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Abstract: This paper presents a V2G strategy to flatten the daily load curve by considering the charging and
discharging location of the electric vehicle to help understand the effect of the load generated by charging and
discharging of the electric vehicle on the power grid. Based on the estimated share of electric vehicles, the
assumption that electric vehicles go to work in the morning and leave in the afternoon was set, and the electric
vehicle discharge power was calculated by reflecting both the characteristics of vehicles that go to work in the
morning and the SMP1 and SMP: plans. In addition, the electric vehicle charging power was calculated by
reflecting the characteristics of vehicles returning home from work in the afternoon and the TOU rate system.
In other words, in order to establish an efficient V2G strategy, a charging/discharging type-specific modeling
was developed that considered all the characteristics of an electric vehicle commuting vehicle, and charging
and discharging daily load using SMP1and SMP: rate plans for morning discharge and TOUrand TOU2 rate
plans for afternoon charging were applied. After calculating the curve, this value was compared and analyzed
to evaluate the effect on grid leveling by adding the existing load. The analysis provides an accurate
understanding of the impact of EV charging and discharging loads on the power grid according to V2G
strategies. In this paper, it is helpful to apply EV charge and discharge management technology to avoid grid
overload and minimize grid expansion by leveling the grid daily load curve by applying appropriate SMP and
TOU rates through the establishment of an efficient V2G strategy by charge and discharge modeling.

Keywords: V2G strategie; daily load curve; charging location; discharging location; time-of-use (TOU); system
marginal price (SMP)

1. Introduction

Efforts to promote plug-in electric vehicles (EVs) are increasing worldwide as part of the fight
against air pollution caused by CO2 from automobile exhaust. Therefore, it is expected that the
number of electric vehicles connected to the distribution system will increase rapidly in the future.
This expansion is expected to ultimately put potential strain on utilities.

Electric power companies and the government are collaborating to predict the electricity
demand generated through the charging and discharging of electric vehicle batteries, support related
technical standards and trade regulations, and prepare for the global spread of electric vehicles.
Therefore, various studies are being conducted on whether the grid can meet the increasing charging
and discharging power demand of electric vehicles. However, most studies are focused on evaluating
the impact of EV charging on the grid, and studies reflecting the impact of EV charging and
discharging on the grid and measures to reduce it are insufficient. Enough [1,2].

Looking at the existing studies, various studies on electric vehicle energy consumption (EV
battery charging load) suggest that the large-scale deployment of electric vehicles can have a
significant impact on the national power grid and residential distribution system. On the other hand,
since there is also a result that electric vehicle charging does not have a significant impact on the
national power grid, in countries where the number of electric vehicles is significantly increasing,
accurate results of the power grid for charging and discharging of electric vehicles are required
according to the circumstances of each country.[3-7].

© 2023 by the author(s). Distributed under a Creative Commons CC BY license.
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And some research focuses on studying the optimal location of electric vehicle charging stations.
[8]. In particular, in New York City, USA, a study was conducted to distribute grid load and reduce
costs by applying an intelligent electric vehicle charging method to charge the electric vehicle load
during Valley Fill time [9]. Research is ongoing in Ireland to optimize EV charging cycles using
demand-side management (DSM) to reduce consumer costs and reduce peak load demand on the
grid [10]. In another study [11], an electric vehicle scheduling algorithm was developed to meet the
charging requirements of electric vehicle owners through the impact analysis of DRM (Demand
Response Management). Another study conducted in Winnipeg, Canada [12] used vehicle usage data
to predict and analyze electric vehicle charging through probabilistic methods.

There is also a study of electric vehicle timeout (TOU) charges required to minimize the impact
of electric vehicle charging on the grid. However, there are not enough studies on how flat the daily
load curve of the metropolitan power grid is for charging and discharging electric vehicles based on
TOU and System Marginal Price (SMP) rates.

Namely, several studies have explored TOU tariff system models to minimize EV charging costs
in regulated markets [13] and conducted studies to reduce the impact of EV charging on the grid.
[14,15]. However, most studies focus on sequential charging proposals, reducing power loss,
lowering charging rates for electric vehicle owners, TOU strategies for peak reduction, and
implementing electric vehicle charging stations using energy storage devices (ESSs). In other words,
there are few related studies that have analyzed the effect of flattening the daily load curve of the
grid due to charging and discharging of electric vehicles through the establishment of an efficient
V2G strategy based on both TOU and SMP rates targeting the metropolitan area.

