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Abstract: A virtual energy storage system (VESS) logically shares a physical energy storage system
among multiple units. In resource sharing, the distribution of benefits is a critical problem. As a
resolution, this study proposes a fair VESS operation method for smart energy communities that
involve groups of energy consumption units. First, the cost and resource fairness indices are defined
as the benefit and VESS usage proportional to the investment cost, respectively. The fair VESS
operation problem is formulated considering the fairness indices that could be solved optimally
by applying gradient methods without additional computational burden. The simulation results
using the dataset in Korea demonstrate that the proposed operation allows the fair distribution of
the benefit and resource usage among units with a marginal benefit reduction of approximately 5%
in relation to the VESS operation to maximize the benefit. Moreover, it is shown that the resource
fairness that controls the VESS usage limits the total benefit, and the cost fairness distributes the
benefit among units according to the cost contribution. Furthermore, the proposed VESS operation
can manage the VESS lifetime and improve the system performance of the utility grid.

Keywords: energy storage system; energy sharing; sharing economy; smart energy community;
virtual energy storage system; fairness

1. Introduction
1.1. Motivation

Electrification is a rapidly growing technique that addresses climate change by replac-
ing final energy consumption with electricity [1]. It facilitates the usage of clean energy.
However, increased electrification can lead to broad and significant impacts across energy
systems [2]. Demand side management strategies, such as energy efficiency improvement
and adaptive load control, are more economical for reducing the energy system burden
than supply side management strategies, such as effective bulk generation control and unit
commitment [3].

Smart energy communities (SECs) are intelligent local demand organizations formed
through energy integration techniques [4]. They have dedicated energy service providers
(SPs) or energy management systems (EMSs) and function to achieve their individual and
collective economic, environmental, and social goals [5]. The peak-demand shaving and
load-shifting of SECs provide benefits such as minimizing the electricity bills of community
units and increasing grid utilization and efficiency of the utility grid [6]. The energy storage
system (ESS) is an essential component for the demand management of SECs; however, its
expensive cost is a limitation [7].

Recently, energy storage sharing (i.e., the virtual energy storage system (VESS)) has
been introduced as a sharing economy business model [8]. It involves the logical sharing of
a physical ESS in multiple units, similar to cloud data storage services, that provide benefits
by allowing units to store massive amounts of data on demand in a cost-effective way [9].
The VESS provides the SEC with a cost-effective option to employ an ESS [10].

The operation of hybrid energy storage systems combining variable resources, such
as ESS, PV, and wind power generations, have been researched based on fuzzy logic and

Sustainability 2022, 14, 9413. https://doi.org/10.3390/su14159413 https://www.mdpi.com/journal/sustainability

https://doi.org/10.3390/su14159413
https://doi.org/10.3390/su14159413
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/sustainability
https://www.mdpi.com
https://orcid.org/0000-0002-3161-8255
https://doi.org/10.3390/su14159413
https://www.mdpi.com/journal/sustainability
https://www.mdpi.com/article/10.3390/su14159413?type=check_update&version=1


Sustainability 2022, 14, 9413 2 of 16

fractional-order proportional-integral-derivative [11], direct reactive power control [12],
and high order sliding mode control [13]. However, this study focused on the fact that
VESS operation involves the sharing of one physical ESS, which is different from the use
of individual ESSs that units individually install and operate. Therefore, the allocation of
shared resources becomes an important issue. Particularly, fairness is a necessary condition
for the continuous service participation of units [14,15]. However, conventional research
on VESS operation focuses on maximizing the total benefit to units without considering
fairness. By contrast, this study deals with fairness and how it should be considered in
VESS operation for SECs.

1.2. Prior Works

The objective of VESS research is to effectively operate VESS resources for multiple
units. Methodology based on optimization is a classical approach for VESS operation [16–19].
Zhu et al. presented a VESS model including electrical and thermal energy storages and
proposed a charging/discharging VESS operation method to reduce operational costs
and improve system stability [16]. The problem is formulated as a binary mixed-integer
linear programming model, which is solved using the MATLAB software and CPLEX
toolbox. Zhao et al. formulated a two-stage optimization problem that determines VESS
investment and pricing in the first and VESS operation in the second stage [17]. They
showed that upon using the VESS, the investment and usage costs of units are reduced
in relation to those by the individual implementation of the ESS by each unit. Cheng
et al. proposed an optimal VESS operation method to improve the operating economy of a
building-integrated photovoltaic microgrid [18]. The results indicate that the operating cost
is reduced by applying the VESS. Ding et al. designed a multi-stage distributional system
for the VESS to address temporal uncertainties in the day-ahead economic dispatch [19],
which is solved using stochastic dual programming, indicating that the VESS operation
reduces the operation cost. Oh and Son proposed a VESS operation for SECs considering
the usage-limited constraint rather than the capacity allocation constraint [20]. The results
showed that the utilization of the VESS is related to the degree of freedom of the operation.

