple participants according to the management of the SESP. For energy balance, the SEC is also connected to the utility grid.



Effectively serving the demand of the SEC using the resources in the VESS is the main challenge of this system. The VESS serves according to the capacity limit of the resources, which is determined by the size of the resource that the VESS has implemented and how the resource of the VESS is allocated. If the capacity is insufficient, it will not be able to provide the adequate service, and if there is too much capacity, the burden of the operating cost will increase.



The VESS cost is also related to the cost of the physical ESS capacity. By increasing the capacity, the unit cost of the VESS is reduced by the economics of scale. If    c 0    is the VESS capacity for charging and discharging operations, the unit cost of the VESS related to the ESS is modeled as [27]


   p C     c 0    =  α 1  exp   −  α 2   c 0    +  α 3      USD / kWh   ,  



(1)




where    α 1   ,    α 2   , and    α 3    are the ESS cost parameters based on the ESS characteristics.    α 1    and    α 2    represent the variable costs according to the capacity, and    α 3    is the fixed cost, such as the operation and maintenance costs.    c 0    (kWh) is the energy capacity of the VESS. Assuming a service time of 2 h, the power capacity of the VESS is determined as    c 0   /2 h (kWh) [27]. One characteristic parameter of the ESS is service time. To simplify the problem, in this study, the service time is set to 2 h. This is the value used in other studies such as [27] and in actual products such as Tesla’s powerpack [30].



As mentioned above, in this study, the SESP installs and operates the VESS in a non-profit manner, and so, the VESS cost is recovered through the service price. Therefore, the service cost of the VESS is equal to its unit cost, and it is given by:


   p V  =  p C     c 0    .  



(2)







A unit, which is a community member, decides to participate in the VESS service by considering its service cost. When the demand of unit  i  at time  t  is    d t i   , the electricity bill of unit  i  is measured as:


   B i   ⋅  =  p 0    max   t ∈ T      d t i    +   ∑   t ∈ T    p t   d t i  ,  



(3)




where    p 0    is the demand price for the billing period,    p t    is the energy price at time  t , and  T  is the billing period, for example, one month.



If unit  i  participates in the VESS service with the capacity    c i   , the electricity bill is modified as:


   B i     c i    =  p 0    max   t ∈ T      d t i  +  q t i    +   ∑   t ∈ T    p t     d t i  +  q t i    ,  



(4)




where    q t i    is the charging and discharging quantity of the unit  i . The quantity from or to the VESS is determined by the VESS operation action    a t i    and VESS round-trip efficiency  η  and is given by:


   q t i  =        a t i  × √ η ,     when    a t i  ≥ 0 ,        a t i  / √ η ,     when    a t i  < 0 .        



(5)




where the positive value, i.e.,    a t i  ≥ 0  , expresses the discharging to the utility grid, and vice versa. The operation quantity is limited by the capacity    c i    of the unit  i  and it is discussed in the next section.



Considering the service cost, the net benefit of the unit  i  is calculated as:


   N i     c i    =  B i   ⋅  −  B i     c i    −  p V   c i  .  



(6)








3. Dynamic VESS Operation Strategy


The main objective of the VESS operation for SECs is to maximize social welfare, which is the total net benefit. The objective function is expressed as follows:


   O B    c   =   ∑   i ∈ I    N i     c i    ,  



(7)




where  I  is the participant set and   c   is the allocated capacity set for the participants.



The conventional VESS only considers cost reduction according to the economics of scale, and the VESS operation is performed in a same manner as that of the individual ESS [27]. Therefore, the VESS operation in the existing study is formulated as:


       P 0 :                                    max    c  ,  a           O B    c          subject   to          ∑   i ∈ I    c i  ≤  c 0  ,          −  c i  / 2 ≤  a t i  ≤  c i  / 2 ,     ∀ i ∈ I , t ∈ T ,          0 ≤  a 0 i  +    ∑   j = 1  t    a j i  ≤  c i  ,     ∀ i ∈ I , t ∈ T ,      



(8)




where   a   is the VESS operation set of the participants and    a 0 i    is the initial state of the VESS for the unit  i . In the problem P0, the first constraint implies that the allocated VESS capacity to the participant is less than the implemented VESS capacity. The second and third constraints are the ESS operation constraints of the power and energy subsystems, respectively, according to the allocated VESS capacity. The second constraint of the power subsystem states that the action at each decision time should be operated within the maximum charging and discharging range. The actual quantity is charged or discharged considering the efficiency in Equation (5). The third constraint of the energy subsystem indicates that the accumulated charge/discharge action that is the state of charge (SoC) is limited by the allocated VESS capacity. In this study, a case of 100% depth of discharge (DoD) is considered. However, additional capacity restrictions could be considered depending on the DoD.



