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The proliferation of plug-in electric vehicles has led to increased public charging
infrastructure in cities worldwide. Grid-connected parking lot spaces are the most
common charging option due to their technological readiness and convenience of
adoption. Since the batteries aggregated by parking lots can be regarded as virtual
energy storage, grid-connected parking lots are expected to provide many benefits
to the urban distribution grid. This paper proposes a comprehensive methodological
framework to evaluate the potential benefits and costs of utilizing grid-connected
parking lot infrastructures to promote energy supply sustainability in future power
distribution grids. Capacity-value-based and cost-effectiveness indexes are developed,
which quantify the potential contribution of parking lots to power supply reliability and
the associated economic implications. To realistically describe the available generation
capacity of parking lot resources, a comprehensive model is presented, which explicitly
considers the impact of external stimuli (incentive rates) on the behavioral patterns of
lot users. Vehicle user responsiveness to incentive grades is derived from social field
surveys. To conduct the evaluation, a hybrid algorithm based on Monte Carlo simulations
is employed. The proposed methodology is illustrated on a real distribution grid in
Beijing. The results confirm the effectiveness of our proposed approach and support
practical policy suggestions.

Keywords: grid-connected parking lot, distribution system, sustainability, economy, plug-in electric vehicle,
virtual energy storage

INTRODUCTION

Worsening environmental problems are increasingly promoting the transformation of the global
energy system. Transportation in the current system accounts for a large proportion of the energy
consumption sector, so transportation plays a vital role in achieving the sustainable development
of the energy system. The electrification of transportation needs can effectively solve the problem
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of dependence on fossil fuels and exhaust emissions. Given this,
in the past ten years, the electric vehicle industry has achieved
remarkable development worldwide (Du et al., 2019).

In future smart cities, the information and intelligence of
the power supply system are necessary requirements, and the
sustainability of the energy supply is also an essential aspect.
Therefore, an urban power supply system is needed to provide
users with reliable and stable power services (Xu and Chung,
2016). At present, newly added power generation units ensure
that the sustainable power supply target is reached. These
redundant power generating units can provide end-users with
the required backup power in an emergency (Silva et al., 2018).
However, a redundant power generation unit added to a system
requires additional investment and remains in a hot standby
state for a long time after installation. The overall utilization rate
is shallow, so plug-in electric vehicles (PEVs) are expected to
play an important role. Since most family cars are parked more
than 95% of each day (Heydarian-Forushani et al., 2016), a grid-
connected parking lot (GPL) can act as a controllable load during
charging or as a virtual energy storage unit during discharging. In
future smart cities, different types of GPLs could be used to meet
the energy needs of PEVs (Moradijoz et al., 2020). Intelligent
charging piles will play a vital role as connection devices between
electric vehicles and the grid. GPLs can obtain the battery status
of electric vehicles in real time through intelligent charging
piles. Using electric vehicle batteries to absorb new energy is a
promising research direction for smart grids (Farzin and Monadi,
2019). There have been some studies on the impact of vehicle-
to-grid (V2G) systems on the power grid by electric vehicles
as a movable load or energy storage unit. Utilizing the energy
stored in the batteries of electric cars increases the ability of
the power system to resist natural disasters by participating in
V2G systems and improving the resilience of the power system
(Momen et al., 2020). When a power supply or feeder fails, the
GPL is used as the power supply of the distribution network,
which can increase the reliability of the distribution network
and reduce the failure time of the distribution network (Guner
and Ozdemir, 2020). Participation in V2G systems can shift the
charging demand of PEVs from peak hours to off-peak hours,
which can significantly increase the economic and environmental
benefits of power systems (Onishi et al., 2020). In distribution
system planning, an investment in system expansion can be
deferred by exploiting the storage capacity of the GPL (Al-Rubaye
et al., 2019). By controlling the active power injected or released
by the GPL to achieve stable voltage fluctuation, the reliability and
stability of the power grid can be improved (Singh et al., 2018).

However, the aforementioned research does not address the
impact of GPLs on the overall sustainability of smart cities. To fill
this gap, some scholars have studied this issue. Sequential Monte
Carlo simulation technology is used to determine the sufficiency
of the power supply when participating in V2G through GPLs
under different urban power system (UPS) operation modes in
Xu and Chung (2016). When considering GPL participation in
auxiliary services, random methods are used to determine the
impact of GPLs on UPS reliability (Mohammadi-Hosseininejad
et al., 2018). A GPL is used as a backup unit to restore power to a
faulty area or as a storage unit to address downstream blockages

of feeders, thereby helping to restore power. There is also a
framework based on nonsequential Monte Carlo simulations that
can assess the sustainability of GPLs and consider the role of
renewable energy (Farzin et al., 2017). This work fully captures
the volatility related to electric vehicles and renewable energy and
probabilistically simulates the V2G capability of providing grid-
to-vehicle (G2V) resources during an emergency for research
purposes. The use of PEVs can increase the flexibility of a power
system, and this effect is related to the popularity of PEVs
(Bozic and Pantos, 2015). There is also an article that considers
the total charging load of electric vehicles in a GPL and the
travel mode of electric vehicles and combines the charging load
and system load of electric vehicles to evaluate the reliability
of the system (Irshad et al., 2020). Some researchers have also
considered the uncertainty of incentive policies regarding the
charging behavior of private car owners and their impact on
public transportation plans (Zeng et al., 2021a). Additionally,
considering the charging decisions of PEV users at the bottom
layer of the two-tier model can effectively capture the uncertainty
and self-interested behavior of electric vehicle owners (Zeng et al.,
2020a). The results show that considering uncertainty in electric
vehicles could have a significant impact on the results of the
final evaluation. Similarly, a cost/value evaluation framework is
proposed in Neyestani et al. (2015), and other improvements are
made in Shaukat et al. (2018).