Game theoretical approaches have also been used for the VESS operation [21–25].
Tushar et al. designed a modified auction-based system for energy storage sharing, result-
ing in the net benefit maximization of units and the cost saving maximization of SP [21].
The auction is determined by a non-cooperative Stackelberg game formula for units and
SP. Zaidi et al. introduced a VESS model based on a combinatorial auction for a small
neighborhood in a community [22]. The auction is operated by applying the genetic algo-
rithm with particle swarm optimization to maximize the social welfare of the community.
Chakraborty et al. modeled an electricity consumption cost problem using a cooperative
game and showed that the VESS effectively saves the cost in a cooperative manner [23]. Jo
and Park proposed an energy capacity trading and operation game to minimize the energy
operation cost for ESS sharing; they showed that the operation of a shared ESS can decrease
the total energy operation cost and the average peak-to-peak ratio of energy [24]. Building
on the work in [24], Xiao et al. proposed a VESS framework considering the storage and
power capacity constraints [25]. They determined a generalized Nash equilibrium for the
VESS operation using an alternating direction multiplier and the heavy ball method.

Machine-learning-based methods, particularly reinforcement leaning methods for
decision making, have also been implemented for the VESS operation [26,27]. A previously
reported reinforcement-learning-based VESS operation method involved the application of
an expected state-action-reward-state-action approach and showed that the VESS operation
is efficient to manage the renewable energy forecasting uncertainty [26]. He et al. proposed
a VESS operation method in a peer-to-peer (P2P) energy market, and Q-learning is utilized
to obtain the optimal pricing policy [27]. They showed that the VESS operation enhances
the economic benefits by increasing the P2P energy transaction.

From previous studies, the benefits of the VESS operation are summarized as follows:
(1) According to economies of scale, the VESS reduces the cost barrier of ESS usage. It
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enhances the economic benefit of units that use the VESS service. (2) According to the
multi-user diversity of units, the operation room of the VESS is larger than those of indi-
vidual ESSs. The VESS operation improves system utilization. However, these studies are
considered only in terms of total cost/benefit or social welfare. In particular, these do not
touch on the fairness issues, as summarized in Table 1.

Table 1. Summary of VESS research.

Ref. Year Methodology Objective Contribution Limitation

[16] 2019 Linear programming Total operation cost
minimization

Proposed a joint VESS
scheduling method including

electrical and thermal
energy storage

No consideration
for fairness

[17] 2020 Multi-optima problem Profit maximization of
aggregator and units

Formulated and solved a
two-stage problem for
determining the VESS

investment and pricing, and
operating the VESS

No consideration
for fairness

[18] 2020 Linear programming Total operation cost
minimization

Proposed a VESS operation
for a building-integrated
photovoltaic microgrid

No consideration
for fairness

[19] 2022 Multi-stage distribution
optimization

Total operation cost
minimization

Proposed a VESS operation to
address temporal

uncertainties in the
day-ahead dispatch

No consideration
for fairness

[20] 2022 Linear programming Total benefit
maximization

Proposed a VESS operation
considering the usage-limited

constraint.

No consideration
for fairness

[21] 2016 Modified auction Total cost saving
maximization

Determined the auction price
by a non-cooperative

Stackelberg game

No consideration
for fairness

[22] 2018 Combinatorial auction Total benefit
maximization

Proposed and solved a
combinatorial auction by the

genetic algorithm with
particle swarm optimization

No consideration
for fairness

[23] 2019 Coalitional game Total energy cost
minimization

Solved a cost allocation
problem in individual and

shared ESS investment cases

No consideration
for fairness

[24] 2020 Non-cooperative game Total operation cost
minimization

Formulated an energy
capacity trading and
operation game and
determined the Nash

equilibrium

No consideration
for fairness

[25] 2022 Non-cooperative game Electricity cost
minimization

Determined a generalized
Nash equilibrium for a VESS

operation using the
alternating direction

multiplier and heavy ball
method

No consideration
for fairness

[26] 2020 SARSA-based
reinforcement learning

Renewable uncertainty
minimization

Proposed a VESS operation
based on an expected state-
action-reward-state-action

approach for wind farm

No consideration
for fairness

[27] 2021 Q-learning Social cost minimization
Proposed a VESS operation
combined with peer-to-peer