Units participating in the VESS service operated in the form of Equation (8) can benefit from cost reduction only. However, the allocated capacity is fixed during the service period, and thus, it is difficult to obtain operational benefit from the VESS service compared with the individual ESS operation.



To achieve operational benefit, the proposed dynamic VESS operation relaxes the restrictions on the fixed allocation of the VESS capacity and a method of guaranteeing usage is incorporated instead of guaranteeing the allocated capacity method as follows:


    24   2 T     ∑   t ∈ T      a t i    ≤ β    c i  ,     ∀ i ∈ I ,  



(9)




where  β  is the usage factor that ensures the VESS usage of the participant. For example,   β = 1   means that the participant can use one charge and discharge quantity for the allocated capacity for an average of 24 h.



Because there is no limit on the individually allocated capacity, the VESS operates in an aggregated form for all the participants. The VESS operation at time  t  is expressed as:


   a t  T o t a l   =   ∑   i ∈ I    a t i  .  



(10)







Using Equations (9) and (10), the proposed VESS operation can be expressed as follows:


       P 1 :                                    max    c  ,  a           O B    c          subject   to           ∑   i ∈ I     c i  ≤  c 0  ,          −  c 0  / 2 ≤  a t  T o t a l   ≤  c 0  / 2 ,     ∀ t ∈ T ,          0 ≤  a 0  T o t a l   +    ∑   j = 1  t    a j  T o t a l   ≤  c 0  ,     ∀ t ∈ T ,            24   2 T      ∑   t ∈ T       a t i    ≤ β    c i  ,     ∀ i ∈ I .      



(11)







In P1, similar to P0, the allocated VESS capacity to the participants should be less than the implemented VESS capacity. However, the individual operation in P0 is reconstructed as an aggregated operation, as shown by the second and third constraints in Equation (11). The fourth constraint is considered to guarantee the VESS usage of each participant. P1 is a mixed-integer linear programming problem that satisfies convexity [31], and it can be effectively solved by applying gradient methods and dual decomposition [32].



The VESS operations of P0 and P1 can be compared schematically, as shown in Figure 2. In the cases of Figure 2a,b, the participants used the same amount of charging and discharging quantities. The VESS for participant 2 performs the same operation. However, the VESS for participant 1 operates differently based on P0 and P1 in Section A. In Figure 2a, the VESS operation for participant 1 is limited by the maximum capacity allocated to the participant. However, the VESS for the same participant in Figure 2b operates over the allocated capacity. This is because the VESS by P1 is operated by the usage limit rather than the capacity limit. Therefore, the VESS by P1 can operate more dynamically to maximize the net benefit to the participants compared to the VESS operation by P0.




4. Results


4.1. Experimental Environment


To perform the simulations, the ESS cost parameters are set as    α 1  = 0.17  ,    α 2  = 0.00040  , and    α 3  = 0.043   by fitting the value used in Reference [33]. Even after applying the economies of scale, the ESS cost is still higher; therefore, it is discounted by 50% from the value available in [33]. The SEC having 127 units is considered, and its demand data are recorded at one-hour resolution as a part of the Korea Micro Grid Energy Project (K-MEG) [34]. The time-of-use tariff for general customers of the Korea Electric Power Company is used to calculate the electricity bill, as shown in Table 2.



To verify the performance of the proposed dynamic VESS operation strategy, the net benefits to the participants in Equation (6) are measured, and the effects of the system parameters are determined. Moreover, to measure financial profitability, the ROI is calculated by dividing the profit earned from an investment by the cost of that investment [36], as follows:


  R O I =  1 I    ∑   i ∈ I      B i   ⋅  −  B i     c i       p V   c i    .  