To address these challenges, it is essential to evaluate the impact of EV charging and discharging
on the wide-area grid and a V2G strategy to reduce the impact on the grid.

Typically, most EV owners in large cities use their cars for commuting. Therefore, they want to
charge and discharge their electric vehicles at work or at home. Therefore, in order to minimize the
impact of electric vehicle charging and discharging on the system, it is necessary to model and
calculate the effect of electric vehicle charging and discharging on the system according to the
charging and discharging location of the home and workplace.

Therefore, in this study, an efficient V2G strategy was established based on the TOU and SMP
plans based on the location of electric vehicle charging and discharging in the metropolitan area, and
a method for calculating the daily load curve for electric vehicle charging and discharging was
presented. Specifically, assuming EV supply scenarios in 2030 and 2040, the results of V2G strategy
research to flatten the daily load curve by applying a method of inducing electric vehicle discharge
at work in the morning and electric vehicle charging at home in the afternoon are applied. presented.

2. Daily Load Curve’s Evaluation Method

In this chapter, a method for evaluating daily load curves for vehicle charging and discharging
at various charging and discharging locations in large cities is proposed. The charge/discharge load
estimation assumes that people start charging their EVs from the grid after they get home from work
in the afternoon.

To mitigate grid peaks, it was also assumed that people would discharge electricity to the grid
via their vehicles after going to work in the morning.

The share of electric vehicles was estimated based on the scenarios of the share of electric
vehicles in Seoul, Korea in 2030 and 2040 through the long-term plan for electric vehicles in Seoul.

Then, by combining the KEPCO SMP and TOU rates with the discharge and charge rates, the
charge and discharge daily load curves for Seoul in 2030 and 2040 were calculated.

The steps for this method are described below.

1) Calculation of electric vehicle discharge probability density function at work in the morning;

2) Calculate electric vehicle charging probability density function at home after work in the
afternoon;

3) Calculate the initial state of charge (SOC) of EV batteries at work and at home;
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4) Calculation of electric vehicle charging/discharging power per hour using the
charge/discharge probability density function of the electric vehicle and the SOC state of the electric
vehicle battery at work and home;

5) Calculate the daily load curve for charging and discharging electric vehicles in Seoul in 2030
and 2040 using the charging and discharging power of electric vehicles by charging and discharging
time of electric vehicles at work or at home;

Through the proposed calculation method, accurate daily load curve data was provided based
on the charging and discharging load of electric vehicles at work and at home in Seoul. In addition,
it is expected to provide a basis for establishing a billing TOU, SMP rates, and load management
plans to prevent overload of the grid system in Seoul.

2.1. Charging and discharging modeling of EVs by locations

For an analysis of grid impact based on EVs’ charging and discharging locations, the amount of
traffic flowing in and out of downtown Seoul was analyzed based on data from the Seoul
Metropolitan Police Agency’s Comprehensive Traffic Information Center (Seoul Metropolitan Police
Agency) [16]. Figure 1 presents the analysis results.
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Figure 1. Inflow and Outflow Traffic Data for Downtown Seoul.

As shown in Figure 1, traffic entering the city on the way to work peaks between 7:00 am and
9:00 am, but traffic flowing out of the city after work is evenly distributed from 5:00 pm to midnight.
can be seen to be distributed.

In this paper, the following assumptions are made about the inflow and outflow of vehicles in
the city to evaluate the impact of the grid on EV charging and discharging.

1) Coming to work (incoming vehicle - outgoing vehicle) — EV discharge (6:00 am - 3:00 pm)

2) Leaving work (outbound vehicle-inbound vehicle)—EV charging (16:00~5:00).

Based on these assumptions, the traffic data model was used as an uncontrolled mode due to
the difference between EV inflow and outflow. In addition, for the control mode, a model that applies
both the non-control mode traffic data model and the EV charging/discharging rate model was used.

Here, the SMP and TOU rate data presented in KEPCO [17] were used as the charge/discharge
rate model applied to the control mode.