energy transactions

No consideration
for fairness
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A few studies have discussed fairness in SECs [28–30]. Oh and Son considered fairness
as equally distributing economic benefits among energy transaction pairs in a P2P energy
transaction system for an SEC [28]. Yang et al. defined fairness as the minimization of the
minimal dissatisfaction of all community units [29]. However, these studies discuss the
effects of fairness only numerically. Dai et al. proposed a biobjective optimization approach
considering effectiveness and fairness [30]. However, they assumed a case wherein energy
storage is shared between two units only. The present study overcomes the limitations
of existing studies by defining fairness and elucidating how it should be considered for
VESS operation.

1.3. Contributions

This study focuses on a fair VESS operation method for an SEC considering fairness.
The main contributions of this study are summarized as follows:

• Definition of the fairness index for a VESS operation: Fairness refers to the problem
of dividing a set of resources among several units. No single principle is universally
accepted; however, the fundamental theory suggests that resources should be allocated
in proportion to some pre-existing claims [31]. In this study, the fairness of costs and
resources was considered. Basically, fairness is defined according to the contribution
of units. Cost fairness is defined as the reward of a unit given in proportion to the
invested cost of the unit, and resource fairness is defined as the VESS usage of a unit
in proportion to its allocated VESS capacity. Using these definitions, a fairness index
that can be used for VESS operation is presented in Section 2.3.

• Fair VESS operation for the SEC: Two VESS operation problems for an SEC are formu-
lated by considering fairness in Section 2.4. The first problem (P1) involves maximizing
social welfare under VESS operation and resource fairness constraints. In P1, the re-
source fairness constraint prevents the VESS operation from being biased toward a
specific unit; thus, welfare is softly distributed among the units. The second problem
(P2) involves maximizing the minimum bound of the cost fairness index with the VESS
operation constraints and resource and cost fairness constraints. In this case, welfare
among units is distributed hardly, owing to the cost fairness constraint. Moreover,
by maximizing the minimum bound, social welfare is increased while ensuring cost
fairness among units. These two fair VESS operation problems satisfy convexity; thus,
a solution can be obtained using the iterative method.

• Experimental results and discussions about a real data set: The performance of the
proposed VESS operation is verified using a real data set measured in Korea. To
confirm the impact in terms of SECs, the total benefit, cost, and resource fairness
indices were measured by varying the VESS capacity; this is described in Section 3.2.
In order to demonstrate the effect on the VESS and utility grid, the VESS operation
cycle and the peak demand reduction were measured and are described in Sections 3.3
and 3.4, respectively. The experimental results show that upon the application of the
proposed VESS operation, units in the SEC can achieve fairly distributed benefits,
and the benefit reduction is marginal at about 5% in relation to the VESS operation to
maximize the benefit. Hence, the ways in which the proposed VESS operation achieves
this benefit distribution upon varying the implemented VESS capacity and the effect
of fairness constraints are investigated. Moreover, future research prospects of the
VESS for SECs are discussed in Section 4, including ownership of VESS and its profit
distribution, cost-effective VESS size and implementation, and energy transaction cost
and large-scale expansion.

2. Methods

The VESS of the SEC consisted of the following three components: SEC, VESS, and the
utility grid, as shown in Figure 1. The SEC is a customer group of commercial or residential
units. A smart energy service provider (SESP) is a demand aggregator for the community
units. The SESP manages the energy transactions between the units and energy producers



Sustainability 2022, 14, 9413 5 of 16

of the VESS and the utility grid. The VESS can be implemented by either an SESP or a
third-party service provider. In this study, it was assumed that the VESS is implemented
by the former, the SESP. Therefore, the SESP managed the VESS operation for community
units, and determined individual ESS operation actions for each unit according to the
objective and constraints. The actions were combined into a single action at each operation
time and applied to the VESS operation. The SESP decided multiple logical actions for the
community units and operated a physical ESS using the combined single action. The utility
grid was connected to the SESP for the energy balance of the community units and VESS.
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2.1. SEC

The units that participated in the SEC reduced the electricity bill through effective
demand management using the ESS operation.