(12)








4.2. Performance Analysis


Figure 3 shows the average net benefit and return of investment (ROI) of the participants by the VESS operation with varying VESS capacity. The average net benefit is measured as the average value of the net benefit of the participants in Equation (6) with the billing period of 1 month. The ROI shows that the economic efficiency of service participation is calculated using Equation (12). Moreover, changes in VESS capacity show the effect of changes in service cost of the VESS. In Figure 3a,b the line with circles represents the results of the VESS operation using P0, and the lines with squares and diamonds present the results of applying the VESS operation of P1 considering the usage factors as   β = 1   and   β = 2  , respectively. As shown in Figure 3a, the net benefit of the participants increases as the VESS capacity increases. This is because the unit cost of the VESS reduces with the increment in the VESS capacity using Equation (1). Therefore, the capacity of the VESS allocated to the participants increases. In the case of the VESS operation by P0, in which the operation is limited according to the allocated capacity, the net benefit increases significantly as the VESS capacity increases. The results of the VESS operations by P1 with one cycle and two cycles achieve much higher net benefit than by P0. This verifies that the proposed VESS operation of managing the usage is more effective than the VESS operation, which limits the allocated capacity. In the case of the VESS operation by P1 with one cycle, the increment of the net benefit exhibits marginal change when the implemented VESS capacity is varied. In this case, the usage factor restricts the VESS operation, and the participants achieve the benefit by reducing the unit VESS only.



The result obtained by P0 has the ROI of slightly greater than 1. However, when the VESS capacity is 100 kWh, the ROIs of 2.0 and 2.7 are achieved according to the results of the proposed VESS operations with one and two cycles, respectively. This means that the proposed VESS operations using P1 are more than twice as cost-effective as the existing operation using P0. Increasing the implemented VESS capacity reduces the ROIs of the proposed VESS operations. This is because the participants use more VESS capacity to achieve benefits by increasing the implemented VESS capacity as depicted in Figure 3a, but the increase in benefit is less than the increase in cost.



Figure 4 shows how savings on the electricity bill are achieved by applying the VESS operation. The electricity bill consists of a demand bill and energy bill as shown in Equation (3). In Figure 4, the blue bar, red bar, and yellow bar represent savings on the demand bill, energy bill, and total electricity bill, respectively, compared with the electricity bill without the VESS operation in Equation (3). The proposed VESS operation achieves more total savings on the electricity bill compared with that of the VESS operation by P0. Particularly, the VESS operation for reducing the demand bill is to lower the peak demand by charging operation. The savings on the demand bill are highly related to the maximum allocated VESS capacity. Therefore, the proposed VESS operation provides more savings on the demand bill in comparison to VESS operation by P0. The VESS is charged and discharged to shift the demand from high price times to other times for reducing the energy bill. In the case of the energy bill, the VESS operation by P0 saves more in comparison to the proposed VESS operation. This means that the proposed VESS operation uses more resources to achieve savings on the demand bill, so the savings on the energy bill is limited.



Figure 5 shows the peak demand reduction ratio obtained with varying implemented VESS capacity. The peak demand not only relates to the demand bill from the participants’ point of view but also to the system operation from the aspect of the utility grid. The peak demand reduction reduces the necessity of the regulation capacity and new power plant construction in the utility grid [37]. The higher peak demand reduction provides the utility grid with more opportunities to reduce the system cost. As shown in Figure 5, the proposed VESS operation can provide more system cost reduction than the VESS operation by P0, owing to the reduction in the peak demand. When the usage factor is limited, as shown by the result of P1 with one cycle, the peak demand reduction converges, even if the implemented VESS capacity increases. However, the peak demand reduction is higher than that of P0 in all the cases. This result shows that the proposed VESS operation exhibits higher performance than the VESS operation by P0, not only from the participants’ point of view but also from the utility point of view.




4.3. Characteristic Analysis


Figure 6 and Figure 7 showcase the units that have benefitted from the VESS operation. Figure 6 displays the percentage of the participants that are using the VESS service among all SEC units. As the implemented VESS capacity increases, the participation ratio also increases. This is because the VESS service cost is reduced with increase in the implemented VESS capacity due to the economics of scale. In the case of VESS operation by P0, where the economics of scale is the main driver of the benefit, this trend appears more clearly. When the proposed VESS operation of P1 is applied, most units participate in the VESS service because participants achieve higher savings on the demand bill due to the dynamic operation, as shown in Figure 4.