The above researches show that GPL is an emerging element
of future smart cities and a new choice to enhance the sustainable
operation of future urban power grids. However, none of
them consider the potential economic value of GPLs. From
a system perspective, due to the use of a two-way charger, a
GPL can be regarded as a virtual energy storage unit, which
can provide capacity support for the grid by extracting energy
from PEV batteries in an emergency. Therefore, the GPL
responds to potential emergencies (such as generator failures
and fluctuations in load demand) by improving the operating
level (generation capacity) of the power system and provides
important assistance for the sustainability of energy services.
Compared with traditional expansion-based solutions, this
solution does not require additional asset investment, reduces
the risk of load loss, and has the opportunity to achieve better
urban energy system sustainability performance (in economic
and environmental terms).

However, the above-mentioned works provide an incomplete
assessment of the impact of GPLs in future smart city power
supply systems and do not involve the economic impact of
GPLs on the power grid. The economy is the most intuitive
manifestation of the impact of GPLs on the power grid.
Therefore, this paper proposes a new evaluation framework based
on capacity value, which uses GPLs as virtual energy storage
to evaluate the sustainable power supply capability of GPLs for
future smart cities. The capacity value is used to evaluate the
ability of a specific power generation resource to contribute
sufficient power (Keane et al., 2011). However, in this research,
we extend the concept of capability value to the context of
GPLs. The goal is to quantify the potential benefits of GPLs in
increasing the reliability and sustainability of power supplies and
then to quantify the economic value that GPLs can provide in
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virtual energy storage. To achieve this goal, this article develops a
new model to characterize a GPL’s available generation capacity
and considers the role of critical parameters in the operation
process. Unlike existing works, in our research, we propose a
framework in which a GPL is regarded as a virtual energy storage
unit to evaluate the capacity power and the economy of the
energy storage device.

The main contributions and innovations of this paper are as
follows:

(1) A comprehensive methodological framework is proposed
to quantify the potential costs and benefits of utilizing GPLs
as virtual energy storage to improve the sustainability of
urban distribution systems.

(2) This study creatively associates capacity value indicators
with economic indicators, which has reference significance
for the planning of GPLs in future smart city contexts.

(3) This study puts forward corresponding policy
recommendations based on the results of case
studies of GPLs.

The rest of this paper is organized as follows: first, the capacity
value metrics defined for GPLs is introduced in Section “Capacity
Value Metrics,” and then the method for estimating the available
GPL generation capacity is presented in Section “Modeling
of GPLs.” Section “Economic Analysis” presents the economic
analysis model of GPLs. Section “Evaluation Algorithm” provides
the algorithm framework used to perform the capacity value
calculation. Section “Case Study” presents case studies and a
discussion about the evaluation results. Finally, the conclusions
of this study are drawn in Section “Conclusion.”

CAPACITY VALUE METRICS

The capacity value is initially used to quantify the capacity of
generator sets (Keane et al., 2011). This article regards a GPL
as a virtual energy storage unit similar to a power generation
resource. This is because PEVs use power batteries as the source
and can participate in V2G through charging piles, which can be
regarded as virtual energy storage units, and when the power grid
needs them, the energy in PEV batteries can be injected back to
the power grid. Therefore, the concept of capacity value can be
reasonably extended to the evaluation of GPLs.

In fact, in existing research, there are two commonly used
evaluation indicators, the equivalent firm capacity and the
equivalent conventional capacity (ECC). These two indicators
can operate well in a wide range of applications (Keane et al.,
2011; Dent et al., 2015; Ding and Xu, 2017; Zeng et al.,
2020a,b). To keep the description uniform, in this article, the
same method is used to present the capacity value. A detailed
introduction is given below.

In this study, the definition of the equivalent firm capacity is
the generator capacity that can be replaced by GPL resources,
where the forced outage rate (FOR) of the generator is 0, which
means that the generator is completely reliable. First, let the GPL
participate in V2G and calculate the UPS (with V2G) reliability
index E1 in this state, which represents the UPS reliability of

the GPL participating in V2G; then calculate the UPS (without
V2G) reliability index E2 of the GPL not participating in V2G. By
comparing the reliability index, it can be judged whether GPL has
the ability to increase UPS reliability when participating in V2G.
If V2G can improve the reliability of UPS, calculate the reliability
of this system by gradually adding the new generator capacity
of the UPS (without V2G) until it is the same as the reliability
index of the UPS (with V2G) system. Then, the generator capacity
value that can be replaced by GPL can be determined by the
increased capacity value.

The concept of the ECC metric is defined according to
the principles of the equivalent firm capacity metric. However,
a “real” conventional generator, which is different from the
equivalent firm capacity, is adopted by the ECC, and the
specific reliability characteristics for capacity value estimation are
possessed by the ECC.

From the above, the mathematical expression of the ECC is as
follows:

EECC
1 = <

[
(CT
+ CPL);D

]
(2.1)

Where EECC
1 is the UPS reliability index concerning the GPL’s

V2G. In this paper, the well-known expected energy not supplied
(EENS) (Zeng et al., 2020a,b) is adopted and FOR is non-zero.
Then calculate the reliability index EECC

2 of the UPS with GPL
not participating in V2G, the formula is as follows:

EECC
2 = <

[
(CT
+ CE);D

]
(2.2)

where CE indicates the installed capacity of the generator unit.
To estimate the ECC, CE can be adjusted so that the EENS of
the system will reach the same level as that of the system which
GPL participating in V2G, EECC

1 = EECC
2 . Finally, the result

for CE tends to stabilize; the value of CE is considered the ECC
of the GPL here.