Let du
t be the demand of unit u at time t. The electricity bill of unit u is measured as

Bu(·) = pDmax
t∈T

du
t + ∑

t∈T
ptdu

t , (1)

where T is the billing period such as one month, pD is the demand price for the billing
period, and pt is the energy price at time t.

When unit u participates in the SEC and utilizes the VESS capacity of eu, the electricity
bill is modified as

Bu(eu) = pDmax
t∈T

(du
t + qu

t ) + ∑
t∈T

pt(du
t + qu

t ), (2)

where qu
t is the charging and discharging quantity of unit u. The quantity is determined

using the VESS operation action for unit u, au
t , and round-trip efficiency η, as follows:

qu
t =

{
au

t ×
√

η, when au
t ≥ 0,

au
t / √η, when au

t < 0, (3)

where the positive value, i.e., au
t ≥ 0, becomes the charging operation of the VESS, and vice

versa. The VESS operation for unit u is restricted by capacity eu.
The reward of unit u with capacity eu is the electricity bill saving, i.e., the difference

between (1) and (2),
Ru(eu) = Bu(·)− Bu(eu), (4)

and the cost of unit u using capacity eu is

Cu(eu) = pSeu, (5)

where pS is the service price of the VESS.
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The reward and cost of (4) and (5) are used to design the objective function for the
VESS operation.

2.2. VESS

Although the VESS was logically serviced to multiple units, it was physically operated
as one ESS. Therefore, the VESS operation is decided by the aggregated action of each unit,

aVESS
t = ∑

u∈U
au

t , (6)

where U = {1, · · · , u, · · · , U} is the unit set of the SEC.
The VESS operation action was limited by the implemented VESS capacity of the

power subsystem (PS) and energy subsystem (ES). The PS constructed as the power con-
version system constraints the instantaneous charging and discharging action at each
operation time,

− CPS ≤ aVESS
t ≤ CPS, ∀t ∈ T , (7)

where CPS is the maximum PS capacity.
Moreover, the VESS operation action was operated in the stored energy range. The

stored energy, referred to as the state-of-charge (SoC), is the accumulated action with the
initial state, sVESS

0 ,

sVESS
t = sVESS

0 +
t

∑
i=1

aVESS
i ∆t, (8)

where ∆t is the operation time interval such as 1 h. The SoC is limited by the ES capacity,

Cmin
ES ≤ sVESS

t ≤ Cmax
ES , ∀t ∈ T , (9)

where Cmin
ES and Cmax

ES are the minimum and maximum operable ES capacity ranges, respec-
tively. This was determined within the implemented VESS capacity range in consideration
of the depth of discharge (DoD). On assuming 100% DoD, Cmin

ES and Cmax
ES were set to 0 and

eVESS, i.e., the implemented VESS capacity, respectively.
The PS and ES constraints of (7) and (9) were used to determine the VESS operation

range to achieve its objective.

2.3. Fairness

The following two types of fairness were considered: cost and resource. The cost
fairness is defined as a reward of unit given in proportion to the invested cost of unit. This
is analogous to return on investment (RoI), which is used as an indicator of the efficiency of
an investment [32]. Using (4) and (5), the cost fairness index of unit u is calculated as

FCost
u =

Ru(eu)

Cu(eu)
. (10)

Similarly, the resource fairness is defined as the VESS usage of unit proportional to its
allocated VESS capacity. The resource fairness of unit u is measured as

∑t∈T |au
t |

∑t∈T
∣∣aVESS

t
∣∣ = eu

eVESS
, (11)

and it is rewritten as
∑t∈T |au

t |
eu

=
∑t∈T

∣∣aVESS
t

∣∣
eVESS

= γ. (12)

It is similar to the ESS cycle constraint that manages the ESS lifetime [33]. This is
because it controls the usage of VESS.
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Using (12), the resource fairness index of unit u is presented as

FResource
u =

∑t∈T |au
t |

eu
− γ. (13)

The fairness indices of (10) and (13) are used as indicators to verify the performance of
a fair VESS operation.