Figure 7 shows the Pearson’s linear correlation coefficient (PLCC) between the characteristics of the participants and allocated VESS capacity to the participants [38]. The results indicate that the allocated VESS capacity, which is the usage of VESS, has a higher correlation with the peak demand in Figure 7b than with the electricity bill in Figure 7a. This means that the demand bill according to the peak demand acts as a dominant factor in the decision to use the VESS, as shown in the results in Figure 4, as well. Moreover, as the implemented VESS capacity increases, the PLCC of the results by applying P0 also increases, but it is lower than that obtained by the proposed VESS operation. This means that the proposed VESS operation using P1 better reflects the characteristics of the participants than the VESS operation using P0.




4.4. Sensitivity Analysis


As shown in Equation (6), the net benefit of participants is determined by the service price and electricity tariff. The service price is decided by the implemented VESS capacity. The results according to the VESS capacity change show the effect of the service price.



To show the effect of the electricity tariff, the ROI is measured while varying the energy price. Using the energy price in Table 2 as the baseline, the variance of the energy price is changed, as shown in Table 3. The price factor is defined as the ratio of the standard deviation of the baseline to the changed energy price during the billing period.



As shown in Figure 8, when the price factor increases, i.e., the variance of the energy price increases, the ROI improves. This is because the VESS operational availability is enhanced by increasing the variance of the electricity tariff. This shows that VESS is a more economically efficient method when the electricity tariff volatility is large. Moreover, in all cases of price factor, the proposed VESS operation method using P1 outperforms the VESS operation using P0. When the price factor is less than 1, the ROI by applying the VESS operation using P0 is 1. This means that the participants cannot achieve additional benefits using the VESS by P0 in this range.





5. Discussion


From the results in Section 4, it is clear that the proposed dynamic VESS operation by P1 provides more benefits to the VESS service participants and utility grid than the existing VESS operation using P0. Based on the results, the following recommendations can be made for VESS operation in SECs:




	
The proposed dynamic VESS operation considering the usage-limited constraint is more cost-effective than the existing VESS operation with a capacity constraint, as shown in Figure 3. The effective peak demand reduction in the proposed VESS operation represents significant savings on the demand bill, as shown in Figure 4. This shows that the peak demand dominates the VESS operation and the proposed VESS operation more adaptively operates the VESS to maximize social welfare compared to the existing VESS operation.



	
When the proposed VESS operation is applied, more units can participate in the VESS service, as shown in Figure 6. The reason is that it is possible to obtain not only the benefit from the reduction in the service cost according to the existing economics of scale but also the benefit of savings on the demand bill according to the additional decrease in the peak demand.



	
The PLCC results of the proposed VESS operation have a higher correlation with the characteristics of the participants, as shown in Figure 7. This means that the proposed VESS operation accurately reflects the characteristics of the participants compared with the existing VESS operation.



	
In all the cases where the implemented VESS capacity is changed, the peak demand is considerably reduced by the proposed VESS operation compared with the existing VESS operation, as shown in Figure 5. Peak demand affects the system operation performance of the utility grid as well as the electricity bill of the units. The peak demand reduction increases the benefits for both the units and utility grid.



	
With increasing the variance of the electricity tariff, the economic benefit, i.e., ROI, is improved, as shown in Figure 8. This means that the VESS is dynamically operated according to the electricity tariff.








This study presents a dynamic VESS operation strategy for SECs, and the following future research directions can be suggested:




	
This study has considered passive units to be the energy consumers. However, with demand-side management programs such as the demand response and peer-to-peer energy transactions, a unit can be operated as an energy prosumer that acts as both the consumer and producer. A VESS operation problem can be formulated by considering an active unit with demand-side management programs.



	
By using the proposed VESS operation, more units can participate in the VESS service. However, the benefits of the VESS service vary from participant to participant. The fairness problem can be considered to ensure fairness in the VESS operation.



	
Flexible resources, such as electric vehicles, can be considered as resources. An increase in the implemented VESS capacity increases the benefits of the VESS operation. However, increasing the fixed VESS capacity reduces the ROI. Therefore, a problem considering fixed and flexible ESS resources can be formulated for dynamic VESS operation.



	
This study has not included the costs of energy distribution and transmission to the ESS. This is because the energy community exists within close distance, usually at the same distribution line. The system can be extended to large-scale grid connection cases with the cost.