2.1.1. Probability density function of EVs discharging start time at the workplace

First, it was assumed that the discharge probability density function during EV work was an
uncontrolled mode calculated by subtracting the difference between the hourly outflow traffic
volume and the inflow traffic volume in downtown Seoul, considering the driving time of 1 hour in
the morning (Equation 1).

Second, in the case of the control mode to minimize the effect on the system, it is calculated as
in Equation (2) by considering the driving time of 1 hour and applying the difference between the
hourly inflow and outflow traffic in the city center and the SMP rate system. Here, the probability
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density function of the discharge start time at the work place is calculated based on Equation (1) since
it is assumed that the EV entering the city is used for driving to the work place.

Therefore, it was assumed that these EVs start discharging after a certain time (eg, 1 hour) after
entering the city. The probability density function at the start time of attendance in the controlled
charging mode was calculated based on Equation (2) because the higher the SMP rate, the higher the
probability that the EV will be discharged after going to work.

Formula 1. Probability of discharging start time at work (uncontrolled mode)

_ (PEVSinflow(t) - PEVSoutflow(t) )

= 1
P (6) whole PEVs &)

Formula 2. Probability of discharging start time at work (controlled mode)

(PEVSinflow(t) - PEVSoutflow(t) )
P, (t) = x SMP(t 2
ew(t) whole PEVs () @

Table 1 shows the estimated emission probability density in the uncontrolled mode workplace
considering the difference in traffic volume going to and from the city center. In addition, Table 1
shows the discharge probability density results including SMP rates for comparison with probability
density using simple traffic modeling. On the other hand, unlike Table 1, Table 2 presents the
discharge probability density in the control mode in which the SMP rate is greatly adjusted during

peak times.
Table 1. Discharge Probability Density in the Uncontrolled Mode at Workplace.
Time SMP4 Discharge probability density
(H) (KRW /kWh) Vehicle operation Vehicle operation + SMP1
6 69 0.01 0.01
7 70 0.13 0.14
8 70 0.27 0.30
9 69 0.24 0.26
10 53 0.15 0.13
11 47 0.09 0.07
12 47 0.06 0.05
13 47 0.01 0.01
14 47 0.03 0.02
15 47 0.01 0.01
Table 2. Discharge Probability Density in the Controlled Mode at Workplace.
Time SMP: Discharge probability density
H) (KRW /kWh) Vehicle operation Vehicle operation + SMP:
70 0.01 0.01
13 0.13 0.01
94 0.27 0.20
105 0.24 0.20
10 118 0.15 0.14
11 247 0.09 0.18
12 390 0.06 0.19

13 160 0.01 0.01
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14 195 0.03 0.05
15 70 0.01 0.01

2.1.2. Probability density function of EVs charging start time at home

As assumed before, the hourly charging probability density function for electric vehicles at home
is applied to the difference between hourly inflow and outflow traffic based on one-hour driving time
to work in Seoul in the morning. calculated uncontrolled mode (formula 3). Control modes for
minimizing grid effects were calculated as in equation (4) by applying the difference between inflow
and outflow traffic and TOU charges over time.

The probability density function of the uncontrolled mode charging start time at home is
calculated according to equation (3) for electric vehicles departing from the city center used by
owners to drive from work to home outside the city. increase. Moreover, these electric vehicles are
likely to be charged after a certain amount of time (say an hour) away from the city center.

The reason why the probability density function for the control mode charging start time at
home is calculated according to equation (4) is that the electric vehicle is likely to be charged during
the time period when the TOU charge is low after arriving at home.

Formula 3. Probability of charging start time at home (uncontrolled mode)

(PEVSoutflow(t) - PEVSinflow(t))

= 3
Pun(®) whole PEVs ®
Formula 4. Probability of discharging start time at home (controlled mode)
PEV S0t riow(t) = PEVSin 1o (t
Pch(t) — ( outflo ( ) nflo ( ) ) . TOU(t) (4)

whole PEVs

Table 3 shows the expected charging probability density in the uncontrolled mode household
considering the difference between incoming and outgoing traffic. In addition, Table 3 shows the
charging probability density results including TOU rates for comparison with the charging
probability density using only traffic modeling. Table 4 shows the charging probability densities in
the control mode where TOU rates are tuned lower during the afternoon hours.