MODELING OF GPLS

The distribution network studied in this paper includes
transformers, transmission lines, renewable energy units, loads,
and GPLs. For renewable energy power generation (such as
wind or solar energy), the power output depends on weather
conditions, so these generator sets cannot guarantee stable output
power. In reliability studies, the impact of uncertainties in the
renewable energy supply can be represented by using a proper
probability distribution function (PDF). The impact of these
uncertainties can be appropriately considered and reflected in
our developed evaluation framework by using the Monte Carlo
simulation method, which is presented in detail in Section
“Evaluation Algorithm.” Regarding transformers, this paper uses
a Monte Carlo model to represent the normal/fault state of
the transformer in actual operation. It is also assumed that the
available power from the grid considering the installed capacity
of the distribution transformer obeys a uniform distribution,
which is consistent with Zeng et al. (2020a). Additionally, it is
assumed that the charging pile of the GPL is equipped with a
bilateral charger and the GPL operator can automatically and
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remotely obtain all the necessary information of the PEV user
(Yilmaz and Krein, 2013). Furthermore, it has been assumed
that the GPL is owned and operated by a private entity,
which is independent of the power grid. The GPL owner
has independent economic revenues and makes profits from
both providing recharging service to PEV users and providing
flexibility (capacity support) to the grid.

To express the operating characteristics of the GPL, this
paper proposes a comprehensive modeling framework, as
described below.

Modeling of Bilateral Chargers
The available capacity of a GPL depends on the hardware of its
charging equipment. During operation, if there is no mechanical
failure, a single bilateral charger can provide any required
output power within its rated discharge capacity; otherwise, its
output power is 0.

Therefore, considering the faulty operation status of the
bilateral charger and the number of installations in the GPL, the
maximum power output that the PEV GPL can provide in period
t can be expressed as:

PM
t =

∑
k∈�CP

(βC
k,t × PDC

k ) (3.1)

where PDC
k , �CP and PDC

k are the maximum rated power of the
GPL at time t, the collection of all bilateral chargers of the GPL,
and the rated discharge rate of the bilateral charger. Additionally,
βC

k,t is a 0/1 variable that represents the availability of the k-th
bilateral charger at time t. During operation, if the charger is
working under the normal state, the value of β would be assigned
to unity; otherwise, it would be set to zero. In practice, since
“whether the charging pile is working in the normal or failure
state” is a random event, hence the value of β is an uncertain
variable. In the evaluation, the value of β is determined by using a
sampling simulation procedure presented in Section “Evaluation
Algorithm.”

Modeling of PEV Behaviors
In this study, we characterize the behaviors of PEV users through
three characteristics, as shown in Figure 1, namely, traffic uptake,
energy demand, and customer willingness. The traffic uptake
includes the arrival time and departure time. The energy demand
includes the initial Soc and target Soc. The customer willingness
refers to the incentive rate. These three parts are mutually
independent and can be superimposed, and together they define
the characteristics of PEV behaviors.

To model the uncertainties of PEV behavior, truncated
Gaussian distributions are widely employed for arrival and
departure times and the arrival Soc (Shafie-Khah et al., 2015).
This paper uses a Gaussian distribution to simulate the arrival
departure times of electric vehicles and the Soc of arrival (Shafie-
Khah et al., 2015). The relevant data are in Table 1.

Initial Soc
The initial Soc of the PEVs when individuals arrive at the GPLs
can be described by the following PDF (Shafie-Khah et al., 2015):

TABLE 1 | Data of electric vehicles.

Mean Standard deviation Min max

Initial PEV Soc (%) 50 25 30 90

Arrival time (h) 8 3 5 17

Departure time (h) 16 3 11 24

f
(
SocIni

n
)
=



0
1

√
2πσSoc exp[
−

(
SocIni

n −µSoc)2

2(σSoc)2

]
0

SocIni
n < SocPEV min

SocPEV min
≤ SocIni

n
≤ SocPEV max

SocIni
n > SocPEV max

(3.2)

where SocIni
n , µSoc and σSoc, SocPEV,min and SocPEV,max are the

battery power (%) when the n-th electric vehicle reaches the GPL,
the mean and variance of the random variables of the initial
Soc of the PEV, and the lower and upper limit of the value
area, respectively.

Arrival Time
The time needed for the PEV users to reach the GPL can be
represented by the following PDF (Shafie-Khah et al., 2015):

f
(

tAr
n

)
=



0
1

√
2πσAr exp[
−

(
tAr
n −µAr)2

2(σAr)2

]
0

tAr
n < tAr,min

tAr,min
≤ tAr

n ≤ tAr,max

tAr
i > tAr,max

(3.3)

where tAr
n , µAr, σAr, tAr,min and tAr,max are the arrival time of the

n-th PEV, the mean and variance of the random variables of the
initial arrival time of the PEVs, and the lower and upper limits of
the area of t Ar

n .

Departure Time
The time when a PEV user leaves the GPL can be represented by
the following PDF (Shafie-Khah et al., 2015):

f
(
tDe
n
)
=



0
1

√
2πσDe

exp
[
−
(tDe

n −µDe)
2

2(σDe)2

]
0

tDe
n < Max

{
tDe,min, tAr,min}

Max
{

tDe,min, tAr}
≤ tDe

n ≤ tDe,max

tDe
n > tDe,max

(3.4)
where tDe

n , µDe, σDe, tDe,min, tDe,max and Max
{

tDe,min, tAr} are
the time when the first PEV leaves, the mean and variance of the
random variables of the initial arrival time of the PEVs, the lower
and upper limits of the range of tDe

n , and the maximum of the
time at which the PEV arrives at the GPL and the time it leaves.