2.4. Fair VESS Operation for SEC

The community energy systems were designed with the objective of maximizing the
social welfare of the community, i.e., the total reward of units [15]. In the VESS operation
for the SEC, the social welfare maximization problem is formulated as

P0 : max
a

∑
u∈U

Ru(eu)

subject to −CPS ≤ aVESS
t ≤ CPS, ∀t ∈ T ,

Cmin
ES ≤ sVESS

t ≤ Cmax
ES , ∀t ∈ T ,

(14)

where a is the VESS operation action set of the units, and the constraints are the PS and
ES capacity constraints of VESS expressed in (7) and (9). P0 is a mixed integer linear
programming problem that satisfies the convexity [34]. Therefore, the problem can be
optimally and iteratively solved using the gradient method [35].

Note that problem P0 is of a basic form considered in existing research on VESS
operation for SECs with VESS constraints [15,20]. The fair VESS operation problem is
formulated by modifying the existing problem by adding a fairness constraint and adjusting
the objective function. Therefore, the solution obtained through P0 is used as an index to
compare the performance of the proposed fair VESS operation for SECs.

Using the solution of P0, the SEC can achieve the maximum social welfare; however,
its distribution among units is not guaranteed. The first fair VESS operation to control
welfare distribution is to consider the resource fairness constraint in the existing problem.
In this case, for the purpose of social welfare maximization, the distribution of the welfare
can be indirectly controlled by considering the resource fairness as follows:

P1 : max
a ∑

u∈U
Ru(eu)

subject to −CPS ≤ aVESS
t ≤ CPS, ∀t ∈ T ,

Cmin
ES ≤ sVESS

t ≤ Cmax
ES , ∀t ∈ T ,

FResource
u = 0, ∀u ∈ U .

(15)

In problem P1, the third constraint of the resource fairness index limits the VESS usage
of each unit. It prevents the VESS operation from being biased toward a specific unit.
Through this constraint, the welfare is softly distributed among the units. This problem is
also a mixed integer linear programming problem, which can be solved similarly to P0.

In contrast, cost fairness is directly related to welfare. Therefore, in order to consider
cost fairness, the objective function is modified in the second fair VESS operation problem.
Using cost fairness, the welfare among units can be directly ensured as follows:

P2 : max
a

ν

subject to −CPS ≤ aVESS
t ≤ CPS, ∀t ∈ T ,

Cmin
ES ≤ sVESS

t ≤ Cmax
ES , ∀t ∈ T ,

FResource
u = 0, ∀u ∈ U ,

FCost
u ≥ ν, ∀u ∈ U .

(16)



Sustainability 2022, 14, 9413 8 of 16

In problem P2, each unit is guaranteed the minimum reward on the invested cost by
the fourth constraint of the cost fairness index. In addition, by maximizing the minimum
bound, the social welfare is increased while ensuring the cost fairness among units. This
problem is one of the max–min fairness problems of sharing a resource with multiple
units [36]. This problem satisfies the convexity; thus, the solution is obtained using the
iterative method [37].

In this subsection, two fair VESS operations for an SEC were suggested by modifying
the existing VESS operation to maximize social welfare without considering fairness. How-
ever, the proposed VESS operations considering fairness satisfy the convexity requirement;
thus, they can be optimally solved using the iterative method. This means that the VESS
can be effectively operated considering fairness without additional computational burden.

3. Results
3.1. Experimental Environment

To perform the simulations, the SEC was considered to have 116 units. The de-
mand was recorded at 1 h resolution as a part of the Korea Micro Grid Energy Project
(K-MEG) [38]. Figure 2 shows the average daily demand distribution of the units in the SEC.
The implemented VESS capacity, eVESS, is assumed to be 232 kWh, which is the capacity
of Powerpack, i.e., Tesla’s utility and business energy storage [39]. The performance of
the VESS operation upon varying the VESS capacity is discussed through the simulation
results. The VESS parameters are set as η = 0.9, CPS = 116, Cmin

ES = 0, and Cmax
ES = eVESS

considering the use of a lithium-ion battery [39,40]. The time-of-use tariff (ToU) for the
medium general demand-metered service of the Pacific Gas and Electric Company (PG&E)
is used to calculate the electricity bill, as shown in Table 2 [41]. For the ToU tariff under
consideration, the energy price for mid-peak time and on-peak time is equal.
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Table 2. Time-of-use tariff of Pacific Gas and Electric Company.