6. Conclusions


This study proposed a dynamic VESS operation strategy for the SEC to maximize the social welfare of the participants. The VESS for the SEC model, including the VESS, SEC, and utility grid as the main components, was described. The dynamic VESS operation problem considering the usage-limited constraint for each participant was formulated as a mixed-integer linear problem that can be solved optimally by applying gradient methods and dual decomposition. The proposed operation used the VESS resource more dynamically than the fixed VESS capacity-allocation-based operation. The simulation results using the real dataset in Korea demonstrated that the participants serving by the proposed VESS operation achieved greater net benefit with a maximum cost efficiency of 2.7 times greater than that of the existing VESS operation. The simulation also showed that the proposed VESS operation accurately reflects the characteristics of the participants, and thus, more units can participate in the VESS operation service. In addition, the peak demand reduction provides the possibility of improving the system performance of the utility grid and increasing the net benefit to the participants.



In this study, the basic environments for the VESS, SEC, and utility grid were considered. This study can be extended to more complex environments. For the SEC model, this study considered only passive units as energy consumers. This can be extended to the environment of active units, such as prosumers who participate in demand-side management programs. For the VESS model, it can be considered that the VESS capacity is installed in a flexible size, such as an electric vehicle, in addition to the fixed size. Finally, by including the power system requirements, the utility grid model can be extended to a more realistic environment.
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Figure 1. Constitution of a virtual energy storage system (VESS) for smart energy community (SEC). 
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Figure 2. Comparison of the virtual energy storage system (VESS) operation according to P0 and P1: (a) VESS operation for participants 1 and 2 by P0; (b) VESS operation for participants 1 and 2 by P1. 
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Figure 3. Performance comparison of the VESS operation according to P0 and P1 with varying VESS capacity: (a) average net benefit of participants; (b) return of investment of participants. 






Figure 3. Performance comparison of the VESS operation according to P0 and P1 with varying VESS capacity: (a) average net benefit of participants; (b) return of investment of participants.



[image: Applsci 12 02750 g003]







[image: Applsci 12 02750 g004 550] 





Figure 4. Savings on electricity bills of the participants when the implemented VESS capacity is 150 kWh. 
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Figure 5. Peak demand reduction ratio with varying implemented VESS capacity. 
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Figure 6. Percentage of participants using the VESS service. The participant rate is measured as the number of units who participant the VESS service among all SEC units, i.e., 127 units. 
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Figure 7. Pearson’s linear correlation coefficient (PLCC) between the characteristics of the participants and the allocated VESS capacity with varying implemented VESS capacity: (a) PLCC between the original electricity bill and the allocated VESS capacity; (b) PLCC between the peak demand and the allocated VESS capacity. 
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Figure 8. Return of investment of participants with varying the price factor. 
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Table 1. Summary of virtual energy storage system (VESS) research.
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	Reference
	Methodology
	Objective
	Main Contribution





	[16]
	Case study
	Net profit value
	Energy storage system (ESS) sharing as business cases



	[17]
	Linear program
	Operation cost minimization
	Building-based VESS model



	[18]
	Droop control
	Frequency response
	VESS model consisting of flexible demand and conventional flywheel ESS



	[19]
	Consensus-driven distributed control
	Voltage regulation
	Residential demand with air conditioners as the VESS



	[20]
	Linear program
	Operation cost minimization
	VESS based on electric vehicles combined with air conditioning load



	[21]
	Two-stage

optimization
	Profit maximization of aggregator and users
	Price-based virtual capacity allocation



	[22]
	Lyapunov

optimization
	Time average system cost minimization
	Online algorithm without having to predict future uncertain system states



	[23]
	Combinatorial

auction
	Social welfare maximization
	Combinatorial auction framework for capacity allocation



	[24]
	Modified auction
	Cost saving maximization
	Application of a non-cooperative Stackelberg game for payment rules



	[25]
	Coalitional game
	Energy cost minimization
	Benefit enhancement by cooperation between players
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Table 2. Time-of-use tariff of Korea electric power company [35].
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Demand Price

(USD/kW)

	
Energy Price (USD/kWh)




	
Off-Peak

	
Mid-Peak

	
On-Peak






	
7.4818

	
0.0476

	
0.0942

	
0.1146
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Table 3. Energy price with varying price factor.
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Price Factor

	
Energy Price (USD/kWh)




	
Off-Peak

	
Mid-Peak

	
On-Peak






	
   0.0 =    0  0.0290       

	
0.0799

	
0.0799

	
0.0799




	
   0.5 =     0.0145   0.0290       

	
0.0638

	
0.0870

	
0.0973




	
   1.0 =     0.0290   0.0290       

	
0.0476

	
0.0942

	
0.1146




	
   1.5 =     0.0434   0.0290       

	
0.0315

	
0.1013

	
0.1320




	
   2.0 =     0.0579   0.0290       

	
0.0154

	
0.1085

	
0.1494




	
   2.5 =     0.0724   0.0290       

	
0.0000

	
0.1156

	
0.1667

















	
	
Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional affiliations.