Participation Rate of PEV Users
Plug-in electric vehicle users have two ways to provide backup
for the power grid: load reduction and V2G. The willingness
of a PEV user will directly affect the user’s participation, and
the user’s decision to participate in V2G is related to the GPL’s
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Energy demand
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Initial Soc

Target Soc

Incentive grade

FIGURE 1 | Illustration of PEV behavior model.

incentive grade. We can simply assume that the GPL charges a
certain service fee. When the incentive grade is higher, users will
have a greater willingness to participate in V2G. According to
the elastic relationship between electric vehicle user participation
and price compensation, the participation of electric vehicle users
in the V2G market in a single electricity sales scenario is a
concave function of the power company’s compensation price.
Finally, as the compensation increases, the user participation rate
gradually approaches.

In this study, due to the lack of statistical data on PEV
customer preferences, we conducted a field survey. We sent
300 questionnaires to selected Beijing PEV owners to investigate
the users’ willingness to participate in load shedding and V2G
under different incentive levels. Taking a single price for the
electricity sold by the grid as an example, the compensation
prices are U1.0, 1.25, 1.5, 1.75, and 2.0 per kWh. We further
processed the questionnaire to determine its accuracy. The 150
questionnaires were first analyzed, and then the sample size was
gradually increased in intervals of 25; then, the error between
the participation degrees after 25 questionnaires and the previous
statistical results was determined. The difference between the last
a pair of result for questionnaire data is less than 1%, so it is
concluded that these statistics are credible. The statistical error
results of the data are shown in Table 2:

Figure 2 shows the relationship between user participation
willingness and the compensation price, including load reduction
willingness and V2G willingness. The abscissa in the figure
represents the unit electricity compensation price when the grid
purchases electricity from users. As seen from the figure, as the
compensation continues to increase, user participation continues

TABLE 2 | Statistical error of the questionnaire.

Number of

questionnaires 150 175 200 225 250 275 300

Statistical – 5.102 4.332 3.421 2.287 1.629 0.993

error

to increase. Considering that battery discharge has a great impact
on users, V2G needs a high price incentive.

In actual situations, different incentive grades produce
different degrees of participation, so this article will analyze and
compare different situations below.

Calculation of a GPL’s Capacity for V2G
Participation
According to the above model, at time t, the available capacity of
the GPL is expressed as follows:

PAG
t =

∑
n∈�EV

PDCγV2G
n,t (3.5)

where PAG
t is the total available capacity of the GPL and γV2G

n,t
is a 0/1 variable indicating whether the n-th electric vehicle
participates in V2G during period t. If it does, γV2G

n,t 1; otherwise,
γV2G

n,t 0. Eqs. (3.5) shows that the available capacity of the GPL is
the total capacity of the PEVs participating in the V2G project.

In practice, the value of γV2G
n,t depends on the Soc of the

PEV battery (Soc > 90%), the participation of PEV users, and
the operating strategy of the GPL operator. Therefore, it can be
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FIGURE 2 | Participation rates vs. incentive rates.

written in a decomposed form as follows:

γV2G
n,t = γC

n,t × γOP
n,t (3.6)

where γC
n,t and γOP

n,t are 0/1 variables that indicate whether the
PEV participates in the V2G project and whether the GPL
operator implements the V2G project, respectively. The method
used to determine γC

n,t and γOP
n,t is introduced below.

According to Eq. (3.5), for PEV users, vehicle participation
in V2G has the following two prerequisites: (1) The PEV is
in the GPL and the Soc of the PEV battery > 90%; (2) The
individual agrees to participate in the V2G project. Therefore,
the calculation of γC

n,t in Eqs. (3.6) is as follows: through Monte
Carlo simulation of the willing behavior of a PEV user under the
determined participation degree, the generated user’s willingness
is αE

n .

γC
n,t = αP

n,t × αE
n (3.7)

In this study, the Monte Carlo simulation method is used to
simulate the willing behavior of a PEV user under the determined
participation degree. The generated user willingness is in terms of
αP

n,t and αE
n , which are all 0/1 variables that indicate whether the

Soc of the n-th PEV battery is > 90% and whether the PEV user
is willing to participate in V2G, respectively. In addition, αP

n,t is

obtained by the following formula:

αP
n,t =

{
1 , tAr

n + tCh
n ≤ t ≤ tDe

n
0 , otherwise

(3.8)

tCh
n = (SocTar

− SocIni)EEV/
(

PCηBC
)

(3.9)

where tAr
n and tDe

n are the sample values obtained from Eqs. (3.3)
and (3.4), respectively, and tCh

n is the time needed to charge the
kth car to the target Soc.

On the other hand, the available capacity of the GPL also
depends on the operator’s operating plan, which is represented by
the variable γOP

n,t in Eq. (3.10). It is judged whether the GPL needs
to participate in V2G at time t, and the judgment standard is the
electricity price signal given by the grid. In the regular operation
of the power grid, the GPL exists as a load unit to charge the
electric vehicle to the target state (Soc = 90%). When the grid
fails, the GPL will be given a higher electricity price in order to
attract the GPL to participate in the V2G. The GPL is used as
an energy storage device to support grid electricity. Therefore,
while improving the reliability of the power grid, the investment
cost and the operation and maintenance cost of the power grid
for energy storage equipment are avoided due to the role of the
GPL as virtual energy storage, thereby increasing the economy
of the power grid.
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Based on the operating strategy of the GPL operator, γOP
n,t in

Eq. (3.6) can be expressed as:

γOP
n,t =

{
1
0

ωV2G > ωPay

otherwise
(3.10)

where ωV2G and ωPay are the electricity price when the GPL
participates in V2G and the marginal price of deciding V2G
whether the GPL participates. Equation (3.10) shows that from
the perspective of the PEV GPL operator, the GPL will participate
in V2G only if the price of electricity purchased by the grid from
the GPL is larger than ω Pay.