Demand Price
(USD/kW)

Energy Price (USD/kWh)

Off-Peak Mid-Peak On-Peak

18.45 0.22 0.25 0.25

3.2. SEC

Although fairness is the main consideration of this study, the basic purpose of the
VESS operation from the perspective of the SEC is to increase the benefit of the units. The
benefit, i.e., the net reward, is calculated as the reward after deducting the cost:
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Total benefit = ∑
u∈U
{Ru(eu)− Cu(eu)}.

Figure 3 shows the total benefit of units in the SEC from the VESS operations upon
varying the implemented VESS capacity. The blue with circle, red with square, and black
with diamond curves show the results obtained using the solutions of P0, P1, and P2,
respectively. In addition, the solid and dashed curves indicated in red and black represent
the results when the resource fairness constraints are set as γ = 1 and γ = 2, respectively.
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In Figure 3, the VESS capacity is directly proportional to the total benefit, except that for
P0. The VESS capacity limits the VESS operational room. On increasing the VESS capacity,
the VESS can be operated more effectively while enhancing the benefit. For P0, the reward
of units improves with increasing the VESS capacity; however, the benefit decreases as the
cost increases steeply. However, in all cases, the total benefit is maximized with respect to
P0, as indicated by the blue curve. This is because the VESS operation with respect to P0
aims to maximize the total reward without considering the fairness constraints. P1 also
aims to maximize the total reward, but it is limited by the resource fairness constraint.
Therefore, the VESS operation with respect to P1 achieves the second maximum benefit as
indicated by the red curves, and the benefit increases when the resource fairness constraint
is set to large γ and VESS capacity. The VESS operation with respect to P2 considers the
resource and cost fairness. Because of the hard constraints, the results of P2 achieve the
lowest total benefit. However, the gap of the total benefit between P1 and P2 is less than
5.2%, as shown in Figure 4.
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Tables 3 and 4 list the cost and resource fairness indices of the solutions from the
VESS operation methods, respectively. From Table 3, the cost fairness index is observed
to decrease on increasing the VESS capacity in all cases. The cost fairness index is the
ratio of the reward to the cost. These results show that as the VESS capacity increases, the
increase rate of the cost grows faster than that of the reward. The mean of the cost fairness
index has the highest value for P0, followed by P1 and P2, which is identical to the order
observed for the total reward, as shown in Figure 3. The standard deviation of the cost
fairness index shows the highest value in the order of its mean. In particular, for P0, the
standard deviation of the cost fairness index is approximately three times the mean of the
cost fairness index. This indicates that the units by the VESS operation applying P0 achieve
a higher reward than the cost on average; however, the distribution of the reward among
the units is very unfair in that the reward is concentrated on specific units. In the case of P1,
which maximizes the total reward considering the resource fairness, the mean of the cost
fairness index is reduced in relation to that of P0. However, the cost fairness is enhanced
and its standard deviation is half its mean. However, using P2, all units can achieve the
same cost fairness index with marginal reward degradation in relation to that upon the use
of P1.

Table 3. Results of the cost fairness index.

VESS
Capacity P0 P1 with

γ = 2
P1 with

γ = 1
P2 with

γ = 2
P2 with

γ = 1

Mean

116 kWh 88.64 6.54 4.64 5.44 4.02
174 kWh 59.75 5.67 4.00 4.36 3.35
232 kWh 45.73 5.36 3.48 3.72 2.90
290 kWh 34.51 4.71 3.23 3.29 2.59
348 kWh 27.92 3.48 3.04 2.97 2.35

Standard deviation

116 kWh 239.97 3.66 2.26 0 0
174 kWh 161.72 3.74 1.98 0 0
232 kWh 123.76 3.72 1.83 0 0
290 kWh 91.94 3.44 1.87 0 0
348 kWh 73.65 2.73 1.84 0 0

Table 4. Results of the resource fairness index.