© 2022 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).






media/file13.jpg





media/file4.png
VESS 4 | A | VESS ¢ | A |
| |
................................. S
Co M Co
................................. L......)......
|
C4 : ' Cy
| | | | >
Time

(a) (b)





nav.xhtml


  applsci-12-02750


  
    		
      applsci-12-02750
    


  




  





media/file16.png
Return of investment, ROI

2.5

\")

Y
(&)
T

—
FaY
V

o
)
T

0]

L d L

~6-P0

—&—P1 with 1 cycle

~&—P1 with 2 cycle

0.5 1 1.5
Price factor

2

2.5





media/file2.png
[Smart energy community]

(1)

[ VESS ]

-

G = ch" Pv
i

XK “?
nf |
Demand |1 gjjing 44 |
dy : ! |
v \ ' \
[ Smart energy service provider )
N A t
Energy : Retail price
balance '

[ Utility grid

4
Charging/discharging : Service price

I

I

I

— : power flow

<+ = = - information flow





media/file5.jpg
n o
i s
esz

444 o





media/file3.jpg
VESS A VESS A

Time Time
(a) (b)





media/file1.jpg
[Smart energy community]

VESS

Charging/discharging

m:Zul

Service price
w

balance

Utilty grid

—— - power flow

+ == :information flow





media/file7.jpg
3 & 8

Electricity bill savings (%)

o

[ Total bill

N

,

P1 with 1 cycle

P1 with 2 cycle






media/file10.png
W
(8}

w
o

N
(&)

10

Peak demand reduction ratio [%)]

-©—-P0
—&—P1 with 1 cycle
~&—P1 with 2 cycle

0
100 150 200 250 300 350 400
VESS capacity [kWh]

N






media/file12.png
Participation rate [%)]

-©-P0
—&—P1 with 1 cycle
~&—P1 with 2 cycle

100 150 200 250 300 350 400
VESS capacity [kWh]






media/file9.jpg
@
]

@
3

»
&

Peak demand reduction ratio [%]

—5-P1 with 1 cycle
~6 P1 with 2 cycle

100 150 200 250 300 350 400
VESS capacity [kWh]

25






media/file0.png





media/file14.png
+

r

-©-P0
—&—P1 with 1 cycle
~—P1 with 2 cycle

150 200 250

300

VESS capacity [kWh]

(a)

350

—
1

2
g T T T T T -
©09+
3
508/
S
© 0.7<;/9————°—§6\9_y——4>
g 0.6:}———-“"'5 & &
2 )
@ 0.5
S
- 04+
ok
30'3<
§ 02+
2 -&-P0
% 0.1 8- P1 with 1 cycle |-
8 ~&— P1 with 2 cycle
0 L I A " A
g 100 150 200 250 300 350 400

VESS capacity [kWh]

(b)





media/file8.png
25

- iy N
o (6} o

Electricity bill savings (%)

(o)}

] I I

I Demand bill
[ Energy bill
[ Total bill

PO P1 with 1 cycle P1 with 2 cycle





media/file11.jpg
8

2

Participation rate [%]
8 & 8 §

-©-P0 |
—E-P1 with 1 cycle
O~ P1 with 2 cycle

300 350 400

VESS capacity [kWh]






media/file6.png
-6-P0
~8-P1 with 1 cycle

~O~ P1 with 2 cycle ’—‘_‘____.___*—JD

Average net benefit of participants ($/month)
® S_ N

g
o0 w

-
<
o

~&-P1 with 1 cycle

{-Q-Po
~& P1 with 2 cycle

—

Return of investment, ROI
Z‘
i
p

| Chart, line chart

and Description automatically generated Lga 400

VESS capacity [kWh]

(b)





media/file15.jpg
25
o
€
€
s
E
D
g
k]
E 1
2
3
4
05 —-6-P0
—5-P1 with 1 cycle
——P1 with 2 cycle
0
o 05 1 15 2

Price factor

25