Table 3. Charging Probability Density in the Uncontrolled Mode at Home.

Time TOU: Charging probability density

(H) (KRW /kWh) Vehicle operation Vehicle operation +TOU:1

0 50.9 0.03 0.05

1 50.9 0.02 0.03

2 50.9 0.03 0.05

3 50.9 0.03 0.05
4 50.9 0.03 0.05

5 50.9 0.01 0.02
16 158.6 0.03 0.01
17 158.6 0.05 0.03
18 107.3 0.09 0.07
19 107.3 0.15 0.12
20 107.3 0.20 0.16
21 107.3 0.12 0.10
22 107.3 0.11 0.09

23 50.9 0.10 0.17
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Table 4. Charging Probability Density in the Controlled Mode at Home.

Time TOU: Charging probability density
(H) (KRW /kWh) Vehicle operation Vehicle operation +TOU2
0 55.8 0.03 0.05
1 55.8 0.02 0.04
2 55.8 0.03 0.06
3 55.8 0.03 0.06
4 55.8 0.03 0.06
5 55.8 0.01 0.02
16 2253 0.03 0.01
17 2253 0.05 0.02
18 140.8 0.09 0.07
19 140.8 0.15 0.11
20 140.8 0.20 0.14
21 140.8 0.12 0.09
22 140.8 0.11 0.08
23 50.9 0.10 0.19

2.1.3. Analysis of the probability density function for EVs’ charging and discharging

As shown in the discharge probability density function of uncontrolled discharge and controlled
discharge in the workplace shown in Table 1, in the case of uncontrolled mode, the probability
density gradually increases from 6:00 am to 8:00 am, and then gradually decreases from 9:00 am. do.
It can be seen that the rate of decrease increases in the afternoon. In particular, the discharge
probability density is maximum at 8 AM.

In the case of control mode 1, the difference is small due to the influence of SMP deliberation,
but the probability density is somewhat higher than that of non-control mode. However, for control
mode 2 (Table 2), unlike control mode 1, the probability density increases from 6:00 AM to 7:00 AM,
increases rapidly from 8:00 AM to 9:00 AM, stays almost the same until noon, and then changes
slowly decreases. In particular, it reaches its maximum between 8:00 am and 9:00 am. The difference
between control mode 1, control mode 2 and non-control mode is determined to be caused by the fact
that SMP rates are relatively high from 8:00 am to 2:00 pm.

In addition, as shown in the charging probability density function of uncontrolled discharge and
controlled discharge in the home shown in Table 3, it can be seen that the probability density
gradually increases from 4:00 pm to 8:00 pm in the case of uncontrolled mode. there is. After that, it
gradually decreases until 11:00 PM, and it can be seen that it decreases rapidly from midnight to
around 5:00 AM. In particular, the charge probability density is maximum at 8 PM. On the other
hand, the results of the control mode are not significantly different from those of the non-control
mode. However, control mode 1 shows a relatively low afternoon charging probability density and
a slightly higher charging probability density from midnight to 5:00 AM due to the influence of the
TOU tariff. The reason is that TOU tariffs are very low from 11pm to dawn. However, as shown in
Table 3, in the case of control mode 2, it can be seen that the probability density is slightly lower in
the afternoon and slightly higher in the morning than in control mode 1.

Figures 2, 3, and 4 show the EV charge/discharge density function calculated through
uncontroled mode using only vehicle inflow and outflow modeling, and control mode 1 and mode 2
modeling using the vehicle's SMP rate and TOU rate system respectively.
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Figure 2. Charging and Discharging Probability Density Function by Hour for the Uncontrolled Mode

(vehicle operation).

2
i
]

= charging

dicehsiial
ghg

e
w
=]

2
o
0]

=
o
5]

probability density

\)
|
\

o
-
o

e
o
[0

1
[
N \;‘ . 7

12 3 456 7 8 91011121314151617 1819 2021222324
time

fon
o
S|

Figure 3. Charging and Discharging Probability Density Function by hour for the Controlled Mode:
(vehicle operation + SMP1, TOU: tariff).
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Figure 4. Charging and Discharging Density Function by hour for the Controlled Mode: (vehicle
operation + SMP, TOU : tariff).