In summary, combining Eqs. (3.5) - (3.10), the total available
capacity of the GPL for participating in V2G at each time
can be obtained.

ECONOMIC ANALYSIS

Without increasing the installed capacity of power generation,
the current urban energy system mainly improves its flexibility
and reliability by configuring energy storage equipment. The
cost of energy storage equipment is mainly composed of
investment and maintenance costs. Compared with energy
storage equipment, when a GPL is used as virtual energy storage
through participation in V2G, although there are corresponding
scheduling costs, there are no investment, operation or
maintenance costs. Therefore, theoretically speaking, it is
more economical to increase the system reliability through
GPL participation in V2G than to build new energy storage
equipment. In this section, the investment, operation, and
maintenance costs of energy storage equipment minus the cost of
calling GPLs to participate in V2G dispatch are used as economic
indicators to evaluate the economic benefits of GPLs. Lithium
batteries are more suitable than other batteries for installation
in urban centers due to their small size and simple operation.
Therefore, this article uses lithium batteries as energy storage
devices to analyze economic indicators. Since the service life
of lithium batteries is 10 years, the cost of the energy storage
equipment must be shared every year according to its investment,
operation, and maintenance costs (Zaisen, 2018).

Therefore, the total economic function of the power grid is:

EG
= SP,E

+ Sm
− EV2G (4.1)

where SP,E represents the energy storage investment cost, Sm

represents the energy storage operating cost, and EV2G represents
the cost of the power grid when parking lots participate in V2G.

The energy storage investment cost allocated each year can be
expressed as follows:

SP,E
=
(
CP
· PSt
+ CE

· ESt) /10 (4.2)

where CP is the power cost of the energy storage device, PSt is the
power of the energy storage device, CE is the capacity cost of the
energy storage device, and ESt is the capacity of the energy storage
device. CP 2000 U/kW, and CE 1500 U/kWh (Zaisen, 2018).

According to engineering requirements, different battery
device types are selected. Due to different production processes

and the production of raw materials, there is a large difference in
the costs of energy storage device capacity.

The annual operating cost of the energy storage system is
mainly determined by the scale of the energy storage system, and
it is expressed as follows:

Sm
= Cm

· ESt (4.3)

where Cm represents the annual operation and maintenance cost
per unit capacity. In this study, we assume that Cm 0.05 U/kWh
(Zaisen, 2018).

The cost that the grid needs to pay when parking lots
participate in V2G is as follows:

EV2G
=

8760∑
t=0

λV2G
t PV2G

t 1t (4.4)

where λV2G
t is the incentive reward offered for GPL owners; PV2G

t
is the V2G power provided by GPLs in time-period t, and EV2G is
the energy in one year during operation for which the grid needs
to pay subsidies to the GPL owner.

EVALUATION ALGORITHM

In this section, the algorithm used for evaluating the
benefits/costs of utilizing GPLs as virtual energy storage to
promote the sustainability of distribution systems is described
based on the metrics in Section “Capacity Value Metrics” and
the system models described in Section “Modeling of GPLs and
Economic Analysis.”

By analyzing and comparing the UPS reliability level
depending on whether the GPL participates in V2G, the
capacity value of the GPL can be estimated. This study
uses a comprehensive evaluation algorithm based on the
sequential Monte Carlo simulation method. The following
presents a detailed description about the main steps of our
evaluation algorithm. The flowchart is shown in Figure 3.

Step 1: According to the forced outage rate of each
element in the distribution system, sample the state duration
sequence of the system components by using the Monte Carlo
simulation method.

Step 2: Generate the time series of the renewable energy
supply according to its PDF with the inverse transform method
(Billinton and Allan, 1996), if applicable.

Step 3: According to the status data obtained from the above
steps, determine the power output of the generator set and
transformer in each time period.

Step 4: Obtain the available capacity of the GPL according to
Eqs. (3.5) – (3.10).

Step 5: According to the traditional reliability calculation
method (Billinton and Allan, 1996), calculate the reliability
index of the smart distribution network when the GPL does
not participate in the V2G; the result obtained is used as the
benchmark EENS base.

Step 6: According to the following substeps, perform
sequential Monte Carlo sampling on the smart distribution
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Calculate the evaluation index of economy 
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FIGURE 3 | Flowchart of the proposed evaluation algorithm.
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network with GPLs participating in V2G to obtain the reliability
index of the system:

6-1: According to Eqs. (3.2) - (3.4), randomly extract the
behavior patterns of each PEV user from the means of the vector
{tAr, SocIni, tDe, αE

n}.
6-2: Determine the total available power generation (PTG

t ) and
system load demand (PTG

t ) for each period t based on:

PTG
t = PDG

t + PT
t + PAG

t (5.1)

PTD
t =

∑
i∈�D

Pl
i,t +

∑
n∈�EV

PCαP
n,tγ

G2V
n,t (5.2)

where Pl
i,t represents the regular load demand of the i-th node

in period t; γG2V
n,t is a 0/1 variable indicating whether the n-th

charging pile is in the charging state during period t. According to
the service selection method for the PEV users, the value of γG2V

n,t
can be determined by the following formula:

γG2V
n,t =

{
1, t ≤

[
tAr
n + EEV (SocTar

− SocAr
n
)
/
(
PCηBC)]

0, other
(5.3)

6-3: By calculating the power flow, determine whether the
distribution network fails to meet the constraints during t (i.e.,
there is load loss).

6-4: If no constraint violation is found, it means that the
system is operating normally, so the energy-not-supplied (ENS)
is zero; otherwise, the smart distribution network is in an
emergency state. Therefore, the analysis will be based on optimal
power flow to obtain the ENS indicators.