VESS
Capacity P0 P1 with

γ = 2
P1 with

γ = 1
P2 with

γ = 2
P2 with

γ = 1

Mean

116 kWh 282.89 2.00 1.00 2.00 1.00
174 kWh 185.94 2.00 1.00 1.99 1.00
232 kWh 140.36 2.00 1.00 1.99 1.00
290 kWh 109.47 1.99 1.00 1.98 1.00
348 kWh 87.94 1.91 1.00 1.97 1.00

Standard deviation

116 kWh 789.47 0 0 0.01 0
174 kWh 517.70 0 0 0.09 0
232 kWh 390.13 0.04 0 0.13 0.01
290 kWh 303.13 0.08 0 0.15 0.04
348 kWh 242.81 0.18 0.01 0.18 0.05

As shown in Table 4, the resource and cost fairness indices show similar trends. For
P0, the average VESS usage of the units is very high, and it is biased to specific units
as represented in the standard deviation of the resource fairness index. However, for
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P1 and P2, the VESS usage is guaranteed to be the same for all units. This is because
P1 and P2 consider the resource fairness constraint. Additionally, the VESS usage of
each unit presented as the resource fairness index expresses the logical VESS usage. The
physical VESS operation usage is reflected in the aggregate logical usage discussed in the
next subsection.

To ascertain the impact on the welfare of each unit when applying the fair VESS
operation for SECs, Figure 5 shows the probability distribution of the welfare change.
Figure 5a,b present the welfare change distribution for each unit, namely the welfare
difference between the case of applying P0 and that of applying P1 and P2, respectively.
In Figure 5a, the sharpness increases with increasing VESS capacity. This is because the
welfare gap between the P0 and P1 cases reduces with increasing VESS capacity, as shown
in Figure 3. The sharpness also increases in Figure 5b, similar to the case of Figure 5a,
but it is not critical. This is because welfare is hardly constrained; thus, there is little
welfare change.
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To determine the dominant factor affecting welfare change, Table 5 shows Pearson’s
linear correlation coefficient (PLCC) [42] between welfare change and various parameters.
Notably, the welfare changes are highly related to the peak demand rather than the mean
demand. This shows that welfare saving the electricity bill is achieved to reduce the peak
demand through the VESS operation. Further, the welfare changes between the cases of P0
and P1 are correlated to the allocated capacity when the VESS capacity is small (116 kWh),
but the correlation decreases rapidly with increasing VESS capacity. This means that the
resource constraint in P1 is limited in terms of the welfare of units when the VESS capacity is
small, but it relaxes with increasing VESS capacity. However, the welfare changes between
the P0 and P2 cases are highly correlated to the allocated capacity in all cases. This is
because the allocated capacity is the main factor determining the cost contribution, and
in the case of P2, the VESS is operated to satisfy cost fairness. This result shows that the
welfare of units is fairly established by P2 according to the cost contribution.
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Table 5. PLCC between welfare change and various parameters.

VESS
Capacity

Peak
Demand

Mean
Demand

Original
Bill (Bu(·))

Allocated
Capacity (eu)

Welfare changes between the case of P0 and P1

116 kWh 0.45 0.14 0.20 0.65
232 kWh 0.45 0.20 0.25 0.30
348 kWh 0.40 0.21 0.25 0.32

Welfare changes between the case of P0 and P2

116 kWh 0.52 0.20 0.27 0.99
232 kWh 0.57 0.25 0.31 0.99
348 kWh 0.53 0.21 0.27 0.99

3.3. VESS

For the ESS service, ESS lifetime, i.e., the replacement time of the ESS, is an important
factor. It is related to the extent of the ESS charging/discharging operation [43]. The VESS
operation is determined by the aggregate operation of individual units, as expressed in (6).
Therefore, the VESS operation cycle is measured as

VESS operation cycle =
24
2T

∑t∈T
∣∣aVESS

t
∣∣

eVESS
.

Figure 6 shows the VESS operation cycle upon varying the implemented VESS capacity.
The results indicate trends similar to those of the resource fairness index in Table 4. The
VESS using P0 is operated to maximize the total benefit without fairness constraints; thus,
it is operated more frequently than other cases. For P1 and P2, the VESS operation cycle has
similar values. Setting the hard resource fairness constraint as γ = 1, the VESS operation
cycle is lower than that with γ = 2, which implies that the resource fairness constraint
limits the VESS operation. However, in the entire range of P1 and P2, the VESS operation
cycle is less than 1, which enhances the ESS lifetime [40].
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3.4. Utility Grid

For units in the SEC, the benefit of the VESS operation is the reduction in electricity
bills using peak-demand shaving and demand shifting. The former is a major concern of
utility grids for increasing the grid system efficiency [44]. It implies that the VESS operation
for the SEC benefits the utility grid. Figure 7 shows the peak-demand reduction upon
varying the implemented VESS capacity. On increasing the VESS capacity, the peak demand
reduces. From Figure 3, the VESS operates more effectively on increasing the VESS capacity.
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For P0 and P1, the first- and second-most peak demands are reduced because the peak
demand is an important factor in determining the electricity bill, which is minimized using
P0 and P1. For P2, the peak demand reduces with a marginal gap, i.e., less than 1%, to that
of P1. Hence, the fair VESS operation enhances the benefit of the utility grid and the units
in the SEC.
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4. Discussion