2.1.4. Calculating the SOC Condition of the EV Battery

The battery’s SOC condition when going to and leaving work can be calculated according to the
average mileage information predetermined for charging and discharging EVs. Thus, SOCo is
calculated by taking into account daily driving distance and maximum EVs driving distance. Then,
The daily commuting distance of 46.2 km was applied by quoting the Vehicle Mileage Analysis
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Report of the Seoul Metropolitan Government Korea Transportation Safety Authority [18] to calculate
the initial SOCo for the workplace or home locations.

Hence, considering the 46.2 km of commuting distance in Seoul, the remaining battery’s SOC at
work and home is 21.6 kWh considering BERR reports [19]. In other words, the battery’s initial SOCo
status for charging and discharging EVs after going to or leaving the workplace is as following
formula (5)

46.2km x 0.16kWh/km =7.4kWh

SOCo = 29kWh - 7.4kWh = 21.6kWh ®)

The electric vehicle's charging and discharging power consumption at work and home after
work was calculated by assuming that 10% (2.9 kWh) of the battery capacity for emergency
movement remains in the initial SOCO of the battery. In addition, considering the hourly charging
and discharging characteristic curve of a 29 kWh lithium-ion battery, the time required for charging
and discharging of an electric vehicle for charging and discharging power at work and at home was
calculated from Equations (6) to (9).

Discharging power consumption

SOCo(21.6kWh) - 2.9kWh = 18.7kWh 6)

Charging power consumption

29kWh - 2.9kWh = 26.1kWh (7)
Discharging time at work
18.7kWh / 6.5kW = 2.75h 8)
Charging time at home
26.1kWh / 6.5kW = 4.00h )

2.2. Grid impact analysis by EV charging and discharging modelling through V2G strategy

In Section 2.1, charge/discharge model algorithms for each location at home and work and
charge/discharge probability density functions for controlled and uncontrolled modes were
proposed. That is, the daily charge/discharge load curve of the electric vehicle battery was calculated
considering the charge/discharge probability density function, the initial SOC state of the electric
vehicle, the charge/discharge time, and the charge/discharge power per hour.

The number of electric vehicles was calculated by setting the share of electric vehicles to 10%
and 30% of total vehicles in 2030 and 2040, respectively. Specifically, through the V2G charging and
discharging strategy of non-control mode and control mode, the partial load for charging and
discharging of one EV is first calculated, and this value is applied to the total number of electric
vehicles for the year to calculate the EV charging and discharging load curve. .

In addition, the existing daily load curve in Seoul was calculated based on the results of the load
pattern analysis of the acceptance standard of the Korea Energy Management Corporation in 2018
[20]. Figure 5 shows the result of calculating the conventional daily load curve.
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Figure 5. Exising Daily Load Curve in Seoul, South Korea.

Based on Figure 5, a regression analysis method was applied to calculate the existing load curves
for Seoul in 2030 and 2040. In addition, considering the existing load curve and the V2G
charge/discharge strategy curve that reflects the electricity rate system presented in Figures 2—4, the
entire partial subsurface curve for Seoul, Korea was calculated, and the detailed overall flow chart is
shown in Figure 6 below.

| N : Total number of PEVs |

n=1

h-nsql
\J/ 1 n=n+1 I
| Daily driving statistics modeling of PEVs |

Decision of charging station of PEVs
(workplace or home)
T
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of PVE battery in workplace of PVE battery in home
[ J

Calculation of daily load curve of single
PVE (controlled / uncontrolled)
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Caleulation of daily load curve of total
PVE (controlled / uncontrolled)
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Figure 6. Flow chart of daily load curve calculation through V2G strategy in Seoul, Korea.

According to the flowchart shown in Figure 6, the total load curve was calculated by adding the
existing load in Seoul in 2030 and 2040 and the electric vehicle charging and discharging loads
calculated through non-control mode, control mode 1, and control mode 2.

Figures 7-12 shows the total load curve for Seoul by adding the V2G daily load curve and the
existing daily load curve.
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Figure 10. Daily Load Curve in Seoul in 2040 (uncontrolled mode).
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Figure 11. Daily Load Curve in Seoul in 2040 (controlled mode).
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Figure 12. Daily Load Curve in Seoul in 2040 (controlled modez).