ENSt =
∑

i∈�D
PLs

i,t , where PLs
i,t represents the unmet load

demand of the i-th node in the corresponding period t.
6-5: Repeat steps 5-3–5-4 for each time period t.
6-6: Update and export the system reliability index result

as EENS = (
∑8760 × N

′

t = 1 ENSt)/N′, where N′ represents the
number of simulation years.

6-7: Repeat the sequential Monte Carlo method until the
convergence condition σ(EENS)/[E (EENS) ] ≤ 0.05 is met,
where E(EENS) and σ(EENS) represent the average expected
value and standard deviation of the EENS value in the simulation
year, respectively.

6-8: Record the EENS calculation in this scenario as EENS GPL.
Step 7: Compare the obtained values of EENSB and EENSGPL.

If EENSB < EENSGPL, set the capacity value of the GPL to zero;
otherwise, perform the following steps:

7-1: Define Cmax and Cmin, and set Cmax = CRa and
Cmin = 0, where CRa is a positive value chosen artificially.

7-2: Add the generator set of the reference unit to
the system without GPLs, where the installed capacity is
CE
= (Cmax+C min)/2.

7-3: Perform the sequential Monte Carlo method to evaluate
the EENS index of the smart distribution network and record it
as EENS V.

7-4: According to the obtained EENSV and EENSGPL values,
adjust the unit capacity of the reference unit in the distribution
network. Specifically, if EENSV

= EENSGPL, then Cmin = CE,
and Cmax keeps its value from the previous iteration; otherwise,

set Cmax = CE and keep Cmin equal to its value in the
previous iteration.

7-5: Update the result of CE to CE
= (Cmax+Cmin)/2 and

recalculate the EENS Value (EENS V).
7-6: Check whether the following convergence criterion is met:

|EENSV
− EENSB

|/EENSB
≤ ζ (this article sets ζ to 1%). If so,

skip to step 8; otherwise, return to step 7-2.
Step 8: Set ECC = CE to terminate the algorithm.
Step 9: According to Eqs. (4.1) - (4.4), calculate the economic

index of the GPL based on the capacity value.

CASE STUDY

System Under Study
The capacity value evaluation framework of this paper is analyzed
for the existing power supply system in Beijing. The network
structure is shown in Figure 4. This system has a typical radial
topology that is representative and universal in China. However,
it should be noted that although our discussions are mainly based
on this specific case, the findings of this research can be highly
generalized and can be adapted to other UPSs that may have
different topologies (such as mesh networks) and distributions.

The concerned system is connected to the outside through
a 10 MVA 35 kV/10 kV substation and consists of 32 feeders
and 33 load buses with a rated voltage of 10 kV. Node-1 is the
balancing node, and node-15 is allocated 2 MW gas turbines.
Node-10 is allocated 1.5 MW wind turbines. Node-27 is the
location for the discussed GPL. The GPL contains 300 bilateral
chargers with a rated capacity (Ai-Power Co Ltd, 2019). In this
study, it is assumed that the wind speed in the system follows
a Weibull distribution (Beijing Statistical Yearbook, 2011-2015).
Additionally, the power supply available from the external grid
follows a uniform distribution (Zeng et al., 2020a). The ramping
constraints of the substation (Zeng et al., 2021b) are neglected.
In addition, the chronological load curve used in this numerical
study is determined based on the long-term statistics of a simple
distribution system in Beijing, as shown in Figure 5.

In addition, the reliability parameters of the system
components are summarized in Table 3.

For simplicity, it is assumed that all the PEVs in the system
correspond to the BAIC-EC200 PEV, which has a rated battery
capacity of 20.5 kWh (Beijing Automotive Group Co Ltd., 2019).
Therefore, the parameter EEV in Eq. (3.9) is set to 20.5 kWh.

Results
To determine the economics of the GPL capacity value and its
impact mechanism, a series of comparative analyses were carried
out. These analyses are introduced in the next subsections.

Impact of V2G Program
This subsection compares the impact of V2G on the reliability
and economy of the power grid depending on whether the GPL
participates. For this purpose, we assume that the discharge rate
of the bilateral charger is 3.5 kW, the Soc threshold for the
initiation of V2G operation is 90%, and the incentive payment
for V2G participation is U1.50/kWh. On this basis, we compare
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FIGURE 4 | Test system.

FIGURE 5 | Chronological load profile.

TABLE 3 | Reliability data of the system components.

Component Bilateral charger Transformer Gas turbine Wind turbine

MTTF (h) 4250 3500 1250 1920

MTTR (h) 5 7 60 80

TABLE 4 | Comparison of the reliability and economy of the GPL.

Operation strategy EENS (kW·h) Economic benefit (U)

No V2G 259.8 0

V2G 223.4 312,000

the reliability and economic performance of the grid when the
GPL participates in the V2G programme and when it does
not participate.

The result is shown in Table 4 the EENS drops from 259.8
to 223.4 when the GPL participates in V2G, indicating that
the GPL can increase the reliability of the power system and
therefore has a beneficial impact on the power system. When the

TABLE 5 | Capacity value of GPL under different discharge rates.

Bilateral charger
discharge rate (kW)

2 2.5 3 3.5 4 4.5 5

ECC (kW) 59.3 87.7 121.5 154.0 167.7 188.1 191.7

GPL participates in V2G, it can provide the power grid with an
economic benefit of U312,000.