From Section 3, it is evident that the proposed fair VESS operation using P2 fairly
distributes rewards and resources to the units in the SEC with marginal benefit reduction in
relation to the benefit-maximized VESS operation using P0 and P1. Based on these results,
the following key points can be stated for the VESS operation in SECs:

• The benefit or the net reward is directly proportional to the VESS capacity, and the
cost using the VESS increases more rapidly, except for P0, as shown in Figure 3. The
VESS is operated to achieve the maximum benefit using P0.

• The cost fairness index that represents the cost efficiency decreases with increasing
VESS capacity, as shown in Table 3. This validates the previous point. The result
indicates that the ESS cost is still high enough to act as a burden on ESS utilization.

• The comparison results of P1 and P2 as shown in Figure 4 and Table 3 indicate that the
proposed fair VESS operation considering the cost and resource fairness can achieve
approximately 95% of the total benefit performance of the VESS operation for the
maximum benefit with the resource fairness constraint. It implies that the resource
fairness limits the total benefit, and the cost fairness distributes the benefits to each
unit. Figure 5 and Table 4 also show that the resource fairness distributes the welfare
to units softly, but the cost fairness distributes the welfare hardly according to the
cost contribution.

• As shown in Figure 6, the resource fairness constraint limits the VESS usage, which
decides the VESS lifetime that is crucial for determining the ESS cost. The result states
that the resource fairness constraint can be used as a management index for the VESS
lifetime, which affects the VESS cost.

• Finally, using the VESS operation, the peak demand is effectively reduced, as shown in
Figure 7. Peak-demand reduction can improve the system efficiency and defer the facil-
ity investment cost of the utility grid. It implies that the units in the SEC and the utility
grid benefit enhancement can be used to measure the social welfare improvement.

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

• In this study, the SESP is considered to own and directly operate the VESS. It can be
extended to the case of the third-party service provider owning the VESS, and the
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SESP rents the VESS capacity, where the benefit distribution between the third-party
service provider and the units in the SEC can be researched as a new problem.

• This study defines cost fairness as the ratio of the reward to cost, and resource fairness
as the ratio of the VESS usage to cost. In actuality, fairness is defined in various
ways, and this study can be extended to various fairness formulations. For instance,
proportional and balanced fairness can be studied [36].

• This study focuses on the VESS operation when the SEC and VESS are set up. Imple-
mentation issues such as cost-effective VESS sizing and selection of the appropriate
size of community units can be studied further.

• This study did not include the energy transaction costs, such as distribution and
transmission fees. This is because the SEC comprises units located in adjacent areas.
It can be extended to large-scale grid connection systems considering the energy
transaction costs.

5. Conclusions

This study proposed a fair VESS operation method for SEC considering cost and
resource fairness. The VESS was considered for the SEC model comprising the VESS, SEC,
and utility grid as the main components. The fair VESS operation problem considering the
fairness and VESS operation constraints was formulated as a mixed-integer linear problem
that can be solved optimally by applying gradient methods and dual decomposition. The
simulation results using the real dataset in Korea demonstrated that the units served by the
proposed VESS operation achieved a fair benefit distribution. Moreover, the total benefit
achieved by the proposed VESS operation was marginal at ∼5% in relation to that of the
VESS operation to maximize the total benefit. Additionally, it was shown that the proposed
VESS operation improves the benefit of the VESS and the utility grid. The VESS usage
is limited according to the resource fairness constraint; thus, the VESS lifetime can be
managed for reducing the VESS replacement cost. The peak-demand reduction provides
the possibility of improving the system performance of the utility grid.

In this study, basic environments for the VESS, SEC, and utility grid were considered,
which can be extended to more complex environments. For the SEC model, only passive
units were considered as energy consumers, which can be extended to the environment of
active units, such as prosumers with distributed renewable generators. For the VESS model,
the problems related to the ownership and cost-effective size of the VESS capacity can be
considered. Finally, the utility grid model can be extended to more realistic environments
by including power system requirements.
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