As shown in Figures 7 through 10, the existing daily load curves in 2030 and 2040 increase until
1:00 PM, peak around 2:00 PM, and gradually decrease from 6:00 PM.

On the other hand, in the case of electric vehicle charge/discharge load, discharge starts at 6:00
am (workplace discharge time) in non-control mode, and from this point on, the discharge load
gradually increases, becomes flat at 9:00 am, and then decreases. The discharge load curve of the
control mode 1 shows a similar behavior to that of the non-control mode, but the discharge load is
higher due to the SMP rate system. Control mode 2 differs from control mode 1 in that the discharge
load remains much higher and continues until grid peak. Overall, the control modes related to SMP
freight rates show a lower discharge rate in the morning and a higher discharge rate in the afternoon
than the non-controlled mode, and it can be seen that control mode 2 is the most efficient for grid
peak reduction.

In addition, looking at the household charging load curves in 2030 and 2040, in the case of the
uncontrolled type, the charging load gradually increases from 6:00 pm (home charging time), peaks
at 10:00 pm, and gradually decreases until late at night. Control mode 1 shows a similar pattern, but
due to the TOU rate system, the charging power is relatively lower in the afternoon and higher in the
middle of the night than in the non-controlled mode. Control mode 2 differs from control mode 1 in
that the charging power is lower in the afternoon and higher at night. Overall, the control mode
related to TOU rates shows higher charging power in the morning and late night than the
uncontrolled mode.

Therefore, the following conclusions can be drawn by synthesizing the daily load curves of non-
control mode, control mode 1, and control mode 2 in 2030 and 2040.

First, when the share of electric vehicles is 10% (as of 2030), both control mode 1 and non-control
mode 2 do not show high charge and discharge loads at home and at work. Therefore, in uncontrolled
mode, the total load increases by 1-2% from late at night to 10:00 am (off-peak hours). Between 11 am


https://doi.org/10.20944/preprints202304.1137.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 28 April 2023 doi:10.20944/preprints202304.1137.v1

12

and 5 pm (peak time), it decreases by 1~4% in control mode 1 and non-control mode 2. Therefore, by
applying the TOU and SMP rates, morning load can be increased and afternoon load can be reduced.

Second, when the share of electric vehicles is 30% (by 2040), control mode 1 and control mode 2
show high charging and discharging loads at home and at work. In the case of control mode 1, the
total load increases by 2-3% from late at night to 10:00 am (off-peak time), and decreases by 3-9%
between 11:00 am and 5:00 pm. (peak time). In the case of control mode 2, it increases by 3 to 5% from
late at night to 10:00 am (free time), and decreases by 6 to 15% between 11:00 am and 5:00 pm. (peak
time).

In conclusion, as part of a V2G strategy, TOU and SMP rates can significantly increase morning
load and reduce afternoon load. In particular, control mode 2 can most effectively flatten the daily
load curve in Seoul compared to other modes, confirming that the EV charging and discharging
strategy, that is, the V2G rate system, is very appropriate.

3. Conclusion

According to the estimation of the share of electric vehicles in Seoul in 2030 and 2040, the amount
of electric vehicle charge and discharge for the corresponding year was calculated based on the
conditions of electric vehicle discharge in the morning and electric vehicle charging in the afternoon.
More specifically, considering whether or not the charging and discharging rate system is reflected,
the daily load curve for charging and discharging electric vehicles for the year is calculated by
dividing it into non-controlled mode (based on vehicle operation time) and control mode (SMP and
TOU rates + number of vehicle operations per hour) This value was added to the existing daily load
curve to calculate the daily load curve for Seoul for that year.

The results of this paper provide an accurate picture of how much the V2G strategy contributes
to daily load flattening by charging and discharging loads of electric vehicles at workplaces and
homes in Seoul. In other words, this study proposes a strategy for establishing SMP rate and TOU
rate management plan to flatten the daily load curve of the Seoul power system and prevent overload
through V2G strategy.

Funding: This research was funded by the Korea Institute of Energy Technology Evaluation and Planning (Grant
No. 20192010107050).
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