Influence of Bilateral Charger Discharge Rate
In this section, the primary object of analysis is the impact of
the bilateral charger’s discharge power on the GPL’s capacity
value. Because GPLs are equipped with different types of bilateral
chargers, they may have different effects. Considering that the
discharge capacity of most existing bilateral charger models on
the market is the same (Ai-Power Co Ltd, 2019), we assume
that the discharge rate PDC of the bilateral charger varies from
2 kW to 5 kW. In addition, in this test, the incentive grade is
set as U1.50/kWh. The other parameter settings are assumed
to be the same as in the previous study. Table 5 shows the
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relationship between the capacity value of the GPL based on the
ECC measurement and the discharge rate.

The results show that the technical specifications of bilateral
charger equipment have a strong correlation with the capacity
value of the GPL. When the GPL is installed with a bilateral
charger with a higher discharge efficiency, it can provide greater
capacity support for the power grid, reducing the time of power
supply system failure. However, it is not necessary that a higher
discharge rate of the bilateral chargers always leads to improved
system performance. Due to the limitation of the battery capacity
of PEVs, the benefits of utilizing GPLs as virtual energy storage
tend to become saturated with the continuous increase of the
discharging rate.

Influence of Operation Strategy
In the above tests, it was assumed that a PEV in a GPL can be
used for V2G only after the Soc of its battery has been charged to
90%. However, in real-world implementations, the GPL operator
determines the operation rule of the GPL. In other words, the
GPL operator may decide when and how to implement the V2G
according to his or her own interests. To investigate how the
selection of the operation strategy influences the contribution of
GPLs, further study is conducted in this section.

For this purpose, we define several scenarios by setting
different values of 80, 82, 85, 87, and 90% to represent the V2G
operation strategy of the GPL based on different starting Soc
thresholds. Note that these scenarios are selected arbitrarily and
are used here only for illustration and comparison purposes. In
practice, the GPL operator should carefully determine the V2G
operation scheme by comprehensively considering various issues,
e.g., the target Soc of the PEVs, batter degradation, hardware
compatibility, etc. However, detailed discussions of this topic are
beyond the scope of this study.

In this test, we set the incentive grade as U1.50/kWh, and the
other parameter settings remain the same as in the previous study
in Section “Impact of V2G Program.” The ECC of the GPL is
evaluated under each of the considered scenarios, and Table 6
illustrates the corresponding results derived.

The results show that choosing different V2G control
strategies causes the capacity value of GPL exploitation to differ
considerably. The maximum capacity value occurs when the Soc
threshold is 90%, and the minimum capacity value occurs when
this value is 80%. This shows that the capacity value that the
GPL can generate is closely related to its adopted V2G control
strategies. Specifically, the larger the Soc threshold used by the
GPL is, the larger the expected capacity value. This is in line
with our expectations. In actual situations, the possibility of a
failure in the power supply system is far lower than that of regular
operation. Hence, the power supply system works in a normal
state most of the time. The PEVs in the GPL can be charged

TABLE 6 | Capacity value of the GPL under various threshold Soc values.

Threshold Soc (%) 80 83 85 87 90

ECC (kW) 77.9 103.2 141.5 175.3 181.9

when the power supply system is operating in the normal state.
A higher Soc setting means that the GPL has plentiful energy
available for grid support purposes. More energy can participate
in V2G when the power supply system fails, thereby improving
the reliability benefits of GPL exploitation.

Analysis of Economic Implications
In this study, an incentive scheme was used to motivate PEV
users to participate in the V2G programme. However, in practice,
the inappropriate selection of the incentive scheme degrades the
economics of system operation. Therefore, this section conducts a
further analysis to investigate the impact of external stimuli, i.e.,
incentive signals on PEV participation as well as the economics
of GPL exploitation. To do so, in this test, we consider the reward
rates paid for V2G participants to be 1.0, 1.25, 1.5, 1.75, and 2.0
U/kWh. According to the behavior model of PEV users, different
incentive grades result in different participation levels of PEVs in
V2G, which can be concluded from Figure 2. Then, a comparison
can be made for the resulting capacity value of the GPLs and
their economic costs under different incentive grades. To clearly
show the relationship between the reliability value and economic
costs produced by GPL exploitation, the economic cost data are
presented in terms of the per kW value, which is denoted as EG.
The results are illustrated in Figure 6.

As shown above, when the imposed incentive reward is
increased, the ECC of the GPL grows sustainably; however, the
economic cost of the system tends to first increase and then
decrease. This implies that the increase in the incentive grade
could encourage PEV users to participate in the V2G programme
first; however, with the continuous growth of this rate, its
marginal contribution would decrease, which results in the
growth rate of the ECC becoming less significant. Additionally,
we can observe the economic implications of GPL exploitation
from Figure 6. Specifically, the grid utility needs to bear a
higher economic cost to invoke V2G with the increase in the
incentive grades. The cost-benefit efficiency is highest when
the incentive grade reaches U1.5/kWh. This indicates that the
design of an incentive scheme has a significant impact on the
economic efficiency for GPL exploitation. Although imposing a
higher reward could help to achieve a greater capacity value from
the GPL, in the real world, this is not necessarily sensible and
efficient from an economic perspective. As such, the grid utility
or decision-makers need to pay close attention to the design of
such incentive grades when evaluating the potential contribution
of GPLs to the sustainability of power systems in order to take
advantage of GPL benefits under an acceptable economic budget.

Policy Suggestions
It can be clearly seen from the calculation example in Section
“Influence of Bilateral Charger Discharge Rate” that using a GPL
as a virtual energy storage unit can improve the reliability of
the power system and simultaneously improve the economy of
the power system. The results in Sections “Influence of Bilateral
Charger Discharge Rate and Influence of Operation Strategy”
indicate that the GPL’s use of higher-specification charging
piles and a larger Soc threshold are conducive to improving
reliability. Section “Analysis of Economic Implications” shows
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FIGURE 6 | Capacity value of GPLs and its economic benefit under different incentive grades.

that the impact of different incentive grades on user participation
and capacity value is one of the most important factors.
When the incentive grade reaches U1.5/kWh, as it increases,
it can bring higher capacity value, but the economic value will
decrease accordingly.

Therefore, to improve the sustainability of GPL power supply
for future smart cities, it is recommended that the government
take the following measures:

(1) It is recommended to incorporate PEV charging
infrastructures into urban energy planning as energy storage
resources and implement a comprehensive “source-network-
load-storage” resource plan to effectively reduce the planned
capacity of flexible resources such as electricity storage and
natural gas power generation.

(2) It is recommended to improve the peak-valley price formation
mechanism, establish a dynamic peak-valley price adjustment
mechanism under the premise that the overall sales price
level remains unchanged, increase the implementation of the
peak-valley price, and use price signals to guide PEV users to
participate in peak shaving and valley filling.

(3) It is recommended to improve the auxiliary service
compensation mechanism, accelerate the construction of
the auxiliary service market, and provide reasonable economic
compensation for auxiliary services such as the frequency
modulation and backup provided by PEVs in order to
encourage PEV users to participate in V2G programs.

CONCLUSION

The method proposed in this paper is based on an integrated
capacity-value and economic analysis procedure, which aims to

quantify the potential benefits for exploiting GPLs as virtual
energy storage resources to the reliability of power supply
and its associated economic costs collectively under the same
framework. To accurately describe the characteristics of GPLs
during operation, this paper introduces a probabilistic approach
to simulate the uncertainty of PEV users’ behaviors and the
sequential Monte Carlo method is also used to simulate
the operation states of system equipment. The simulation
results from the case study show that efficient utilization of
GPLs would be helpful to improve the reliability of power
supply at a lower economic expense than the conventional
physical energy storage option. However, the capacity value
of GPLs is highly dependent on the operating characteristics
of its constituent facilities. The research results show that
a higher charging rate of the bilateral chargers or larger
battery capacity will increase the reliability benefits of the
GPLs. Finally, in a liberalized market, the participation of PEV
users for V2G is strongly influenced by the reward scheme
that adopted. Higher incentive rates can encourage PEV users
to participate in V2G and make greater contribution to the
improvement of power grid performance. However, excessively
high incentive rates will improve system reliability but decrease
the economy of power system operation. This proves the
necessity of conducting a comprehensive reliability-economic
analysis for GPL exploitation in real-world implementations.
Finally, we put forward a series of policy recommendations
based on the results of the case study. Hopefully, the
evaluation framework proposed in this study can help public
utilities and government administrative departments better
understand the potential of GPLs to be utilized and its
associated costs on the development of smart cities at
the present stage.
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NOMENCLATURE

Acronyms

ECC Equivalent conventional capacity
EENS Expected energy not supplied
G2V Grid-to-vehicle
GPL Grid-connected parking lot
PEV Plug-in electric vehicle
UPS Urban power system
DG distributed generation
Soc State of charge
V2G Vehicle-to-grid

Parameters and Variables

CT Total generation capacity installation (kW)
CE Capacity of energy storage that added (kW)
CPL Total installed capacity of bilateral chargers (kW)
γ C Binary variable indicating whether the user

allows PEV to participate in V2G
γOP Binary variable indicating whether GPL operator

allows PEV to participate in V2G
γV2G Binary variable indicating PEV participation in

V2G
nCh Binary variable indicating PEV charging
PAG GPL available power (kW)
PC Rated charging power of bilateral chargers (kW)
PDC Rated discharging power of bilateral chargers

(kW)
PDG Available power of DG equipment (kW)
PDGN DG output power in non-fault state (kW)
PT Available power of transformer (kW)
PTN Transformer output power in non-fault state

(kW)
PM Maximum output power of PEV parking lot (kW)
SocIni The initial Soc for PEV (%)
SocTar Soc threshold (%)
µSoc Expected value of initial Soc for PEV (%)
σ Soc Variance of the initial Soc of the PEV (%)
SocPEV,min Minimum value of the initial Soc for PEV (%)
SocPEV,max Maximum value of the initial Soc of PEV (%)
tAr PEV arrival time
µAr Expectation of PEV arrival time
σAr Variance of PEV arrival time
tAr,min Minimum PEV arrival time
tAr,max Maximum PEV arrival time
tDe PEV departure time
µDe Expectation of PEV departure time
σDe Variance of PEV departure time
tDe,min Minimum PEV departure time
tDe,max Maximum PEV departure time
PTD Load demand (kW)
PTG Total available generation capacity (kW)
tAr PEV arrival time
tDe PEV departure time

Parameters and Variables

tCh PEV charging time
1t Time duration of each period in hours
αP Binary variable indicating whether PEV is in

GPL
βDG/βT/βC Binary variable indicating whether generator

set/transformer/bilateral chargers are available
ωV2G Parking lot participates in V2G electricity

selling price
ωPay Whether the parking lot participates in the

boundary of V2G electricity selling price
SP,E Energy storage investment cost
Sm Energy storage operating cost
EV2G Cost of the power grid when the parking lot

participates in V2G
CP Power cost of the energy storage device
PSt Power of the energy storage device
CE Capacity cost of the energy storage device
ESt Capacity of the energy storage device
Cm Annual operation and maintenance cost per

unit capacity
EEV Electric vehicle battery capacity (kWh)
λV2G

t Price of V2G called from the parking lot
PV2G

t Power of the parking lot participating in V2G
ηBC Charging/discharging efficiency of bilateral

chargers (%)

Indices (Sets)

i(�D) Load busel
k (�CP) Bilateral chargers
n (�EV ) PEV users
t Time
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